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Introduction

Impact of short electromagnetic laser pulses with various

polarizations on gas atoms leads to generation of photoion-

ized plasmas having a set of unusual physical properties,

which are essentially different from the properties of equi-

librium plasma with near-Maxwellian electron distribution.

In addition, both full ionization of gas atoms by high-power

pulses in tunneling mode [1–5] and generation of weakly

ionized plasma under the action of moderate-intensity laser

light in multi-photon ionization mode [6–13] are possible.

Depending on certain ionization conditions, there is a wide

variety of generated photoelectron distributions both by

energies and pulse directions. Non-equilibrium state of

particle distributions in photoionized plasma is a common

combining property, which may cause evolution of various

instabilities in plasma. Evolution of instabilities in turn leads

to accumulation of excess electromagnetic field energy in

plasma [14], and this energy may be used for radiation

amplification and generation, which is one of extremely

important present-day tasks of research in various scientific

and technology areas, including plasma physics.

Radiation amplification in conditions of tunnel ioniza-

tion of gas atoms is possible owing to the evolution of

plasma instabilities associated with strong anisotropy of

the generated distribution of photoionized plasma electrons

induced by ionizing radiation polarization. In particular,

when gas atoms are ionized by linearly polarized radiation,

an electron distribution close to anisotropic bi-Maxwellian

distribution is formed [1,2], while in the case of ioniza-

tion by circularly polarized radiation, a toroidal electron

velocity distribution is formed [1,3,4]. Specific features

of instable eigen modes and features of electromagnetic

radiation amplification in such plasmas, including spatially

confined, are discussed in detail, for example, in [15–20].

A much wider variety of non-equilibrium photoelectron

distributions and consequently of instable modes is induced

by multi-photon ionization of gas atoms [6–10]. In

particular, during such ionization of inert gases, highly

anisotropic photoelectron distribution is formed initially

and then quickly with time becomes isotropic, but multi-

peak energy distribution. Papers [21–27] are devoted to

the study of potential and electromagnetic instabilities and

identification of conditions for radiation amplification in

plasma generated via multi-photon ionization of inert gas

atoms at different plasma evolution stages. In conditions

of ionization of relatively dense gas with near-atmospheric

pressure, frequencies of photoelectron collisions with neu-

tral atoms appear to be comparable with electron plasma

frequency. Therefore, description of radiation propagation

and amplification in such plasma shall include, along with

non-equilibrium photoelectron distribution, the aspects of

photoelectron scattering by neutral atoms [27]. Note that

in the given conditions, the typical process frequencies

fall within the THz range. This indicates that the THz

radiation amplification mechanism described in this paper

can be used, together with a previously proposed (see, for
example, [28–30]) opportunities of THz radiation generation

via atom ionization in moderate-intensity laser fields.

This work is focused on the action of test electromagnetic

radiation on weakly ionized non-equilibrium plasma pre-

geenrated under the action of intense femtosecond laser

pulse in conditions of multi-photon ionization of inert

gas atoms. Section 1 uses linear approximation by the

test radiation field amplitude for simultaneous closed-form

solution of the initial and boundary problems relying on the

self-consistent solution of kinetic equation for perturbation

of the photoelectron velocity distribution function, and

of Maxwell’s equations for fields in semiconfined plasma

involving the Laplace time transform. Integral expressions
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for plasma-reflected wave and plasma-penetrating radiation

fields in the case of arbitrary incident wave profile

were derived without explicit breakdown of highly non-

equilibrium photoelectron energy distribution. Elastic

scattering by neutral atoms, which is the key process for

photoelectron dynamics in dense weakly ionized plasma,

was described kinetically using the collision integral

similar to that used in the Lorentz model [31]. Special

focus in this work was made on consecuitive consideration

of the Ramsauer–Townsend effect [32–34] on the frequency

of photoelectron collisions with neutral atoms. An abrupt

non-monotonic velocity dependence (corresponding to this

effect) of the transport cross-section of elastic photoelectron

scattering by atoms in a wide energy range relevant for

the multi-photon ionization condition may be employed

for closed-form calculations using the approach described

in [24,27,35] and applicable to particular experimental

data for various gases (see, for example, [36,37]. This

sets our approach apart from works, which use particular

power interpolations [22,38] for simulating the scattering

cross-section in comparatively narrow photoelectron energy

ranges. Individual features of time evolution of partic-

ular non-equilibrium plasma and interaction between the

plasma and electromagnetic radiation, primarily, radiation

amplification, are defined to a great extent by dispersion

properties of instable eigen modes of such plasma [39],
which are necessary for the inverse Laplace transform

performed when calculating the field time dependence. For

the cold photoionized plasma model, whose isotropic non-

equilibrium photoelectron distribution is described by a

monoenergetic peak without broadening, Section 2 provides

an explicit expression for transverse permittivity, which

makes it possible to derive dispersion equation for eigen

electromagnetic modes of such plasma. In the complex

frequency plane across the entire range of possible wave-

lengths, solution of this equation is described in detail for an

instable mode, whose most effective amplitude increase is

implemented in the long-wavelength limit and corresponds

to aperiodic time rise. Accurate closed-form solution of

dispersion equation for the maximum increment of this

aperiodic instability is provided. By way of example of Xe

gas for two different photoionized plasma cases, parameter

values are given and numerical estimates are made for

typical non-equilibrium photoelectron distribution lifetimes

and instability evolution time. A wide energy range was

established for photoelectrons, for which evolution of this

aperiodic instability was possible. Section 3 uses the

results from the previous sections to explore analytically

and numerically the spatiotemporal electromagnetic field

structure, which is induced by the instable plasma response

to the incident pulse action, in the entire space. It is

shown that the effectively amplified part of both plasma-

penetrating and plasma-reflected fields rises anharmonically,

and the spectral composition of these signals is set by

the maximum increment of aperiodic photoionized plasma

mode and weakly depends on the test radiation frequency,

whose effect significantly defines the plasma response

amplitude. Asymptotic closed-form expressions for time-

rising fields were derived, and conditions for the most

effective amplification of incident radiation on plasma were

established.

1. Incidence of electromagnetic pulse on
semiconfined photoionized plasma

Consider weakly ionized plasma preliminary formed

through multi-photon ionization of monoatomic gas by a

short linearly polarized laser established. Non-equilibrium

photoelectron distribution formed after deactivation of the

ionizing pulse and distribution evolution phases are dis-

cussed in detail in [21,23,24]. Under the action of low-

intensity pulses ∼ 1012−1013 W/cm2, atom ionization is

implemented through absorption of a minimum amount of

photons, which is necessary to overcome the atom ioniza-

tion potential. Energy spectrum of highly non-equilibrium

photoelectron distribution looks like a narrow peak, whose

position doesn’t exceed several electron-volts [6,7,21]. The

degree of ionization of the generated plasma formation

is low ∼ 10−6−10−4 [21]. Therefore, photoelectrons are

primarily scattered by neutral atoms, and electron collisions

with each other and with ions are rare. For the specified

typical energies, photoelectron scattering by atoms is elastic

in nature [36,37]. In a relatively dense plasma, frequent

photoelectron collisions with neutral atoms characterized by

the frequency ν(v), where v is the electron velocity, lead

to fast relaxation along the pulse directions and at times

exceeding ν−1, the non-equilibrium photoelectron distribu-

tion function becomes isotropic f 0(v). In plasma with a

quite low degree of ionization, the above-mentioned non-

equilibrium photoelectron velocity distribution is maintained

during a sufficiently long time interval until relaxation to the

equilibrium Maxwellian function, which is induced either

by rare electron-electron collisions or by photoelectron

collisions with heavy neutral atoms [40].

Suppose an electromagnetic wave, whose electric field

strength is written as... where η(τ ) is the Heaviside unit

function, ex is the unit vector along the 0x axis, strikes

the above-mentioned homogeneous photoionized plasma

occupying the half-space z > 0 at time t = 0

Ei (t − z/c) = ex Ei (t − z/c) η (t − z/c) , z < 0. (1)

The field written as (1) penetrates plasma and is partially

reflected back. The reflected field satisfying Maxwell’s

equations in vacuum can be represented as an outgoing

transverse wave from plasma z < 0 with the electric

field Er(t + z/c) = {Er(t + z/c), 0, 0} and magnetic field,

which has an identical spatiotemporal dependence and is

oriented along the 0y axis. Field (1), penetrating into

plasma z > 0, in turn induces a change in the initial

photoelectron distribution function and the electric field

E(z , t) = {E(z , t), 0, 0} and magnetic field oriented along

0y . Being interested in the non-equilibrium plasma response
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to the action of external electromagnetic field (1), contribu-
tion to perturbations of the photoelectron distribution and

electromagnetic field in plasma associated with small ther-

mal fluctuations will be neglected. Then, at the initial time

t = 0 corresponding to arrival of the incident wave edge at

the plasma boundary, there are no perturbations of the given

quantities δ f (v, z , t = 0) = 0 and E(z , t = 0) = 0.

In such conditions, to describe the evolution of the

electromagnetic field in plasma and of the reflected wave

at t > 0, we use the Laplace transform, when the original

function 8(t) and image function 8(ω) are connected by

the following relations

8(ω) =

+∞
∫

0

dt eiωt8(t),

8(t) =

+∞+i1
∫

−∞+i1

dω

2π
e−iωt8(ω), 1 > γ > 0,

and γ is the exponential factor of 8(t).
We are interested in relatively high-frequency collective

photoelectron motions, when the motion of neutral atoms

and ions may be neglected. Typical photoelectron energies

are of the order of an electron-volt, therefore the typical pho-

toelectron velocity is relatively low. Electromagnetic field

amplification attributed to instable long-wavelength modes

of non-equilibrium plasma is discussed below. Therefore,

we can limit ourselves to conditions where the distance

v/|ω| covered by an electron during the field variation time

is much smaller than the spatial scale of field variation.

The action of the external field is assumed to be relatively

weak, thus, the problem of field interaction (1) with non-

equilibrium plasma can be solved in linear approximation by

field amplitude. Then, for small perturbation of the Laplace

image of electron distribution function δ f (v, z , ω), we have

a linearized kinetic equation [27]:

− iωδ f (v, z , ω) +
e

m

vE(z , ω)

v

∂ f 0(v)

∂v

= − ν(v) [ δ f (v, z , ω) − 〈δ f (v, z , ω)〉v] , (2)

where E(z , ω) is the Laplace image of the electric field

in plasma, e and m are the electron charge and mass.

In (2), 〈. . .〉v ≡
∫

(. . .) dOv/4π means averaging over the

velocity vector angles v. Collision integral in (2) describes

elastic photoelectron collisions with neutral atoms leading

to a change in the electron pulse direction without changing

the electron energy [31]. Neglect of a term with a spatial

derivative in equation (2) justified in the long-wavelength

limit precludes from accurate description of electromagnetic

field behavior in plasma on small scales. However, such

scales are essential only near the edge of plasma-penetrating

radiation where amplification cannot be implemented yet.

Using the solution to kinetic equation (2) for calculation

of electric current perturbation in plasma on the basis of

self-consistent treatment of Maxwell’s equations, we get the

following equation for the electric field in plasma:

∂2E(z , ω)

∂z 2
+

ω2

c2
εtr(ω)E(z , ω) = 0, (3)

where

εtr(ω) = 1 +
4π

3

ω2
L

nω

+∞
∫

0

v3dv

ω + i ν(v)

∂ f 0(v)

∂v
(4)

— is the transverse permittivity of photoionized plasma

calculated without considering the spatial dispersion (which

is justified for long-wavelength perturbations), c is the

speed of light, ωL =
√

4πe2n/m is the electron Langmuir

frequency , n is the electron density.

Equation (3) shall be supplemented by conditions

of continuity of tangential field components in vacuum

eiωz /cEi(ω) + e−iωz /cEr(ω) and in plasma E(z , ω), and

their derivatives with respect to z with z = 0. Here,

Ei(r)(ω) =
+∞
∫

0

dt eiωtEi(r)(t) are Laplace images of the inci-

dent (reflected) electric fields at the plasma boundary with

z = 0. By solving homogeneous differential equation (3)
taking into account these boundary conditions and perform-

ing the inverse Laplace transform, we get the following

expression for the plasma-reflected field:

Er

(

t +
z

c

)

= −Ei

(

t +
z

c

)

+

+∞+i1
∫

−∞+i1

dω

π

ω

ω + i k(ω)c
Ei(ω)e−iω(t+ z

c ), z < 0. (5)

Expression for the plasma-penetrating field is in turn written

as

E(z , t) =

+∞+i1
∫

−∞+i1

dω

π

ω

ω + i k(ω)c
Ei(ω)e−iωt−k(ω)z , z > 0.

(6)
For the following quantity included in expressions (5) and

(6)

k(ω) =

√

−ω2

c2
εtr(ω) (7)

for computing a square root, choose the branch

Re[k(ω) > 0], which provides damping of the plasma-

penetrating field at z → +∞.

2. Aperiodic instability of the resultant
multi-photon plasma ionization

Plasma generated via multi-photon ionization is instable

with respect to evolution of aperiodic electromagnetic

instability. Based on the findings from [27], we give

the key data on this instable mode necessary for further
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calculation of the structure of the electromagnetic field

interacting with the given photoionized plasma. This

instability is caused, firstly, by a non-equilibrium peak-

shaped photoelectron energy distribution. Secondly, a non-

monotonic dependence of effective frequency ν(v) of elastic
photoelectron collisions with neutral atoms of inert gases

on photoelectron velocity v , which is characterized by

clearly pronounced minimum in the energy domain ∼ 1 eV

and corresponds to the Ramsauer–Townsend effect [32–34],
plays an important role.

Explicit form of frequency ν(v) = Nvσ (v) takes into

account the dependence of the transport cross-section of

elastic photoelectron scattering σ (v) by neutral atoms with

concentration N on the photoelectron velocity. For Xe gas,

this dependence σ was experimentally found in [36,37].
Following [27], we limit ourselves to the

”
cold“ plasma

model where photoelectron velocity distribution is approx-

imated by f 0(v) =
(

n/4πv2
0

)

δ(v − v0), where δ(x) — is

the Dirac delta function, v0 is the photoelectron velocity in

the energy peak. Such simple model makes it possible to

use a closed-form solution almost completely. In this case,

the transverse permittivity (4) takes an algebraic form

εtr (ω) = 1− ω2
L

ω (ω + i ν0)

(

1− β

3

i ν0

ω + i ν0

)

. (8)

Here, ν0 ≡ ν(v0), and the velocity-dependent quantity

β ≡ β(v0) = d ln[ν(v)]/d ln v|v=v0
allows for considering

the significant influence (defined by the Ramsauer–
Townsend effect) of the dependence of photoelectron

collision frequency on photoelectron velocity on the plasma

mode properties.

β(v) was explicitly derived and investigated using an

approach proposed in [27], which is based on detailed

experimental data reported in [37] in a wide range of

photoelectron energies corresponding to the multi-photon

condition where, in particular, evolution of the given

aperiodic instability is possible. In this range, β(v) has

highly non-monotonic behavior driven by σ (v), which

distinguish our approach from works [22,38], which use a

simple power interpolation for simulation of σ (v).
We give typical effective frequencies of photoelectron

collisions with neutral atoms ν0 and with each other

νee = 4πe4n3/m2v3
0, where 3 = ln[2πnv3

0/ω
3
L] — is the

Coulomb logarithm, defining the boundaries of the time

range ν−1
0 < t ≪ ν−1

ee , during which a weakly varying non-

equilibrium isotropic photoelectron distribution can exist

in the form of a clearly pronounced monoenergetic peak,

in particular, simulated by the δ-function. It is the time

range where the test radiation amplification described below

is possible. For conditions implemented in experimental

study [7] where ionization of Xe atoms was performed

through absorption of 11 Nd:YAG laser photons, pho-

toelectron energy was equal to mv2
0/2 = 0.72 eV. Cross-

section of photoelectron scattering by neutral atoms is

σ = 0.4 · 10−16 cm2 and close to its lowest value [37], thus
minimizing the corresponding collision frequency ν0. With

–9 –7 –3 1 3 75 9–1–5
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ω

Figure 1. Frequency of aperiodically instable eigen mode

of photoionized plasma (red solid line) in the plane of the

complex frequency ω = ω′ + iω′′ assigned to the electron plasma

frequency ωL . The curve is built for the Xe gas plasma with the

neutral atom density N ≈ 2.5 · 1019 cm−3 generated via absorption

by atoms of three KrF laser photons, when the photoelectron

energy is 2.87 eV, and the degree of ionization is 10−5. The dashed

blue line shows the transformed integration path in expressions (5),
(6).

near-atmospheric gas pressure, when atom concentration

N ≈ 2.5 · 1019 cm−3, with the degree of ionization taken

as 10−6, we get the following estimates: ν0 ≈ 0.5 · 1011 s−1

and νee ≈ 1 · 109 s−1. In this cases, the electron Langmuir

frequency ωL ≈ 2.8 · 1011 s−1. In another case, when

Xe atoms are ionized by K = 3 KrF laser photons, the

photoelectron energy is much higher 2.87 eV [21] and the

scattering cross-section grows to σ = 1.5 · 10−15 cm2 [37],
leading to even more significant difference of the above-

mentioned collision frequencies. Taking the degree of ion-

ization in this case as 10−5, we have ν0 ≈ 3.8 · 1012 s−1 and

νee ≈ 1.5 · 109 s−1, ωL ≈ 8.9 · 1011 s−1. Thus for plasmas

with the parameters selected above, the existence range of

non-equilibrium isotropic photoelectron distribution in the

form of a narrow monoenergetic peak is quite wide.

Taking the spatial field structure in plasma as eikz , where

k is the wavenumber, a dispersion equation for eigen modes

of the given photoionized plasma can be derived from (3).
Detailed investigation of dispersion laws for these modes in

the entire range of wavenumbers, of mode dissipative prop-

erties, and of the plasma parameter effect on the modes, in

particular, photoelectron energy and density, was performed

in [27]. In Figure 1 in the plane of complex frequency

ω = ω′ + iω′′ assigned to ωL, a solid curve illustrates com-

mon properties of the complex frequency of the aperiodi-

cally instable mode using the case of Xe plasma with atmo-

spheric density, which is generated via absorption by atoms

of three KrF laser photons, when the photoelectron energy

is 2.87 eV, and the degree of ionization is 10−5. Along

this curve, the wavenumber varies from −∞ on the left at

ω′ → −∞ to +∞ on the right at ω′ → +∞. In the range of

relatively low wavenumbers 0.05ωL/c ≤ |k| ≤ 1.86ωL/c ,

the specified mode is an unstable electromagnetic wave,
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Figure 2. Dependence of the dimensionless maximum increment

of aperiodic instability γm/ωL on the dimensionless collision

frequency ν0/ωL for Xe plasmas with the photoelectron energy:

0.72 eV (dashed curve) and 2.87 eV (solid curve. Points drawn on

the curves correspond to two different photoionized plasmas with

neutral atom density N ≈ 2.5 · 1019 cm−3 and degree of ionization

10−6 (A) and 10−5 (B), respectively, as described in Section 2.

whose real frequency decreases as |k| decreases. In the

extremely low wavenumber domain (long-wavelength limit),
the mode becomes aperiodically instable (vertical segment

of the curve along the imaginary axis in Figure 1). Max-

imum increment of this mode ω′′ = γm < ωL is achieved at

k = 0 and can be calculated from the cubic equation

εtr(iγm) = 0. (9)

Following [27], an exact closed-form solution to this equa-

tion is written as

γm = ωL · Ŵ
(

ν0

ωL

, β

)

, (10)

where

Ŵ (ξ, β) = a (ξ, β) + b (ξ, β) , (11)

a (ξ, β) =

(

ξ3

27
+ ξ

β − 1

6

+
1

3

√

√

√

√ξ4
β

9
+ ξ2

[

(

β − 1

2

)2

− 1

3

]

+
1

3

)

1
3

,

b (ξ, β) =
ξ2 − 3

9 a (ξ, β)
.

Figure 2 shows a curve of function (11), describing the

dependence of the dimensionless maximum increment of

aperiodic instability γm/ωL on the dimensionless collision

frequency ν0/ωL for two different photoionized plasmas Xe

described in Section 2. The dashed line corresponds to

the plasma with a photoelectron energy of 0.72 eV, the

solid curve corresponds to mv2
0/2 = 2.87 eV, respectively.

Figure 2 demonstrates that function (10) has an non-sharp

maximum for collision frequencies close to the electron

Langmuir frequency. Asymptotic behavior of γm, according

to (10), (11), in weak and strong collisional limits is

described by simple expressions

γm ≈
(

β

3
− 1

)

·
{

ν0, ν0 ≪ ωL,

ω2
L/ν0, ν0 ≫ ωL.

(12)

Thus the aperiodic instability is possible provided that

β/3 > 1 is fulfilled. This inequality is implemented in the

given Xe plasma in a relatively wide range of photoelec-

tron energies 0.65 eV < mv2
0/2 < 4.1 eV [27]. Maximum

β/3− 1 ≈ 1.9 is achieved for 0.95 eV. For conditions de-

scribed in [7], when mv2
0/2 = 0.72 eV, β/3− 1 ≈ 1.0 [27].

For the atmospheric gas density and degree of ionization

10−6 chosen above, in this case we get ν0/ωL ≈ 0.18,

and the relative maximum increment γm/ωL = 0.16, which

corresponds to the
”
weak collisional“, limit (upper line

in (12)). In Figure 2, point A corresponds to this

case. Absolute increment of aperiodic instability is

γm = 0.45 · 1011s−1 ≈ ν0. In plasma generated via ioniza-

tion by three radiation photons [21] where photoelectron

energy is 2.87 eV, β/3− 1 ≈ 0.5 [27]. In such plasma

generated from atmospheric-density gas with a degree of

ionization of 10−5, the
”
strong collisional“ limit (lower line

in (12)) ν0/ωL ≈ 4.2 is implemented, and the relative maxi-

mum increment γm/ωL = 0.095 (point B in Figure 2). How-

ever, the absolute increment in this case appears to be higher

than that in the previous case γm = 0.85 · 1011 with−1.

Note that according to [27], the maximum increment in

Xe plasma can be γm ≈ 0.56ωL at mv2
0/2 ≈ 0.89 eV and

ν0 ≈ 1.15ωL . Thus, typical highest increments of aperiodic

instability γm of the given photoionized plasmas appear to be

comparable with (but not exceeding) the electron Langmuir

frequency and correspond to the terahertz frequency range.

In a small neighborhood of k = 0, frequency of the given

aperiodically instable eigen mode is merely imaginary and

can be represented as

ω′′ = γm − k2c2

α2 γm

, (13)

where taking into account equation (9)

α2 = ω
∂εtr (ω)

∂ω

∣

∣

∣

∣

ω= iγm

≡ (2γm + ν0)
2 + ω2

L − γ2
m

(γm + ν0)2
> 0.

(14)
Numerical values of α (14) for two different cases of

photoionized plasma described in the beginning of Section 2

are 8.4 and 1.05, respectively. Closed-form expressions (10)
and (11) for the maximum increment of aperiodically

instable mode γm and expressions (13) and (14) for the

increment expansion near γm will be used in the next section

to describe the time-rising response of photoionized plasma

to the incident radiation action (1).

3. Incident wave field amplification

In Section 3, we find the response of the plasma gener-

ated in advance in the multi-photon ionization conditions to

5 Technical Physics, 2026, Vol. 71, No. 2
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the action of an external electromagnetic pulse (1). Using

integral expressions for reflected wave field (5) and plasma-

penetrating field (6) derived in Section 1, we establish the

spatiotemporal radiation structure established. Expressions

(5) and (6) are used to explore the action of various pulse

waveforms on the plasma. An incident monochromatic

wave field written as

Ei (t − z/c) = EL · sin [ω0 (t − z/c)] , (15)

where EL is the amplitude, ω0 is the test radiation frequency,

is discussed below, and the Laplace image of such filed

is written as Ei (ω) = EL · ω0/(ω
2
0 − ω2). We rely on the

results obtained in [27] for both closed-form and numerical

calculations of the dispersion law for the instable mode

described in the previous section. We deform the standard

integration path (5) and (6) into a path enveloping the given

mode frequency curve in the plane of complex variable

ω = ω′ + iω′′ and shown by a dashed line in Figure 1.

Then, expressions for field in vacuum and plasma can be

broken down into a sum of two contributions

Er(t + z/c) = E(ω)
r (t + z/c) + E(γ)

r (t + z/c), z < 0,

E(z , t) = E(ω)(z , t) + E(γ)(z , t), z > 0. (16)

Contributions with index (ω) are formed through integration

by the path segments along the real axis at ω′′ = 0 and

describe time-rising harmonic fields with frequency close to

the incident wave frequency ω0. On the contrary, summands

with index (γ) correspond to the integration path segments

lying above the real axis ω′′ > 0. It is these contributions

that describe the time-rising fields related to the evolution

of aperiodic instability in plasma. It is obvious that the

main contribution to integrals (5) and (6), defining the time-

rising plasma response, is made by the values of integration

variable along the positive segment of the imaginary axis

near the maximum increment γm. Relying on expansion

(13) applicable in the small neighborhood ω = iω′′ ≈ iγm,

the following approximate expression for function (7) can

be written as:

k(iω′′) ≈ ∓ iα
γm

c

√

1− ω′′

γm

,

0 < γm − ω′′ ≪ γm, (17)

where the upper and lower signs correspond to the left-

hand and right-hand vertical segments of the integration path

along the imaginary axis. Then, at large times t ≫ γ−1
m ,

using the saddle-point method [41], expressions (5) and

(6) give the following asymptotic expressions for time-rising

parts of the reflected wave field

E(γ)
r

(

t +
z

c

)

≈ − α√
π
γmEi (iγm)

eγm (t+z /c)

[γm (t + z/c)]3/2
, z < 0.

(18)

and plasma-penetrating field both near the plasma boundary

and decreasing to the depth

E(γ) (z , t) ≈ − α√
π
γmEi (iγm)

×























(

1 +
γmz

c

) eγm t

(γmt)
3/2

, 0 < z ≪ 2

α
c

√

t

γm

,

(

α2

2
+

ct

z

)−1
e
γm

(

t− α2

4
z2

c2t

)

√
γmt

,
2

α
c

√

t

γm

≪ z < ct.

(19)
In the case of explicit incident field (15),
γmEi (iγm) = EL γmω0/(γ

2
m + ω2

0). From this it follows

that radiation with frequency close to the maximum

increment of aperiodically instable mode of photoionized

plasma ω0 ∼ γm will be enhanced most effectively.

Expressions (18) and (19) demonstrate that the time rise of

the most effectively amplified response of non-equilibrium

plasma is defined by the maximum increment of the

aperiodic instability γm evolving in plasma, while the

amplitude is also defined by the external radiation strength

and frequency.

Figure 3 shows a spatial structure of the electric

field E(z , t) in plasma z > 0 and of the full field

Ei(t − z/c) + Er(t + z/c) upstream of plasma z < 0 for

different times corresponding to γmt = 2.5 — (Figure 3, a),
5 — (Figure 3, b), 7.5 — (Figure 3, c) and 10 — (Fig-
ure 3, d), respectively, assigned to the incident wave ampli-

tude EL depending on the dimensionless coordinate ωLz/c .

The same plasma parameters were chosen as in Figure 1.

Radiation frequency is ω0 ≈ 0.12ωL ≈ 1.1 · 1011 s−1 and,

according to the estimates from the previous section, corre-

sponds to the lower part of the THz frequency range. At

the same time, ω0 ≈ 1.26γm, which is close to the optimum

amplitude amplification conditions. Figure 3 demonstrates

that the field penetrates the plasma to the depth z < ct and

is reflected from the plasma, rising exponentially quickly

with time. Amplification of the plasma response strength

can reach several orders of magnitude compared with the

incident wave amplitude. The insert in Figure 3, c shows the

incident wave field Ei(t − z/c) (solid red line) and the time-

rising reflected wave field Er(t + z/c) (dashed blue line)
separately from each other. Note that in the long-wavelength

approximation used in kinetic equation (2) without con-

sidering the spatial dispersion of plasma permittivity (4),
description of fields (15) near the field propagation edges

at z ≈ ±ct is not accurate. However, this is irrelevant

when describing the time-rising portion of plasma response.

For photoionized plasma with parameters used for drawing

the curves in Figure 3, normal skin effect conditions are

implemented where the skin layer depth is calculated using

expression [35] δ = (c/ωL)
√

2ν0/(β/3− 1)|ω|. In the

instability conditions |ω| = γm and for the given plasma, the

lower line of limiting expression (12) is applicable. Then

δ =
√
2 (β/3− 1)−1(c ν0/ω

2
L) =

√
2 c/γm ≈ 0.5 cm. The

way in which these figures demonstrate the maximum
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Figure 3. Spatial structure of electric field strength E(z , t) in plasma z > 0 and full field strength Ei(t − z/c) + Er(t + z/c) upstream

of plasma z < 0 assigned to the incident wave amplitude EL as the dimensionless coordinate function ωLz/c . The curves were plotted

in different times, when γmt = 2.5 — (a), 5 — (b), 7.5 — (c) and 10 — (d). Inset in Figure (c) illustrates the incident wave field

Ei(t − z/c) (solid red line) and the time-rising reflected wave field Er(t + z/c) (dashed blue line) separately from each other. The same

plasma parameters as in Figure 1 were chosen. Radiation frequency is ω0 ≈ 0.12ωL.

growth of the amplified field strength within the plasma

is implemented on spatial scales of the order of several

skin layer depth and is defined by values of the order

of a centimeter. Note that our relatively simple closed-

form solution is performed in the linear approximation

both in the field amplitude (1) and at the linear stage

of aperiodic instability evolution. Therefore, the obtained

quantitative results are applicable at times lower than the

initial non-equilibrium photoelectron distribution variation

time and nonlinear instability saturation time, which is easily

implemented for test fields with a small intensity compared

with the ionizing radiation.

Summarizing Section 3, focus is made on justifying the

applicability of the employed homogeneous plasma half-

space model with stepwise electron density variation at the

boundary in studying the features of interaction between the

test radiation and photoionized gas plasma. Such plasma

is generated under the ionizing action of the intense laser

pulse with a duration of several tens of femtoseconds and is

localized in the pulse focusing area, and the photoelectron

density decreases from the focusing center to outside,

which requires the employed approximation to be discussed.

Paper [35] is devoted to investigating the effect of spatial

scale of plasma boundary smearing on the modes of plasma

exposure to the test electromagnetic radiation, in particular,

to establishing the conditions of applicability of the stepwise

photoelectron density variation assumption. It is reported

in [35] that, if the variable-density boundary layer thickness

is smaller than the skin layer depth, then the consideration

of plasma boundary smearing doesn’t provide any significant

corrections compared with the sharp boundary model. For

photoionized plasma described in [21] with parameters

used for drawing Figures 1−3, normal skin effect con-

ditions are implemented where the skin layer depth is

δ ≈ 0.5 cm. Typical focal spot sizes of modern femtosecond

lasers may be from several units to several hundreds of

micrometers, and when gases with near-atmospheric density

are exposed to such lasers, laser plasma is generated,

at whose boundary electron density grows on scale of

several micrometers, which is much smaller than δ, thus

making the sharp plasma model justified in [35] applicable.
Note that boundary smearing due to plasma expansion in

electroneutrality conditions is defined by cold ions and has

a rate compared with ion-sound velocity ∼ √
m/M v0 (M is

the ion mass), and doesn’t exceed several electron Debye

radii [42] v0/ωL ≈ 3.3 · 10−3c/ωL ≈ 10−4 cm in the non-

equilibrium narrow-peak photoelectron energy distribution

lifetime range and also doesn’t prevent from using the sharp

5∗ Technical Physics, 2026, Vol. 71, No. 2
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plasma boundary model at non-equilibrium photoelectron

distribution lifetimes.

Sizes of the generated plasma domain along the ionizing

laser pulse distribution direction in gas are equal to several

tens of centimeters [20,22,25], while the effective spatial

zone of the test THz radiation amplification for the plasma

described in Section 3 is concentrated in a much smaller

domain whose sizes are of the order of several skin layer

depths, i.e. of a centimeter. Opportunity to achieve a final

closed-form solution result is one of the key advantages

of the chosen simple one-dimensional plasma description

model without considering transverse dimensions of the

plasma domain.

Such approach is justified by the dominant role (as
was identified during the study) of long-wavelength eigen

instable aperiodic modes in the radiation amplification.

Consecutive consideration of transverse plasma dimen-

sions and their impact on the radiation amplification

efficiency is the aim of our further investigation.

Conclusion

Response of the non-equilibrium collisional weakly ion-

ized semiconfined plasma pre-generated through multi-

photon ionization of inert gas atoms by a short laser pulse to

the action of external electromagnetic pulse was investigated

in the linear approximation.

Investigation was performed on the basis of a con-

sistent kinetic description of photoelectron dynamics and

Maxwell’s equations for fields using the Laplace time

transform, providing consecutive description of instability

evolution in the semiconfined plasma within the initial

problem. General integral expressions for fields were

derived, admitting different waveforms of pulse applied to

the plasma and offering detailed description of the spatial

radiation structure in the entire space and of radiation

time evolution at the linear instability evolution stage.

Due to non-equilibrium photoelectron energy distribution

and features of photoelectron scattering by neutral atoms

associated with the Ramsauer–Townsend effect, aperiodic

electromagnetic instability may develop in such plasma. It is

shown that as a result of interaction between such instable

plasma and harmonic plane wave, besides a response at the

external field frequency, there is a dominant anharmonic

time amplification of both penetrating and reflected fields

in a broad frequency band concentrated at the maximum

increment of aperiodic photoionized plasma instability.

Typical amplification coefficients may reach several orders

of magnitude. For ionized gas densities near the atmo-

spheric density, the typical increment falls into the THz

range. This indicates a new opportunity of using the above-

mentioned photoionized plasma response mechanism for

electromagnetic radiation amplification or generation in the

terahertz frequency range.
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