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The theory of the terahertz (THz) waves emission from a near-critical plasma slab under
the action of the focused p-polarized laser pulse is developed. The spectral, angular and
energy characteristics of the THz signal are studied as functions of the focusing degree and
the incidence angle of laser radiation, as well as the density and thickness of the plasma
slab. It is shown that the extremely strong increase in the energy of the THz signal (up to
millijoule level) and conversion rate (up to 10 %) occurs at the almost normal incidence
of the ultra-short, tightly focused p-polarized laser pulse on the thin plasma slab with the
near-critical density and rare electron collisions.
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1. Introduction

Increasing the energy of terahertz (THz) pulses and improving the efficiency of their
generation is an important and actual scientific problem, which is associated with a wide
applications field of THz radiation in scientific research and various practical applications
(Song & Nagatsuma 2015). The most powerful and high-energy THz radiation pulses
are generated at the laser action on matter, and this phenomenon was first recorded in
the experiment (Hamster et al. 1993), where gases and solids were irradiated by a laser.
Subsequently, THz radiation was observed in many experiments, where solid-state (Weiss,
Wallenstein & Beigang 2000; Kadlec, Kuzel & Coutaz 2004, 2005; Welsh & Wynne 2009;
Suvorov et al. 2012; Dechard et al. 2020), gas (Yugami et al. 2002; Dorranian et al. 2003;
Schroeder et al. 2004; Sprangle et al. 2004; van Tilborg et al. 2006; Gopal et al. 2013)
and cluster (Nagashima et al. 2009; Jahangiri et al. 2011; Oh et al. 2013) targets were
irradiated by femtosecond laser radiation. The important characteristic of THz radiation is
its total energy and conversion rate, that is, the fraction of energy transferred to the THz
signal from the laser. In modern experiments, under laser irradiation of organic crystals,
the conversion rate reaches several percent at the THz radiation energy equal to hundreds
of microjoules (Vicario et al. 2014, 2015). The possibility of generating THz pulses with an
energy of approximately a millijoule was considered by Kwon et al. (2018) theoretically
and demonstrated by Zhang et al. (2021) experimentally, at the same time, and in these
articles, the conversion rate does not exceed one percent. Gupta et al. (2022) propose the
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mechanism for increasing the energy of THz radiation by using a flattened Gaussian laser
beam to impact on the plasma slab boundary, and in a review article (Liao & Li 2023), the
authors discuss achievements and perspectives in the field of generation of THz radiation
at laser–plasma interactions. One of the possible mechanisms for the significant increase
in the THz pulse energy and conversion rate was theoretically proposed by Frolov (2023),
where the action of p-polarized laser radiation on low-density targets was considered in
the model of a semi-limited plasma. In the present article, we show that a more significant
increase in the THz energy, compared with that of Frolov (2023), occurs at the almost
normal incidence of ultrashort, tightly focused p-polarized laser radiation on the plasma
slab with a near-critical density and a small thickness. In this case, THz signals with
millijoule energy can be emitted and the conversion rate can be approximately 10 %.

This article has the following structure: in § 2, the incidence of the focused p-polarized
laser pulse on the boundary of the plasma slab is considered. The boundary value problem
for electromagnetic fields is solved and the ponderomotive potential of laser radiation in
the plasma slab is calculated. It is shown that the significant increase in the ponderomotive
effect occurs at the almost normal incidence of the p-polarized laser pulse on the thin
plasma slab with a near-critical density and rare electron collisions. In § 3, the excitation
of THz fields in the plasma slab under the action of laser radiation ponderomotive forces
on electrons is considered. The emission of THz waves from the plasma slab into vacuum
is considered in § 4, where the spectral, angular and energy characteristics of the THz pulse
are studied as functions of the angle of incidence, the focusing degree of laser radiation, as
well as on the electron density and thickness of the plasma slab. The total energy of THz
radiation is calculated, and it is shown that it increases extremely at the almost normal
incidence of the ultra-short tightly focused laser pulse on the boundary of the thin plasma
slab with the near-critical density and rare electron collisions. The spectral composition of
THz radiation has been studied and it is established that the radiation spectrum contains
a broad maximum, the position of which in the case of tight focusing of the laser pulse is
determined by its reciprocal duration. The THz radiation pattern is studied, and it is shown
that the direction THz signal emission weakly depends on the thickness of the plasma slab
and is determined mainly by the degree of laser pulse focusing. The decrease of the laser
pulse focal spot size leads to the increase of the radiation angle with respect to the plasma
boundary normal and, in the limiting case of tight focusing, the THz signal is emitted
almost along the boundaries of the plasma slab. The spatiotemporal structure of the THz
pulse electromagnetic field is studied, and it is shown that the THz signal contains one
oscillation cycle and its duration is comparable to that of the laser pulse. In § 5, the main
results obtained in the article are presented, the applicability conditions of the presented
theory are discussed and the estimates are given for the parameters of the THz pulse under
the conditions of modern laser–plasma experiments.

2. Laser field and ponderomotive forces in a plasma slab

Let the p-polarized laser pulse with the carrier frequency ω0 and the time duration τ
exceeding the oscillation period (ω0τ � 1) fall from vacuum at the angle α with respect
to the normal on the plasma slab, which occupies the region of space −d ≤ z ≤ d (see
figure 1) and which has the plasma electron density N0e less than the critical value
Ncr = meω

2
0/(4πe2). This corresponds to the plasma frequency ωp = √

4πe2N0e/me not
exceeding the laser radiation frequency ω0, where e, me are the electron charge and mass,
respectively. We will assume that the spatial size of the laser pulse Ry in the direction
of the y-axis significantly exceeds its longitudinal length L = cτ and sizes along x- and
z-axes, where c is the speed of light. Let the incident p-polarized laser radiation have
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Emission of terahertz pulses from near-critical plasma slab 3

FIGURE 1. Incidence of the p-polarized laser pulse on the plasma slab (−d ≤ z ≤ d) at the
angle α with respect to the normal. Points of the THz radiation observation in the wave region
in vacuum to the left (r1, θ1) and to the right (r2, θ2) of the plasma slab are shown in the figure.

x- and z-components of the electric field, as well as the y-component of the magnetic field,
which in vacuum (z ≤ −d) near the boundary of the plasma slab (|z + d| � k0R2

x) in the
case of a Gaussian intensity distribution can be represented in the following form:

Binc
L (r, t) = 1

2
eyE0L exp

{
−iω0

(
t − z′

c

)
− 1

2τ 2

(
t − z′

c

)2

− x′2

2R2
x

}
+ c.c., (2.1)

where E0L is the amplitude of the laser field in vacuum, z′ = (z + d) cos α + x sin α is
the axis along which the incident pulse propagates and the x′ = x cos α − (z + d) sin α

axis is directed perpendicular to the z′-axis, ey is the basis vector of the y-axis in the
Cartesian coordinate system, Rx is the transverse size of the laser pulse (along the x′-axis),
which we will consider to be much larger than the laser radiation wavelength λ0 = 2πc/ω0,
k0 = ω0/c is the wave number, and c.c. is the complex conjugate. In accordance with (2.1),
the focal spot of the laser pulse at the left boundary of the plasma slab (z = −d) has the
form of a narrow strip elongated along the y-axis. This type of focal spot can be realized
experimentally by focusing laser radiation with a cylindrical lens.

To find the distribution of the laser field in vacuum and plasma, we need to solve the
boundary value problem when a p-polarized laser pulse (2.1) is incident on a plasma slab.
We will use the Maxwell equations:

rot EL(r, t) = −1
c

∂

∂t
BL(r, t),

rot BL(r, t) = 1
c

∂

∂t
EL(r, t) + 4πe

c
N0eV L(r, t),

⎫⎪⎪⎬
⎪⎪⎭ (2.2)

where EL(r, t), BL(r, t) are the electric and magnetic fields of laser radiation, and the
equation for electron velocity V L(r, t) in the non-relativistic approximation |V L(r, t)| � c
is (

∂

∂t
+ iνei

)
V L(r, t) = e

me
EL(r, t), (2.3)
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where νei is the frequency of electron–ion collisions In this case, from the set of (2.2) and
(2.3) follows the equation for the y-component of the laser pulse magnetic field BL(r, t) =
ey · BL(r, t): (

∂

∂t
+ iνei

) {
∂2

∂t2
− c2Δ

}
BL(r, t) + ω2

p
∂

∂t
BL(r, t) = 0, (2.4)

where Δ is the Laplace operator.
To solve (2.4), we will use the Fourier transform in time and coordinate

BL(r, t) =
∫ +∞

−∞

dω

2π

∫ +∞

−∞

dkx

2π
exp(−iωt + ikxx)BL(ω, kx, z),

BL(ω, kx, z) =
∫ +∞

−∞
dt

∫ +∞

−∞
dx exp(iωt − ikxx)BL(r, t).

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(2.5)

Then, under the condition ω0 � νei, from (2.4) follows the ordinary differential equation
for the Fourier transform of the magnetic field:

d2

dz2
BL(ω, kx, z) +

[
ω2

c2
ε(ω) − k2

x

]
BL(ω, kx, z) = 0, (2.6)

whose solution, taking into account the continuity of the tangential components of the
laser field EL,x(ω, kx, z) and BL(ω, kx, z), has the form

BL(ω, kx, z) = B0(ω, kx){exp[iκ0(z + d)] + R(ω, kx) exp[−iκ0(z + d)]}, z ≤ −d,

BL(ω, kx, z) = 2κ0ε(ω)

D(ω, kx)
B0(ω, kx){[κ0ε(ω) − κ] exp[−iκ(z − d)]

− [κ0 ε(ω) + κ] exp[iκ(z − d)]},
−d ≤ z ≤ d,

BL(ω, kx, z) = −4κ0κ ε(ω)

D(ω, kx)
B0(ω, kx) exp[iκ0(z − d)], z ≥ d,

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

(2.7)

where κ0 = √
ω2/c2 − k2

x , κ = √
ω2ε(ω)/c2 − k2

x , ε(ω) = 1 − (ω2
p/ω

2)(1 − iνei/ω) is the
dielectric permittivity of the plasma at the frequency ω, and the coefficients R(ω, kx) and
D(ω, kx) determined by

R(ω, kx) = κ2
0 ε

2(ω) − κ2

D(ω, kx)
[ exp(2iκd) − exp(−2iκd)],

D(ω, kx) = [κ0ε(ω) − κ]2 exp(2iκd) − [κ0ε(ω) + κ]2 exp(−2iκd).

⎫⎪⎬
⎪⎭ (2.8)

Equating the expression B0(ω, kx) exp[iκ0(z + d)] from (2.7) to the Fourier transform of
the incident pulse (2.1) near the boundary z = −d, for B0(ω, kx), we obtain the following
formula:

B0(ω, kx) = Binc
L (ω, kx, z = 0) = E0LπRxτ

cos α
exp

{
− [kx − (ω/c) sin α]2R2

x

2cos2α

}

×
{

exp
[
−(ω − ω0)

2τ 2

2

]
+ exp

[
−(ω + ω0)

2τ 2

2

]}
. (2.9)

Substituting (2.9) into (2.7) and using the inverse Fourier transform (2.5), we find the
distribution of the magnetic field in vacuum and in the plasma slab.
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The magnetic field of laser radiation in vacuum to the left of the plasma slab, which is
the superposition of the incident and the reflected pulses, has the following form:

BL(r, t) = 1
2

eyE0L
2πRxτ

cos α

∫ +∞

−∞

dω

2π
exp

[
−iωt − (ω − ω0)

2τ 2

2

]

×
∫ +∞

−∞

dkx

2π
exp

{
ikxx − [kx − (ω/c) sin α]2R2

x

2cos2α

}
{exp[iκ0(z + d)]

+ R(ω, kx) exp[−iκ0(z + d)]} + c.c., z ≤ −d. (2.10)

The distribution of the laser pulse magnetic field in the plasma slab and in the vacuum to
the right of it is described by the following formulas:

BL(r, t) = 1
2

eyE0L
2πRxτ

cos α

∫ +∞

−∞

dω

2π
exp

[
−iωt − (ω − ω0)

2τ 2

2

] ∫ +∞

−∞

dkx

2π

2κ0ε(ω)

D(ω, kx)

× exp
{

ikxx − [kx − (ω/c) sin α]2R2
x

2cos2α

}
{[κ0ε(ω) − κ] exp[−iκ(z − d)]

− [κ0ε(ω) + κ] exp[iκ(z − d)]} + c.c., −d ≤ z ≤ d, (2.11)

BL(r, t) = −1
2

eyE0L
2πRxτ

cos α

∫ +∞

−∞

dω

2π
exp

{
−iωt − (ω − ω0)

2τ 2

2

} ∫ +∞

−∞

dkx

2π

4κκ0ε(ω)

D(ω, kx)

× exp
{

ikxx − [kx − (ω/c) sin α]2R2
x

2cos2α
+ iκ0(z − d)

}
+ c.c., z ≥ d. (2.12)

Using (2.11) and the relation

EL(ω, r) = ic
ωε(ω)

{
ez

∂

∂x
− ex

∂

∂z

}
BL(ω, r), (2.13)

we find the electric field of laser radiation in a plasma slab:

EL(r, t) = −1
2

eyE0L
2πRxτ

cos α

∫ +∞

−∞
dω

2π
exp

[
−iωt − (ω − ω0)

2τ 2

2

]∫ +∞

−∞
dkx

2π

2κ0ε(ω)

ωD(ω, kx)

× exp

{
ikxx − [kx − (ω/c) sin α]2R2

x

2cos2α

}
{[κ0ε(ω) + κ](κex − kxez) exp[iκ(z − d)]

+ [κ0ε(ω) − κ](κex + kxez) exp[−iκ(z − d)]} + c.c., −d ≤ z ≤ d, (2.14)

where ex and ez are the basis vectors of x- and z-axes in the Cartesian coordinate system.
In the general case, the laser field in the plasma slab (2.14) is the superposition of the

wave propagating in the positive direction of the z-axis and the wave reflected from the
right boundary of the slab. If we consider the plasma slab with a thickness satisfying
the condition |κ|d � 1, which means that the slab thickness is significantly less than the
wavelength of laser radiation in the plasma, then in this case, the expression for the electric
field (2.14) is greatly simplified and after calculating the integrals over frequency and wave
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number, taking into account the conditions ω0τ � 1 and k0Rx � 1, it takes the form

EL(r, t) = 1
2

E0L cos α exp

[
−iω0

(
t − x

c
sin α

)
− 1

2τ 2

(
t − x

c
sin α

)2 − x2

2R2
x

cos2α

]

× ex{ε(ω0) cos α + ik0(z − d)[ε(ω0) − sin2α]} − ez sin α{1 + ik0(z − d)ε(ω0) cos α}
{ε(ω0) cos α − ik0d[ε(ω0) − sin2α]}{1 − ik0dε(ω0) cos α} + c.c.

(2.15)

Equation (2.15) is obtained under the condition

k0d|
√

ε(ω0) − sin2α| � 1, (2.16)

which follows from the inequality |κ|d � 1. It follows from (2.15) that the extreme
increase in the z-component of the laser electric field in the plasma slab occurs when
the laser pulse is incident at the angle, which is determined by

ε′(ω0) = sin2α, (2.17)

or N(ω0) = cos2α, on the plasma slab with the near-critical density ε′(ω0) � 1 and rare
electron collisions νei/ω0 � 1, where N(ω0) = ω2

p/ω
2
0 = N0e/Ncr is the dimensionless

electron density and ε′(ω0) = Reε(ω0) = 1 − ω2
p/ω

2
0 is the real part of the plasma

permittivity. It should be noted that the angle determined from (2.17) is the angle of total
reflection for a semi-bounded collisionless plasma (see Frolov 2023).

Note that the used condition |κ|d � 1, from which (2.16) follows, means that we are
considering the case when the wavelength of laser radiation in the plasma slab significantly
exceeds its thickness, that is, the condition 2d � 2π/|κ| is satisfied. In addition, if we
compare the wavelength of laser radiation in a plasma λ = Re(λ0/

√
ε(ω0) − sin2α) with

the vacuum value λ0, then, taking into account (2.17), it follows that λ significantly exceeds
λ0 for Imε(ω0) � 1.

Using the definition of ponderomotive potential:

Φ(r, t) = me

2e
〈V 2

L(r, t)〉, (2.18)

where the brackets 〈· · · 〉 mean averaging over the period of the laser field and the speed of
electrons in the field of laser radiation V L(r, t) is determined from (2.3), and the expression
for the electric field (2.15), we can calculate the potential of ponderomotive forces of laser
radiation acting on electrons inside the plasma slab:

Φ(r, t) = eE2
0L

meω
2
0
Φ0(N(ω0), α, z, d) exp

{
− 1

τ 2

[
t − x

c
sin α

]2
− x2

R2
x

cos2α

}
, (2.19)

where the function Φ0(N(ω0), α, z, d), which determines the dependence of the
ponderomotive potential on the incidence angle of the laser pulse, the electron density,

https://doi.org/10.1017/S0022377824000011 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377824000011


Emission of terahertz pulses from near-critical plasma slab 7

slab thickness and coordinate z, has the form

Φ0(N(ω0), α, z, d) = cos2α

|ε(ω0) cos α − ik0d[ε(ω0) − sin2α]|2|1 − ik0dε(ω0) cos α|2
× {|ε(ω0) cos α + ik0(z − d)[ε(ω0) − sin2α]|2
+ sin2α|1 + ik0(z − d)ε(ω0) cos α|2}. (2.20)

Function Φ0(N(ω0), α, z, d) under conditions (2.16), (2.17) and for ε′(ω0) � 1 does not
depend on the coordinate z and takes the form

Φ0(N(ω0) = cos2α, α, d) ≈ sin2αcos2α

[sin2α cos α + k0dε′′(ω0)]
2 + [ε′′(ω0) cos α]2

, (2.21)

where ε′′(ω0) = Imε(ω0) = ω2
pνei/ω

3
0 is the imaginary part of the plasma permittivity. The

analysis of the function (2.21) shows that it reaches the maximum value

Φ0,max = ω0

2νei

1

[k0d +
√

1 + k2
0d2]

, (2.22)

under the condition

ε′(ω0) = sin2α = (νei/ω0)

√
1 + k2

0d2. (2.23)

In this case, the maximum value of the ponderomotive potential inside the plasma slab, in
accordance with (2.19) and (2.22), has the form

Φmax(r, t) = eE2
0L

8meω
2
0

ω0

νei

1[
k0d +

√
1 + k2

0d2
] exp

{
− 1

τ 2

[
t − x

c
sin α

]2
− x2

R2
x

cos2α

}
.

(2.24)

We note that the applicability conditions for the obtained results (2.23), (2.24) follow from
(2.16), taking into account (2.17), and have the form

k0d
√

νei/ω0 � 1. (2.25)

As follows from (2.23), (2.24), the ponderomotive effects are strongest at the almost
normal incidence of the laser pulse onto the near-critical plasma slab, when the conditions
in (2.23) are satisfied. Under these conditions, in accordance with (2.24), the noticeable
increase in the ponderomotive potential by the factor of (ω0/νei)[k0d +

√
1 + k2

0d2]−1 � 1
takes place in the plasma slab with rare electron collisions.

Let us note once again that under the considered conditions of laser action, when (2.23)
is fulfilled and the wavelength of laser radiation in the plasma, as well as the size of the
skin layer, significantly exceeds the thickness of the slab (2.25), the distribution of the
laser field and ponderomotive potential in the plasma slab is uniform and does not depend
on the coordinate z (see (2.24)).

We note that the laser field and the ponderomotive potential in the plasma slab
under condition (2.17) increase much more than in a semi-infinite plasma (see (14)
of Frolov 2023). If in a semi-limited plasma, when p-polarized laser radiation is
incident at the angle of total reflection (2.17), the ponderomotive potential increases by

https://doi.org/10.1017/S0022377824000011 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377824000011


8 A.A. Frolov
√

ω0/νei times (Frolov 2023), then in the plasma slab, the increase in the ponderomotive
potential is ω0/νei(k0d � 1) or ω0/(νeik0d)(k0d � 1) depending on the value parameter
k0d characterizing the thickness of the plasma slab. However, even for k0d � 1, the
increase in the ponderomotive potential in the plasma slab is much greater than in a
semi-bounded plasma, since, taking into account (2.25), the inequality ω0/(νeik0d) �√

ω0/νei is satisfied with a large reserve.
It should also be noted that the non-relativistic description of the electron motion used

in this article is applicable when the inequality eΦmax/(mec2) � 1 (see (2.18)) is fulfilled
or in accordance with (2.24), the following condition is satisfied:

V2
E

8c2
� νei

ω0

[
k0d +

√
1 + k2

0d2

]
, (2.26)

where VE = eE0L/(meω0) is the amplitude of the electron oscillation velocity in the laser
field (2.1).

3. Generation of THz fields by laser radiation in plasma slab and vacuum

We will describe the excitation of THz fields in the plasma slab using the time-averaged
Maxwell equations for the electric E(r, t) and magnetic B(r, t) fields:

rot B(r, t) = 1
c

∂

∂t
E(r, t) + 4π

c
eNe(z)V (r, t), rot E(r, t) = −1

c
∂

∂t
B(r, t), (3.1a, b)

as well as the equation for the electron velocity V (r, t), which takes into account the
ponderomotive action of laser radiation (see, for example, Frolov 2023):(

∂

∂t
+ νei

)
V (r, t) = e

me
[E(r, t) − ∇Φ(r, t)], (3.2)

where Ne(z) = N0e[θ(z + d) − θ(z − d)] is coordinate-dependent electron density and
θ(z) is Heaviside unit step function. We note that (3.2) is applicable in the non-relativistic
approximation |V (r, t)| � c under the condition of rare electron collisions, when the
condition νeiτ � 1 is fulfilled.

Using the Fourier transform in time and space coordinate x (see (2.5)), from the set of
(3.1) and (3.2), we find the equation for the THz magnetic field By(ω, kx, z):

d
dz

{
1

ε(ω, z)
d
dz

By(ω, kx, z)
}

+
[
ω2

c2
− k2

x

ε(ω, z)

]
By(ω, kx, z)

= ω

c
kx

{
ω2

p(z)

ω(ω + iνei)ε(ω, z)
d
dz

Φ(ω, kx, z) − d
dz

[
ω2

p(z)Φ(ω, kx, z)

ω(ω + iνei)ε(ω, z)

]}
, (3.3)

and the components of the THz electric field Ex(ω, kx, z), Ez(ω, kx, z) have the form

Ex(ω, kx, z) = − ic
ωε(ω, z)

d
dz

By(ω, kx, z) − ikxω
2
p(z)

ω(ω + iνei)ε(ω, z)
Φ(ω, kx, z),

Ez(ω, kx, z) = − ckx

ωε(ω, z)
By(ω, kx, z) − ω2

p(z)

ω(ω + iνei)ε(ω, z)
d
dz

Φ(ω, kx, z),

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(3.4)

where ε(ω, z) = 1 − ω2
p(z)/ω

2 + iω2
p(z)νei/ω

3, ω2
p(z) = 4πe2Ne(z)/me, Φ(ω, kx, z) is the

Fourier image of the ponderomotive potential (2.19). The solution to (3.3) for the
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Emission of terahertz pulses from near-critical plasma slab 9

THz magnetic field in the whole space, taking into account the continuity conditions
Ex(ω, kx, z) and By(ω, kx, z) at the boundaries of the plasma slab, is determined by the
following formulae (see Appendix A):

By(ω, kx, z) = kxω
2
p

c(ω + iνei)
exp[−iκ0(z + d)]

{
�+(ω, kx)

Ds(ω, kx)
− �−(ω, kx)

Da(ω, kx)

}
, z ≤ −d,

By(ω, kx, z) = − kxω
2
p

c(ω + iνei)

{
�+(ω, kx)

Ds(ω, kx)

sinh(κ1z)
sinh(κ1d)

+ �−(ω, kx)

Da(ω, kx)

cosh(κ1z)
cosh(κ1d)

}
, −d ≤ z ≤ d,

By(ω, kx, z) = − kxω
2
p

c(ω + iνei)
exp[iκ0(z − d)]

{
�+(ω, kx)

Ds(ω, kx)
+ �−(ω, kx)

Da(ω, kx)

}
, z ≥ d,

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(3.5)

where Ds(ω, kx) = κ1 coth(κ1d) − iκ0ε(ω), Da(ω, kx) = κ1 tanh(κ1d) − iκ0ε(ω), sinh(x),
cosh(x), tanh(x) and coth(x) are hyperbolic functions, κ1 = √

k2
x − ω2ε(ω)/c2, κ0 =√

ω2/c2 − k2
x , and the functions Φ±(ω, kx) are determined by the values of the Fourier

transform of the ponderomotive potential (see (2.19) and (2.20))

Φ(ω, kx, z) = eE2
0L

4meω
2
0
Φ0(N(ω0), α, z, d)

πRxτ

cos α
exp

{
−ω2τ 2

4
−

(
kx − ω

c
sin α

)2 R2
x

4cos2α

}
,

(3.6)

at the boundaries of the plasma slab

Φ±(ω, kx) = Φ(ω, kx, z = d) ± Φ(ω, kx, z = −d)

2
. (3.7)

We note that when the p-polarized laser pulse is incident on the plasma slab with
the near-critical electron density and the conditions in (2.23), (2.25) are satisfied, the
ponderomotive potential (2.24) does not depend on the coordinate z and the function
Φ−(ω, kx) vanishes. In this case, the spatial distribution of the THz field in the plasma
slab along the z-axis is determined by the hyperbolic sine sinh(κ1z). This is explained by
the fact that the laser field and ponderomotive potential have the uniform distribution along
the z-axis in the plasma slab (see (2.24)), and the excitation of THz fields in the plasma is
caused only by the gradient of the ponderomotive potential along the slab boundary in the
direction of the x-axis (the term on the right-hand side of the first equation in (3.4), which
is proportional to ikxΦ(ω, kx, z)) and occurs inside the entire volume of the plasma slab.
This distribution of the THz field in plasma leads to the emission of THz pulses in both
directions from the plasma slab. The obtained results for the magnetic field (3.5)–(3.7)
allow us to analyse the characteristics of the THz pulse, which is emitted from the plasma
slab into vacuum.

4. Physical characteristics of THz pulse in vacuum
Using the inverse Fourier transform with respect to the spatial coordinate, from (3.5),

we find the THz magnetic field in vacuum to the right and left of the plasma slab:

By(ω, r) = ω2
p

c(ω + iνei)

∫ +∞

−∞
dkx

2π
kx exp{ikxx − ik0(z + d)}

{
�+(ω, kx)

Ds(ω, kx)
− �−(ω, kx)

Da(ω, kx)

}
, z ≤ −d,

(4.1)
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10 A.A. Frolov

By(ω, r) = − ω2
p

c(ω + iνei)

∫ +∞

−∞
dkx

2π
kx exp{ikxx + ik0(z − d)}

{
�+(ω, kx)

Ds(ω, kx)
+ �−(ω, kx)

Da(ω, kx)

}
, z ≥ d.

(4.2)

Let us first consider the magnetic field to the left of the plasma slab (4.1) at large
distances from its boundary in the wave zone, when the conditions r1 =

√
x2 + (z + d)2 �

2d, L, Rx, c/ω are satisfied. To calculate the integral in (4.1), we will use the stationary
phase method (Olver 1974), which is applicable for large values of the exponential
function argument. In this case, the main contribution to the integral is made by the small
neighbourhood near the stationary point, the position of which is found from the condition
that the derivative of the argument of the exponential function in (4.1) is equal to zero:

kx,s = ω

c
sin θ1, (4.3)

where θ1 is the angle between the direction of observation and the z-axis, which is
determined from the relations sin θ1 = x/r1, cos θ1 = |z + d|/r1 (see figure 1). Calculating
the integral in (4.1) taking into account the contribution of the stationary point (4.3)
for the Fourier transform of the THz magnetic field in vacuum, we obtain the following
expression:

By(ω, r) = ω2
p

ω0(ω + iνei)

πRxτ

cos α

√
ω

2πr1c
VE

4c
E0L sin θ1 cos θ1

{
�0+
Ts

− �0−
Ta

}

× exp

{
i
π

4
+ i

ω

c
r1 − ω2τ 2

4

[
1 + R2

x

L2

(
sin θ1 − sin α

cos α

)2
]}

, z ≤ −d,

(4.4)

where Φ0± = [Φ0(N(ω0), α, z = d) ± Φ0(N(ω0), α, z = −d)]/2, the function Φ0(N(ω0),

α, z, d) is defined by (2.20) and the functions Ts(ω, θ1), Ta(ω, θ1) have the form

Ts(ω, θ1) = ε(ω) cos θ1 + i
√

sin2θ1 − ε(ω) coth
[ω

c
d
√

sin2θ1 − ε(ω)
]
,

Ta(ω, θ1) = ε(ω) cos θ1 + i
√

sin2θ1 − ε(ω) tanh
[ω

c
d
√

sin2θ1 − ε(ω)
]
.

⎫⎪⎬
⎪⎭ (4.5)

When laser radiation is incident at the angle (2.17) and the condition in (2.25) is satisfied,
then the function Φ0(N(ω0), α, z, d) is determined by (2.21) and the Fourier transform of
the THz magnetic field takes the form

By(ω, r) = ω2
pπRxτ

ω0(ω + iνei)

VE

4c
E0L

√
ω

2πr1c
sin2α cos α

[sin2α cos α + k0dε′′(ω0)]
2 + [ε′′(ω0) cos α]2

× sin θ1 cos θ1

ε(ω) cos θ1 + i
√

sin2θ1 − ε(ω) coth[(ωd/c)
√

sin2θ1 − ε(ω)]

× exp

{
i
π

4
+ i

ω

c
r1 − ω2τ 2

4

[
1 + R2

x

L2

(
sin θ1 − sin α

cos α

)2
]}

, z ≤ −d. (4.6)

Using the obtained expression for the Fourier image of the THz magnetic field (4.6), we
can calculate the energy that is radiated in the unit frequency interval dω and is carried
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out through the unit cylindrical area df 1 = err1 dθ1 dy along the normal to it, according to
the following formula:

dW1(ω, θ1) = c
8π2

{[E(ω, r) × B∗(ω, r)] + c.c.} dω df 1 = c
4π2

|By(ω, r)|2r1 dθ1 dy dω.

(4.7)

Then, taking into account (4.6) and (4.7), we find the energy radiated in the unit interval
of frequencies dω and angles dθ1:

dW1(ω, θ1)

dω dθ1
= ω2

p

ω2
0

ω kpRxωpτ

ω2 + ν2
ei

V2
E

16c2

WL

π

sin4αcos2α

{[sin2α cos α + k0 dε′′(ω0)]
2 + [ε′′(ω0) cos α]}2

×
sin2θ1cos2θ1 exp

{
−ω2τ 2

2

[
1 + R2

x

L2

(
sin θ1 − sin α

cos α

)2
]}

ε2(ω)cos2θ1 + |sin2θ1 − ε(ω)|coth2
[ω

c
d
√

sin2θ1 − ε(ω)
] , z ≤ −d,

(4.8)

where WL = E2
0LRxRyL/8 is the laser pulse energy, kp = ωp/c.

If we integrate in (4.8) over the angles, we obtain the THz radiation spectrum:

dW1(Ω)

dΩ
= Rx

L
V2

E
c2

WL

π
I1(Ω),

I1(Ω) = ω2
0τ

2

16
Ω3sin4αcos2α

{[sin2α + (k0 dνei/ω0) cos α]
2 + [(νei/ω0) cos α]}2

×
∫ π/2

−π/2
dθ1

sin2θ1cos2θ1 exp

{
−ω2

0τ
2Ω2cos2α

2

[
1 + R2

x
L2

(
sin θ1 − sin α

cos α

)2
]}

(Ω2 − 1)
2cos2θ1 + Ω2|1 − Ω2cos2θ1|coth2[kpd

√
1 − Ω2cos2θ1]

,

z ≤ −d,

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(4.9)

where Ω = ω/ωp is dimensionless frequency. The THz radiation pattern is obtained from
(4.8) by integration over frequencies and has the form

dW1(θ1)

dθ1
= Rx

L
V2

E
c2

WL

π
J1(θ1),

J1(θ1) = ω2
0τ

2

16
sin4αcos2α

{[sin2α + (k0 dνei/ω0) cos α]
2 + [(νei/ω0) cos α]}2

×
∫ ∞

0
dΩΩ3

sin2θ1cos2θ1 exp

{
−ω2

0τ
2Ω2cos2α

2

[
1 + R2

x
L2

(
sin θ1 − sin α

cos α

)2
]}

(Ω2 − 1)
2cos2θ1 + Ω2|1 − Ω2cos2θ1|coth2[kpd

√
1 − Ω2cos2θ1]

,

z ≤ −d.

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(4.10)
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12 A.A. Frolov

FIGURE 2. Energy of THz radiation in the region z ≤ −d (4.11) as a function of the laser pulse
incidence angle for the different slab thicknesses and for the parameters: ω0τ = 10, νei/ω0 =
10−3, Rx/L = 1/2.

The total energy of THz radiation is calculated by integrating over angles in (4.9) or
over frequencies in (4.10):

W1 = Rx

L
V2

E
c2

WL

π
w1,

w1 = ω2
0τ

2

16
sin4αcos2α

{[sin2α + (k0 dνei/ω0) cos α]
2 + [(νei/ω0) cos α]}2

×
∫ ∞

0
dΩΩ3

∫ π/2

−π/2
dθ1

sin2θ1cos2θ1 exp

{
−ω2

0τ
2Ω2cos2α

2

[
1 + R2

x
L2

(
sin θ1 − sin α

cos α

)2
]}

(Ω2 − 1)
2cos2θ1 + Ω2|1 − Ω2cos2θ1|coth2[kpd

√
1 − Ω2cos2θ1]

,

z ≤ −d.

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(4.11)

We will assume that the energy, wavelength and duration of the laser pulse are
constant values, while the size of the focal spot and the intensity of laser radiation
can vary depending on the characteristics of the focusing lens. The incidence angle
of the laser pulse, the electron density and the thickness of the plasma slab can also
be variable. It should be noted that, taking into account the above, the product of the
laser radiation parameters (Rx/L)(V2

E/c2)WL included in (4.9)–(4.11) is a constant value,
since it is expressed in terms of the laser pulse energy WL as (Rx/L)(V2

E/c2)WL =
{8/(ω2

0τ
2)}(re/Ry){WL/(mec2)}WL, where re = e2/(mec2) is the classical electron radius.

The total energy of THz radiation (4.11) as a function of the incidence angle of the laser
pulse is shown in figure 2 for various values of the plasma slab thickness. It follows from
figure 2 that for the indicated values of the parameter k0d, the energy of THz radiation
increases with the decrease in the thickness of the plasma slab. In this case, the optimal
angle of the laser pulse incidence at which the THz radiation energy is maximum also
decreases. Figure 3 shows the energy of THz radiation as a function of the plasma slab
thickness at different angles of incidence, from which it follows that the energy has the
maximum value approximately at k0d ≈ 1/2. The energy of the THz pulse as a function
of the laser radiation focusing degree is shown in figure 4, from which it follows that
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Emission of terahertz pulses from near-critical plasma slab 13

FIGURE 3. Energy of THz radiation in the region z ≤ −d (4.11) as a function of the plasma
slab thickness for the different laser pulse incidence angles and for the parameters: ω0τ = 10,
νei/ω0 = 10−3, Rx/L = 1/2.

FIGURE 4. Energy of THz radiation in the region z ≤ −d (4.11) as a function of the focusing
degree of the laser pulse and for the parameters: ω0τ = 10, νei/ω0 = 10−3, k0d = 2, α = 3◦.

with the decrease in the size of the focal spot, the significant increase in the radiation
energy occurs. In this case, it should be borne in mind that there is the diffraction limit
due to which the minimum transverse size of the laser pulse 2Rx cannot be less than its
wavelength λ0.

Let us analyse the expression for the THz radiation energy (4.11) analytically. Since the
strongest ponderomotive action of laser radiation on electrons occurs at the small angles
of incidence on the near-critical plasma slab (see (2.23) and (2.24)), the characteristic
dimensionless radiation frequencies are low enough Ω ∝ 1/(ω0τ) � 1. If, in this case,
the thickness of the plasma slab is not the anomalously small value and the inequality
Ω coth(kpd) � 1 is satisfied for it, then the frequency integral in (4.11) is calculated
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14 A.A. Frolov

analytically, and the dimensionless energy of THz radiation takes the form

w1 = 1
8ω2

0τ
2

sin4α

{[sin2α + (k0 dνei/ω0)]
2 + [(νei/ω0)]}

2

∫ π/2

−π/2
dθ1

sin2θ1[
1 + R2

x
L2

( sin θ1−sin α

cos α

)2
]2 .

(4.12)

When the tightly focused laser pulse is incident on the plasma slab and the condition
Rx � L is satisfied, from (4.12), we obtain the simple expression for the dimensionless
THz radiation energy:

w1 = π

16ω2
0τ

2

sin4α

{[sin2α + (k0 dνei/ω0)]
2 + [(νei/ω0)]}

2 . (4.13)

The analysis of the dimensionless energy of THz radiation (4.13) as a function of the laser
pulse incidence angle shows that it is maximum

w1,max = π

64ν2
eiτ

2

1

(k0d +
√

1 + k2
0d2)

2 , (4.14)

for the angle of incidence

sin2α = ε′(ω0) = (νei/ω0)

√
1 + k2

0d2, (4.15)

which corresponds to the maximum ponderomotive action of laser radiation on electrons
(2.23). From (4.15), it follows that the incidence angle of the laser pulse at which the
THz radiation energy is maximum depends on the thickness of the plasma slab. This
dependence of the optimal angle of incidence is associated with the ponderomotive action
of laser radiation on plasma electrons, which is determined by the spatial structure of
the laser field in the plasma slab. When the condition in (2.16) is satisfied, the spatial
distribution of the laser field (2.15) and ponderomotive potential (2.19), (2.20) in the
plasma slab depends significantly on its thickness. This spatial structure of the laser
field in the plasma slab is associated with the reflection of laser radiation from the right
boundary of the slab and is determined by its thickness, and it explains the dependence
of the optimal angle of incidence on the thickness of the plasma slab. Note that for a thin
slab k0d � 1, the energy of THz radiation is maximum at sufficiently small angles of
incidence sin2α ≈ νei/ω0. With increasing slab thickness, the optimal angle of incidence
increases and at k0d � 1, it is determined by the formula sin2α ≈ k0 dνei/ω0. This value
at the limit of applicability of (2.25) takes the form sin2α ≈ √

νei/ω0 and coincides with
the corresponding result for a plasma half-space (see (13) of Frolov 2023).

Note that (4.13) describes the dependence of the THz radiation energy on the thickness
of the plasma slab only under the condition coth(kpd) � ω0τ and therefore it is not
applicable for small values of the parameter kpd, since, in accordance with (4.11) and
figure 3, at kpd → 0, the energy vanishes according to the law w1 ∝ k2

0d2. Taking into
account (4.11), we find the maximum value of the total energy of THz radiation:

W1,max = 1
64

1

(k0d +
√

1 + k2
0d2)

2

Rx

L
V2

E

c2

WL

ν2
eiτ

2
. (4.16)

In accordance with (4.16), we conclude that the THz radiation energy has the highest
value when the ultra-short, tightly focused p-polarized laser pulse acts on the thin plasma
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(a) (b)

FIGURE 5. Spectrum of THz radiation in the region z ≤ −d (4.9): (a) for various values of the
plasma slab thickness for Rx/L = 1/2 and (b) for the different laser pulse focusing degrees for
k0d = 2. The other parameters are ω0τ = 10, νei/ω0 = 10−3, α = 3◦.

slab with rare electron collisions. The comparison of (4.16) with the corresponding
result for the plasma half-space (see (35) of Frolov 2023) shows that the energy of THz
radiation from the plasma slab at k0d ≈ 1 is greater than the energy of THz radiation from
semi-infinite plasma by 0.2ω0/νei times.

The spectrum of THz radiation (4.9) is shown in figure 5(a) for different thicknesses
of the plasma slab. It follows from figure 5(a) that there is a broad spectral line in the
emission spectrum, the height of which increases with decreasing slab thickness for the
indicated values, and the position of the maximum is practically independent of the slab
thickness. The spectrum of THz radiation at the various focusing degrees of laser pulse
is shown in figure 5(b), from which the decrease in the transverse size is observed to lead
to the increase in the height of the spectral line and the shift in its position to higher
frequencies.

To explain the spectral characteristics of the THz radiation shown in figure 5, we analyse
(4.9) analytically under the condition Ω coth(kpd) � 1. In this case, from (4.9), we find

I1(Ω) = ω2
0τ

2

16
Ω3sin4αcos2α

{[sin2α + (k0 dνei/ω0) cos α]
2 + [(νei/ω0) cos α]}2

×
∫ π/2

−π/2
dθ1sin2θ1 exp

{
−ω2

0τ
2Ω2cos2α

2

[
1 + R2

x

L2

(
sin θ1 − sin α

cos α

)2
]}

, z ≤ −d.

(4.17)

For tight focusing of laser radiation Rx � L, the integral in (4.17) is calculated analytically
and the dependence of the dimensionless energy of THz radiation on frequency takes the
form

I1(Ω) = πω2
0τ

2

32
sin4αcos2αΩ3 exp

{− 1
2ω

2
0τ

2Ω2cos2α
}

{[sin2α + (k0 dνei/ω0) cos α]
2 + [(νei/ω0) cos α]}2 , z ≤ −d. (4.18)

From (4.18), we find the position of the spectral line Ωmax = √
3/(ω0τ), which

corresponds to the frequency

ωmax =
√

3/τ. (4.19)
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(a) (b)

FIGURE 6. THz radiation pattern to the left J1(θ1) (for the observation point with coordinates
r1, θ1 in figure 1) and to the right J2(θ2) (for the observation point with coordinates r2, θ2 in
figure 1) of the plasma slab: (a) for different values of its thickness for Rx/L = 1/2 and (b) for
the different degrees of the laser pulse focusing for k0d = 2. The other parameters are ω0τ = 10,
νei/ω0 = 10−3, α = 3◦.

It follows from (4.19) that the position of the maximum in the THz radiation spectrum for
the tightly focused laser pulse is determined only by its duration and does not depend on
the thickness of the plasma slab.

The THz radiation pattern (4.10) is shown on the left in figure 6(a) for various values
of the plasma slab thickness. For the indicated parameters of the plasma slab and the laser
pulse, the radiation of THz waves occurs approximately at the angle θ1 = π − θ ≈ 60◦.
The THz radiation pattern at the fixed thickness of the plasma slab, but with different
focusing degrees of the laser pulse, is shown on the left of figure 6(b). For large transverse
dimensions of the laser pulse, the radiation of THz waves occurs mainly in the direction
coinciding with the direction of propagation of the reflected laser pulse, which follows
from (4.10). With the decrease in the size of the laser pulse focal spot, the THz radiation
pattern shifts towards larger angles with respect to the normal to the plasma boundary. In
addition, radiation with lower energy appears in the region of angles −π/2 ≤ θ1 ≤ 0, that
is, in the mirror direction with respect to the normal to the slab boundary.

For angles not close to ±π/2, when the inequality | cos θ1| � Ω coth(kpd) is satisfied,
the frequency integral in (4.10) can be calculated analytically and the THz radiation pattern
takes the form

J1(θ1) ≈ 1
8ω2

0τ
2

sin4α

{[sin2α + k0 dνei/ω0]
2 + (νei/ω0)

2}2

sin2θ1[
1 + R2

x
L2

( sin θ1−sin α

cos α

)2
]2 . (4.20)

It follows from (4.20) that for large values of the transverse dimension Rx/L � 1, the
THz radiation is oriented mainly in the direction of angles satisfying the condition
sin θ1 ≈ sin α, i.e. at the propagation angle of the specularly reflected laser pulse. With
the decrease in the transverse size of the laser pulse, the THz radiation pattern gradually
approaches the plasma boundary and it is described by the formula J1(θ1) ∝ sin2θ1. In this
case, it should be borne in mind that, due to the inequality | cos θ1| � Ω coth(kpd), the
dependence in (4.20) does not correctly describe the region of angles near θ1 = ±π/2,
where, in accordance with (4.10), there is no radiation.
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(a) (b)

FIGURE 7. Spatiotemporal structure of the THz magnetic field in the region z ≤ −d (4.21) for
(a) the various values of the plasma slab thickness for Rx/L = 1/2 and (b) the different laser
pulse focusing degrees for k0d = 2, where ξ1 = (r1 − ct)/L. The other parameters are ω0τ = 10,
νei/ω0 = 10−3, α = 3◦, θ1 = 60◦.

Let us consider the spatiotemporal structure of the magnetic field in the THz radiation
pulse. Using the inverse Fourier transform from (4.6), we find

By(r, t) =
√

π

2
Rx

L
VE

c
E0L

H1(ξ1)√
kpr1

,

H1(ξ1) = ω2
0τ

2

4
sin2αcos2α sin θ1 cos θ1

[sin2α + k0 dνei/ω0]
2 + (νei/ω0)

2

× Re
∫ ∞

−∞
dΩ

2π

Ω3/2

(Ω2 − 1) cos θ1 + iΩ
√

1 − Ω2cos2θ1 coth[kpd
√

1 − Ω2cos2θ1]

× exp

{
i
π

4
+ iΩω0τξ1 cos α − ω2

0τ
2Ω2cos2α

4

[
1 + R2

x
L2

(
sin θ1 − sin α

cos α

)2
]}

,

z ≤ −d,

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(4.21)

where ξ1 = (r1 − ct)/L. The space-time dependence of THz magnetic field in equation
(4.21) is shown in figure 7 for different thicknesses of the plasma slab and different
focusing degrees of the laser pulse. It follows from figure 7 that the field of the THz
signal contains one cycle of oscillations and its duration is comparable to the duration of
the laser pulse. The decrease in the thickness of the plasma slab and the transverse size of
the laser pulse leads to the increase in the strength of the THz field. Using the saddle-point
method to calculate the integral in (4.21), we obtain the following space-time dependence
of the magnetic field of the THz pulse at |ξ1| � 1:

H1(ξ1) ∝ exp
{
− ξ 2

1

1 + (R2
x/L2)[(sin θ1 − sin α)/ cos α]2

}
, z ≤ −d. (4.22)

It follows from (4.22) that in the case of tight focusing of laser radiation Rx/L � 1, the
THz signal has the duration comparable to that of the laser pulse. With the increase of
the laser pulse transverse size, in accordance with (4.22), the duration of the THz signal
increases, this also follows from figure 7(b).

Let us consider the characteristics of the THz radiation pulse to the right of the plasma
slab. From (4.2) for the THz magnetic field in the wave zone, after calculating the integral,
we obtain an expression similar to (4.6) but with the difference in sign and the replacement
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FIGURE 8. Spatiotemporal structure of the THz magnetic field to the left (z ≤ −d) and to the
right (z ≥ d) of the plasma slab at r1 = r2 = r, θ1 = θ2 for the parameters: ω0τ = 10, νei/ω0 =
10−3, Rx/L = 1/2, α = 3◦, θ1,2 = 60◦, where ξ = (r − ct)/L.

r1, θ1 → r2, θ2. Therefore, the energy and spectral characteristics of the THz pulses to the
right and left of the plasma slab coincide. The THz directivity pattern in the region z ≥ d
is shown on the right of figure 6, which indicates the mirror symmetry of the radiation
in both directions relative to the plane z = 0. In accordance with (4.6), the THz radiation
pulse in the region z ≥ d at the same distance r2 = r1 is shown in figure 8 and it has the
phase shift equal to π with respect to the pulse to the left of the plasma slab.

5. Conclusion

In this article, we consider THz radiation from the plasma slab under the action of the
focused p-polarized laser pulse on it. The boundary value problem for the laser field is
solved and the potential of ponderomotive forces acting on electrons in the plasma slab is
calculated. It is shown that the significant increase in the ponderomotive effect on electrons
occurs when a p-polarized laser pulse is incident on the thin slab of near-critical plasma
at the small angle with respect to the normal to the surface. The problem of the excitation
of THz fields in the plasma slab under laser action and their emission into vacuum is
considered. The field of THz radiation in the wave zone in vacuum is calculated, and the
energy, angular and spectral characteristics of the THz signal are studied as a function
of the incidence angle, the focusing degree of the laser pulse, as well as the thickness of
the plasma slab and the electron density. It is shown that the energy of the THz signal
increases extremely if the tightly focused p-polarized ultra-short laser pulse is incident
almost along the normal onto the thin slab of near-critical plasma. The THz pulse energy
as a function of frequency is studied and it is shown that the emission spectrum contains a
broad spectral line, the position of which for a tightly focused laser pulse is determined by
its reciprocal duration. The radiation pattern of the THz signal is studied as a function of
the laser pulse focusing degree and the thickness of the plasma slab. It is shown that the
direction of THz radiation weakly depends on the slab thickness and is determined mainly
by the focusing degree of the laser pulse. It is shown that the decrease in the focal spot
of a laser pulse leads to the increase in the angle at which the THz signal is emitted, and
for tight focusing of laser radiation, THz emission occurs almost along the boundaries of
the plasma slab. The spatiotemporal structure of the THz radiation pulse is studied and
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it is shown that the THz signal contains only one oscillatory cycle, and its duration is
comparable to the duration of the laser pulse in the case of its tight focusing.

In this article, we considered the model of the near-critical plasma with a sharp
boundary, which made it possible to significantly simplify the solution of the boundary
value problem for electromagnetic fields. The sharp boundary approximation is applicable
if the characteristic scale of the plasma–vacuum transition layer Lp is smaller than the
spatial sizes of the laser pulse L, Rx. In the experiment, the plasma slab with such
characteristics can be created by laser irradiation of quartz aerogels, which have a low
substance density (0.01 ÷ 0.04) g cm−3. In this case, upon ionization of the target matter,
the plasma is formed with the sharp boundary and the electron density close to the critical
value (Nicolaï et al. 2012; Limpouch et al. 2020). It should be noted that aerogel is a
porous material that consists of the structural elements of solid-state density randomly
distributed in matter (these can be thin membranes or wires) with the characteristic scale
of the order of several tens of nanometres and micron-sized vacuum regions (Nicolaï et al.
2012). Under action of laser radiation with an intensity of approximately 1014 W cm−2, the
ionization and heating of solid-state elements takes place, and this leads to their expansion
and filling of the pores. This process is called ‘homogenization’ (Nicolaï et al. 2012), as
the result of which an almost homogeneous plasma with the near-critical electron density
is formed within a few hundred picoseconds after the laser impact. Such plasma with sharp
boundary and electron density close to the critical value, previously created using ionizing
laser radiation, can later be used to generate THz signal under the action of a femtosecond
tightly focused laser pulse.

It should be noted that the spectral, angular and energy characteristics of THz
radiation (4.9)–(4.11) at the almost normal incidence of laser radiation on the plasma
slab with the near-critical electron density depend significantly on the frequency of
electron–ion collisions. In an equilibrium plasma, the frequency of electron–ion collisions
is determined by the thermal velocity of electrons VTe = √

Te/me, where Te is the electron
temperature. However, if the plasma is in the field of high-frequency laser radiation, then
the collisions of electrons depend on the speed of their oscillations in the laser field VL
(see (2.3) and (2.15)), and the collision frequency, if the condition VL � VTe is satisfied,
has the form (Silin 1965)

νei = 16Ze4N0e

m2
eV3

L

{
1 + ln

(
VL

2VTe

)}
ln Λ, (5.1)

where Z is the charge of ions and ln Λ is the Coulomb logarithm. We will use this formula
for the electron collision frequency below to estimate the THz signal energy.

In conclusion, we present estimates for the spectral, angular and energy parameters
of THz radiation, which can be obtained in modern laser–plasma experiments. Let a
mid-infrared laser pulse (Mitrofanov et al. 2016) with the wavelength λ0 = 3.9 μm
(frequency ω0 ≈ 4.8 × 1014 s−1), duration τ = 21 fs, transverse dimensions Rx = 6.3 μm,
Ry = 3 cm, and intensity IL = cE2

0L/(8π) = 1014 W cm−2 (the energy and power of the
laser pulse are equal to WL ≈ 12.6 mJ, PL ≈ 0.33 TW) be incident at the angle α ≈ 1◦

onto the boundary of the plasma slab with thickness 2d ≈ 120 μm. If plasma electrons
have density N0e ≈ 7.3 × 1019 cm−3 (ωp ≈ 4.8 × 1014 s−1) and temperature Te = 100 eV,
then the electron collision frequency (5.1) at the degree of ionization Z ≈ 6 is equal
to νei ≈ 4 × 10−6ωp ≈ 1.9 × 109 s−1; therefore, the conditions in (2.23) and (2.25) are
satisfied. In accordance with (4.9) and (4.10), the emission of THz waves with frequency
νTHz ≈ 13 THz, which corresponds to the wavelength λTHz ≈ 23 μm, occurs at angles
θ1,2 ≈ ±57.5◦, and more energy is emitted at angles θ1,2 ≈ 57.5◦. Using (4.11), we find
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the THz radiation energy and the conversion rate, which are equal to WTHz ≈ 1.3 mJ
and η = WTHz/WL ≈ 10 %, respectively. Since the duration of the THz signal in this
case is comparable to the duration of the laser pulse (see figures 7 and 8), we obtain
the following estimate for the THz radiation power PTHz ≈ 0.1PL ≈ 33 GW. The above
estimates show the possibility of generating high-power THz pulses with millijoule energy
and the sufficiently high conversion rate up to 10 % under the action of ultra-short tightly
focused p-polarized mid-infrared laser radiation at its almost normal incidence on the slab
of near-critical plasma with rare electron collisions.
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Appendix A. Boundary value problem for THz fields

We will look for the solution Eq. (3.3) in vacuum in the form of traveling waves moving
away from the boundaries of the plasma slab:

By(ω, kx, z) = A(ω, kx) exp[−iκ0(z + d)], z ≤ −d,

By(ω, kx, z) = C(ω, kx) exp[iκ0(z − d)], z ≥ d,

}
(A1)

which corresponds to their emission into vacuum. We write the solution Eq. (3.3) in the
plasma slab in the following form:

By(ω, kx, z) = B1(ω, kx) exp(κ1z) + B2(ω, kx) exp(−κ1z), −d ≤ z ≤ d, (A2)

where κ1 = √
k2

x − ω2ε(ω)/c2, κ0 = √
ω2/c2 − k2

x , and the constant coefficients A(ω, kx),
C(ω, kx), B1(ω, kx), B2(ω, kx) are determined from the boundary conditions for the
continuity of the fields By(ω, kx, z) and Ex(ω, kx, z) at the plasma–vacuum interfaces. After
the simple calculations, we find the following distribution for the Fourier transform of the
THz magnetic field in the whole space:

By(ω, kx, z) = kxω
2
p

c(ω + iνei)

exp[−iκ0(z + d)]
G(ω, kx)

× {(κ1 − iκ0ε) exp(2κ1d)

+ (κ1 + iκ0ε) exp(−2κ1d)}Φ(−d) − 2κ1Φ(d), z ≤ −d, (A3)

By(ω, kx, z) = kxω
2
p

c(ω + iνei)

1
G(ω, kx)

{[(κ1 + iκ0ε) exp{κ1(z − d)}

+ (κ1 − iκ0ε) exp{−κ1(z − d)}]Φ(−d) − [(κ1 + iκ0ε) exp{−κ1(z + d)}
+ (κ1 − iκ0ε) exp{κ1(z + d)}]Φ(d)}, −d ≤ z ≤ d, (A4)

By(ω, kx, z) = kxω
2
p

c(ω + iνei)
exp[−iκ0(z + d)]

× 2κ1Φ(−d) − {(κ1 − iκ0ε) exp(2κ1d) + (κ1 + iκ0ε) exp(−2κ1d)}Φ(d)

G(ω, kx)

z ≥ d, (A5)
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where G(ω, kx) = (κ1 − iκ0ε)
2 exp(2κ1d) − (κ1 + iκ0ε)

2 exp(−2κ1d), Φ(±d) = Φ(ω, kx,
z = ±d) and the Fourier transform of the ponderomotive potential is determined by (3.6).
If we use the following combination of ponderomotive potential values at the boundary of
the plasma slab:

Φ±(ω, kx) = Φ(ω, kx, z = d) ± Φ(ω, kx, z = −d)

2
, (A6)

then, taking into account (A6), the expressions for the magnetic field (A3)–(A5) are greatly
simplified and take the form of (3.5).
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