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Abstract—The propagation of an ultrashort terahertz (THz) pulse in a nonequilibrium plasma channel pro-
duced by a UV femtosecond laser pulse in air is investigated theoretically. The analysis is carried out based on
joint solution of the second-order wave equation and the Boltzmann kinetic equation in the binomial approx-
imation for the electron velocity distribution function in the channel plasma. We assume that a THz pulse is
quite weak and does not produce a reverse action on the electron energy spectrum in the channel plasma. It
is shown that the plasma channel in air under a pressure of several atmospheres is a medium for effective
amplification of ultrashort THz pulses in the frequency range up to several terahertz.
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1. INTRODUCTION

The interest in effective sources and detectors of
radiation in the terahertz frequency range has been
rapidly augmented in recent years. This interest is due
to unique properties of this radiation that can be of
interest in many fundamental and applied problems,
in particular, in macromolecular spectroscopy,
tomography of biological objects (including applica-
tions in medicine), and in safety systems [1—8].

Among various methods and approaches to gener-
ation of radiation in the terahertz frequency range,
laser generation methods are considered more actively
[9—11]. In this case, the action of a high-intensity fem-
tosecond laser pulse from a titanium—sapphire laser
and its second harmonic on a gaseous target is consid-
ered as a rule [12—15]. One of the mechanisms of ter-
ahertz generation in this case is the four-wave mixing
process Q =o' + ®" — 20"". Here, ®' and ®" are the
frequencies within the limits of the spectral width of
the pulse with frequency ®, and ®" is the frequency
within the limits of the spectral width of a laser pulse
with double frequency 2m. The efficiency of transfor-
mation is determined in this case by cubic atomic sus-
ceptibility (@' + ®" — 2m™), and the spectral width
of the resultant terahertz (THz) signal is in fact deter-

mined by the spectral width of the titanium—sapphire
laser and its second harmonic. The THz pulse itself is
generated only during laser action and has a broad
spectrum on the order of the inverse laser pulse dura-
tion. For pulses of duration about 100 fs, this value is
approximately 103 s,

There is also another mechanism of generation of
terahertz radiation under a dichromatic laser action on
gas media. This mechanism is associated with asym-
metry of emission of photoelectrons in the radiation
field polarization direction (both field components
are assumed to be polarized linearly in the same direc-
tion) during the ionization of an atom in a strong
dichromatic field; as a result, low-frequency plasma
oscillations appear by the end of the laser pulse in the
resultant plasma formation [11, 16—18]. The frequency
of these oscillations is determined by the electron con-
centration in the resultant plasma formation and by its
shape. For example, for a spherical plasma formation
(this case approximately corresponds to sharp focus-
ing of the laser beam), the plasma resonance fre-

quency is Q = p/\@ (here, , = \/4ne2ne/m is the
plasma frequency and n, is the electron concentra-

tion). In the case of focusing of radiation by a long-
focal-length lens, the shape of the plasma formation
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can be approximated by a prolate ellipsoid; in this

case, Q= ®,/ V2 [19]. For electron concentrations n, >

105—10' cm™3, the corresponding frequencies fall
into the terahertz interval. The terahertz pulse dura-
tion in this case is determined by the rate of damping
of plasma oscillations, i.e., by the frequency of elec-
tron—atom (or ionic) collisions. At gas pressures close
to the atmospheric pressure, this frequency is only
slightly lower than resonance frequency 2. As a result,
the radiation spectral width is also on the order of the
carrier frequency, and a THz pulse is found to be short
(one—two or several periods of oscillations).

Because of significant difference between the gen-
eration mechanisms considered here, the excitation of
plasma oscillations in a plasma necessitates the action
of much stronger optical fields since a considerable
ionization of gas is required, while the four-wave mix-
ing process occurs on neutral (unionized) atoms/mol-
ecules of the medium. In both cases, however, the effi-
ciency of conversion of optical radiation into the tera-
hertz range is low, as a rule, and amounts to ~ 10~%—
10~¢ [20—24]. In such a situation, the elevation of effi-
ciency of conversion of optical radiation into terahertz
radiation is a topical problem.

On the other hand, a method of amplification of
subterahertz radiation in strongly nonequilibrium
plasma channels formed in a gas as a result of its mul-
tiphoton ionization by a UV femtosecond laser pulse
was proposed in [25]. The necessary condition for
amplifying radiation with frequency ® < v,, (v,, is the
transport frequency of electron—atom collisions in a
plasma channel) is a rapidly increasing transport scat-
tering cross section 6,,(€) with increasing energy in the
region of formation of a photoelectron peak in the
electron spectrum:

4 (e/6,(€)) > 0. (1)
de

Such a situation is realized, for example, for the three-
photon ionization of xenon by radiation from the KrF
excimer laser with photon energy of 5 eV [25]. The
ionization potential of the xenon atom is 12.13 €V;
therefore, during its ionization, the photoelectron
spectrum in the energy range of about 2.87 eV acquires
a peak, and the Ramsauer minimum on the transport
scattering cross section ensures the fulfillment of con-
dition (1). Such a form of the electron energy distribu-
tion function (EEDF), in fact, indicates the existence
of an energy interval characterized by inversion in the
continuum, which ultimately ensures the amplifica-
tion effect [26, 27]. On the other hand, the amplifica-
tion effect in question is close in nature to the absolute
negative conductivity of the gas, which was predicted
long ago [28] and was observed experimentally in [29].
Under the atmospheric pressure of the gas (xenon),
quantity 6,(e¢ = 2.87 eV) = 1.5 X 105 ¢cm™2 in the
region of formation of the photoionization peak,
which ensures amplification in the subterahertz fre-
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quency range over time intervals up to a few dozen
nanoseconds [25]. The efficiency of amplification can
be quite high: according to estimates [30], several per-
cent of the energy stored in the channel can be con-
verted into the energy of the THz pulse. An increase in
the gas pressure accelerates relaxation of nonequilib-
rium (spiking) energy distribution and reduces the
duration of the observed inversion effect, thus ensur-
ing amplification of radiation at higher frequencies in
the terahertz range. As noted above, the existing laser
methods of THz generation make it possible as a rule
to obtain pulses of duration of one—two periods of
oscillations (see also [18, 31, 32]). Therefore, for radi-
ation frequency Q = 5 x 10'2s~!, it is sufficient to pre-
serve the amplifying properties of the medium for 1—
2 ps. As a result, a combined source of THz radiation
was proposed [33], in which the initial pulse was gen-
erated due to the action of the dichromatic laser field
on a gaseous medium; then this pulse was multiplied
in the nonequilibrium plasma channel in accordance
with the mechanism described above. Theoretically, it
may happen that one of the laser pulses producing the
initial signal can be used for the formation of the non-
equilibrium channel.

It was shown in [34] that the regime of amplifica-
tion of rf laser pulses can also be realized in plasma
channels produced by a UV femtosecond laser pulse in
nitrogen or in air. This effect is also based on the
increase in the transport cross section in nitrogen in
energy range 1.5—2.2 ¢V (Fig. 1). However, the exis-
tence of low vibrational states of the nitrogen mole-
cule, which lead to a much faster relaxation of the
electron energy spectrum in nitrogen (air) as com-
pared to its relaxation in rare gases, is significant in
this case. The energy dependences of the excitation
cross section for two lower vibrational states of the
nitrogen molecule are shown in Fig. 2. (The data for
required cross sections of electron scattering by nitro-
gen and oxygen molecules can be found in [35, 36].)

It can be seen that the cross sections are character-
ized by a sharp peak near 2 eV. To avoid rapid degrada-
tion of the energy peak in the photoelectron spectrum,
it is important to choose its position in energy range
1.7—1.9 eV. Such an initial position of the photoelec-
tron peak can be obtained in air as a result of three-
photon ionization of the oxygen molecule (ionization
potential is 12.08 €V) by the third harmonic of the tita-
nium—sapphire laser [34]. However, the duration of
the amplification regime under the atmospheric pres-
sure also does not exceed 20 ps in this case [34]. In
fact, this means that only extremely short terahertz
pulses with durations of a few periods of field oscilla-
tion can be amplified in air (nitrogen). At the same
time, analysis of the Boltzmann kinetic equation was
performed in aforementioned publications [30, 34] for
a quasi-monochromatic rf radiation. Such an
approach is not applicable for analyzing the response
of a plasma medium to extremely short electromag-
netic pulses, because of the strong dependence of the
Vol. 130
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Fig. 1. (Color online) Transport cross section of electron
scattering by nitrogen molecules.

spectral function of the electron gas response on the
radiation frequency. On the other hand, the possibility
of using the parabolic approximation for analyzing the
propagation of ultrashort pulses is also doubtful. For
this reason, we are using in this study a self-consistent
approach based on the solution of the second-order
wave equation for a THz pulse propagating in a
plasma, the response function for which is calculated
for a strongly nonmonochromatic pulse in the condi-
tions of the electron energy distribution rapidly relax-
ing in time. The analysis performed here demonstrates
the possibility of effective amplification of ultrashort
THz radiation pulses in air plasma under a pressure of
several atmospheres. The amplification process in this
case is accompanied with a noticeable distortion of the
spectral composition of the signal, which leads among
other things to tailing of signal at the exit of the ampli-
fying medium.

2. RESPONSE OF THE PLASMA
FORMATION TO AN EXTERNAL
ELECTROMAGNETIC FIELD

In analysis of the response of a plasma formation
produced by an intense UV femtosecond laser pulse to
an external THz field, we proceed from the Boltz-
mann kinetic equation for the electron velocity distri-
bution function (EVDF) in the channel [37]:

of (v,t) eE®)ad

SO0 _ MO _ gy p), @)
ot m ov

where E(?) is the electric field of the THz pulse prop-

agating in the channel, St(f) is the collision integral

describing the EVDF variation in elastic and inelastic
collisions, and the distribution function itself is nor-

malized as J‘ f(v,1) d’v = 1. In the case of the linear
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Fig. 2. (Color online) Vibrational excitation cross section
for two lower states of the nitrogen molecule.

polarization of the THz pulse, it is convenient to ana-
lyze Eq. (2) using polynomial expansion

1) =Y fuv,0)P(cosB), 3)
€

where P,(cos0) is the Legendre polynomial and 0 is
the angle between the electron velocity vector and the
electric field vector of the wave (z axis). We can easily
show that the current induced in the plasma by electric
field E(z) is also directed along the z axis and can be
expressed in terms of the first angular harmonic of
polynomial expansion

(@) = —43—nenejv3 £, 0)dv. (4)

In the case of weak EVDF anisotropy (which can be
induced by the acting field or determined by the initial
distribution function), it is sufficient to retain only the
first two harmonics in expansion (3):

Fv,0) = fo(v,1) + fi(v,7)cosB. )
In this case, the equation for f,(v, f) can be written in
form

ofi(v, ¢ eE()d
KD 1y fivn = EOD, (©)
ot m ov
where v, is the transport scattering frequency. For
example, v,, for air is the sum of the partial transport

frequencies of scattering by nitrogen and oxygen mol-
ecules:

Ve =V +v0 = vN(0oh + (1 - 0)o0). (7)

Here, N is the total concentration of molecules in the
gas, oo = 0.79 is the partial fraction of nitrogen mole-

cules in air, and GI\,I and (5?r are the transport scattering
cross sections for nitrogen and oxygen molecules,
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respectively (these cross sections were taken from [35,
36]).

As regards zeroth distribution function harmonic
fo(v, 1), its time evolution is described by equation

Uo(v,t) _eE®) J 2
ot amiav’ IO

+ 0 (/o) + O (/o) + Qo (fo)-

The first term of this equation describes the heating of
the electron gas by the wave field, while the second,
third, and fourth terms are the integrals of elastic,
inelastic, and electron—electron collisions, respec-
tively. The elastic collision integral can be written as
[37]

(®)

T
0ulfy) = —%i[vzveff [vfo(v, f+ —g%jj. )
v oV m ov
Here,
Verr = vy (V) + Mﬁvf?(w

N (6]

is the effective energy loss frequency; My and M, are
the molecular masses of nitrogen and oxygen, respec-

tively; vfj and vt? are the corresponding partial trans-
port frequencies, and 7, is the gas temperature.
Among inelastic processes occurring in the given case,
the excitation of vibrational states of the nitrogen mol-
ecule is the most significant process (see [34] for
details). As regards the electron—electron collisions,
the corresponding integral was considered in [37]. The
predominance of these collisions leads to Maxwelliza-
tion of the electron spectrum. It was shown in [38] that
the effect of the electron—electron collisions on the
form of the energy spectrum at atmospheric pressure
can be ignored (at least, up to concentration n, =
10 cm™3).

We assume that by the instant of propagation of a
terahertz pulse through the plasma channel, the iso-
tropic electron velocity distribution determined by
three-photon ionization of oxygen molecules by the
third-harmonic radiation of the Ti—Sa laser (Am =
4.65 eV) has been formed in the channel. In this case,
the photoelectron peak corresponds to energy (&) =
1.87 eV. We approximate the photoelectron peak a
Gausian shape of width Ae = 0.1 eV centered near (€):

3/2

fo(v) = 1l m”~
AT Ae2m(mv? /2)

2 2
Xexp(—(mv /2= (©) ]
(Ag)
Such an EVDF is equivalent to the initial electron
energy distribution used in [34].
The angular distribution of photoelectrons requires
a more detailed analysis. In the case of multiphoton
ionization of nitrogen or oxygen molecules with an

(10)
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arbitrary orientation of molecular axes, this distribu-
tion is obviously not strictly isotropic and should be
considered specially. However, this distribution
becomes isotropic quite soon over times on the order
of the inverse transport frequency; in the conditions
considered below, this time does not exceed 100 fs and
turns out to be comparable with the duration of the
ionizing UV pulse.

The general solution to Eq. (6) for given zeroth har-
monic f(v, f) of arbitrary function E£(¢) and initial con-
dition fi(v, t = o) = 0 (i.e., the initial velocity distri-
bution is isotropic) can be written as

SVt = =o9) = = exp(= (V)
t
af,(v,t'
x j exp(v, ) E@E) LD gy
i v
Substituting this solution into expression (4) for the

current induced in the plasma by a terahertz pulse, we
obtain (see [39])

(1)

t
i) = j o(t,t — DE(t — 1)dr, (12)
0
where the response function is given by
2
G(T,t — T) = M
3m (13)

<[ (_ M) exp(=v,, (V)D)V.
ov

In this case, zeroth harmonic fy(v, t — T) is deter-
mined from the solution to Eq. (8) and in the general
case is also a function of the electric field strength of
the wave. This means that the relation between the
current density and field (12) is nonlinear, and the
spectrum of the propagating pulse actually acquires
frequencies that are absent in the initial pulse. How-
ever, in the case of weak pulses being amplified, the
effect of the electric field of the wave on the time evo-
lution of f(v, ) can be disregarded assuming that
spectrum relaxation is determined only by elastic,
inelastic, and electron—electron collisions. In this
study, we confine our analysis to precisely this case.
According to estimates [34], such a situation is real-
ized at least up to the THz field intensity on the order
of 103> W/cm?. At higher values of intensity of THz
radiation, additional diffusion broadening of the pho-
toelectron peak in the energy space lowers the effi-
ciency of amplification in the channel.

It can be seen that expressions (12) and (13)
demonstrate the retardation effect; the current in the
plasma is determined by the electric field, including
that at the previous instants, but the “retardation
depth” is determined in this case by the inverse trans-
port frequency, which is different for different electron
velocities. In addition, the response function is also
determined by the electron velocity distribution func-
Vol. 130
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tion at the retardation instant. The retardation effect is
obviously especially important in analysis of propaga-
tion of extremely short pulses in gases in which fast
time evolution of the EVDF occurs.

Integrating expression (13) by parts and consider-
ing the normalization condition, we obtain

o(t,t—1) = V2 fo(vst = T)

4ne2ne J‘
J n (14)
x(l - V—T—V"(V)j exp(—v,, (V)D)dV.
3 ov

It is clear from the physical meaning of the response
retardation effect that the response function is deter-
mined only for a positive value of argument 7 — T > 0,
while for a negative value of the second argument (# —
T < 0), we must assume that the response function
turns to zero.

The above expression written in such a form
demonstrates the possibility of electromagnetic field
amplification effect in the plasma. Indeed, for the
transport scattering cross section increasing with
velocity, the expression in the parentheses in Eq. (14)
can make a negative contribution to the integral; the
response function can become negative, and the neg-
ative absorption effect (i.e., amplification of the elec-
tromagnetic wave in the plasma) can appear if it is this
velocity interval that makes a decisive contribution to
integral (14). It is significant that the amplification
effect also depends on the existence of retardation
because the current induced in the plasma is a nonlo-
cal function of the field. Detailed analysis of the
response function for the nitrogen plasma and the
spiking velocity distribution function in form (10) was
performed in [39].

3. NUMERICAL MODEL

Let us briefly consider the numerical model that
was used in analysis of the propagation in the plasma
of the THz pulse in the conditions of fast variation of
the EVDF. We assume that an ionizing femtosecond
pulse producing a spatial region in which the amplifi-
cation of a terahertz signal is possible propagates over
the gas with the velocity of light. The size of this region
is determined by the EVDF relaxation rate. Precisely
in this amplification region, the THz radiation pulse
must propagate (Fig. 3). It should also be noted that
simultaneously with the regime of rf radiation ampli-
fication, a waveguide regime can appear in the chan-
nel [38], because the refractive index of the nonequi-
librium plasma is greater than unity; i.e., the plasma
turns out to be an optically denser medium as com-
pared to the unionized gas [40]. The length of the
waveguide region turns out to be larger than the length
of the amplification zone.

On the other hand, the diffraction length for the
transverse size of the THz radiation beam of a few mil-
limeters for the THz radiation of frequency 10 s! is
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Fig. 3. (Color online) Schematic diagram of a THz pulse
(1) propagating in a waveguide channel produced by a UV
laser pulse (2). Dotted and dashed curves show the wave-
guide and amplification zones of the THz signal.

approximately 30 cm. At qualitative level, this allows
us to confine our analysis of the problem to the sec-
ond-order 1D wave equation

PEX,1) _ 1 IEx1) | 4mdj(x,1)
ox’ Z o ot
where the current density in the plasma is connected
with the electric field by relation

; 5)

J(x,1) = jc(r,z —x/c—DE(x,t —vdt,  (16)
0

and the response function is defined by expression
(14), but depends on retarded argument ¢ — x/c, which
corresponds to the formation of the photoionization
plasma in a femtosecond UV pulse propagating in the
positive direction of the x axis with the velocity of
light. In fact, the retarded argument indicates that the
EVDF determining response function (14) is different
at different spatial points of the channel, because the
time of its relaxation at a given spatial point is # — x/c.
In this case, the response function is zero in region 7 —
x/c —1<0.

While choosing the initial conditions (r = 0) for
Eq. (15), we assume that the femtosecond pulse is at
the point with coordinate x = 0, and the initial THz
pulse that has already been formed is in the unionized
gas (vacuum) in the region of negative values of the
coordinate. It is convenient to define this pulse in
terms of vector potential

A e (6,0
= A, (sin5 (nﬁ—Tf) sin (275%))
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Fig. 4. (Color online) (a) Initial THz radiation pulse and (b) its spectral composition.

Here, & = x — ¢t and € = 0.038 cm is the length of the
pulse in space. Outside this interval (—€, 0), the vector
potential is set at zero. In this case, the initial values of
the electric field and its time derivative are determined
by single and double differentiation of expression (17)
with respect to time. In particular, for the initial field
distribution, we obtain

E(x e (=€,0), = 0)
=E, (sin5 (nx — €) cos(2n

+§sin4 (nx — €) cos (nx — €) sin (27cx—_€)).
2 4 4 €

Here, E, = 21tA,/€.
The pulse defined in form (17), (18) is a single-

(18)

x—€)
€

cycle pulse, and condition J. E (x)dx = 0 is satisfied.

The fulfillment of this condition indicates the absence
of the static field component of the laser pulse. The
pulse itself has duration T = €/c = 1.26 X 102 s and is
in the region of negative values of the coordinate
(Fig. 4a), while point x = 0 corresponds to the leading
edge of the pulse.

The spectral composition of the THz pulse defined
by relation (18),

2

Licoye ~ U E(x,t = 0)exp(ikx)dy| , (19)
is shown in Fig. 4b. It can be seen that the pulse con-
sidered here is indeed characterized by a broad radia-
tion spectrum with frequencies varying in fact from
zero to 20 THz; the spectral intensity peak approxi-
mately corresponds to a frequency of 10 s~!, In such a
situation, the low-frequency part of this spectrum can
be amplified; conversely, the high-frequency part can
be absorbed (see [38]). As a result, the pulse is consid-
erably distorted and tailed.
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The method of numerical solution of second-order
wave equation (15) was considered in [41]. The time
integration step was At = 4.8834 x 10~'¢ s. The spatial
discretization step was Ax = cAt = 1.465 x 1075 cm.
The length of the spatial countable domain was 0.12—
0.24 cm depending in the conditions of the problem.
The equation was integrated in such conditions that
the countable domain boundaries were remote.

4. DISCUSSION

Let us begin our analysis with the evolution of the
electron distribution function in the air plasma pro-
duced by the third harmonic of the Ti—Sa laser. As
noted above, in the case of low intensities of the THz
pulse being amplified, this evolution is determined
primarily by the excitation of the vibrational degree of
freedom of nitrogen molecules by photoelectrons and
is considered in detail in [34]. Calculations show that
under the atmospheric pressure, the inverse effect of
the amplified field on the electron energy spectrum in
the channel plasma can be ignored up to intensities of
10* W/cm? over times of up to 20 ps. As regards the
electron—electron collisions, their effect in the air
(nitrogen) plasma under the atmospheric pressure is
insignificant at least for n, < 10" cm=3 [38].

For our analysis, it is most important that for the
initial position of the photoelectron peak near 1.8 €V,
the initial shape of the energy distribution is approxi-
mately preserves during its time evolution [34], while
the peak as a whole is shifted towards lower energies
due to the energy loss for vibrational excitation of
nitrogen molecules. Depending on the distance from
the femtosecond laser pulse propagating in the gas
with the velocity of light and producing the channel
Vol. 130
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plasma, the energy position of photoelectron peak
(e(x)) can be approximately described by equation

) _ oy
W (eNd,,

(20)
where v is the frequency of excitation of the vibra-
tional state of the nitrogen molecule and /, = 0.29 eV
is the vibrational quantum of the nitrogen molecule.
As regards elastic collisions with nitrogen or oxygen
molecules, the fraction of energy lost by an electron in
an elastic collision is ~(2m/M)e (M is the mass of the
nitrogen or oxygen molecule), which renders energy
loss in elastic collisions negligibly low as compared to
the energy loss in vibrational excitations. The solutions
to Eq. (20) for different molecular concentrations N
are shown in Fig. 5. The result depicted in Fig. 5 show
that the size of the amplification zone (corresponding
to the position of the photoionization peak in region
(€) 2 1.5 eV) is not smaller than 0.1 cm in all cases,
which is much larger than the length of the pulse con-
sidered here. As regards the electron—electron colli-
sions, they lead to diffusion broadening of the photo-
electron peak. However, the estimates obtained in [34,
38] show that in the conditions of our calculations, for
n,< 10" cm=3, the effect of these collisions on the form
of the electron energy distribution can be ignored.

Let us now consider the results of the solution of
wave equation (15) with the response function in form
(16) and initial condition (17). Figure 6 shows the evo-
lution of a THz radiation pulse and its spectral compo-
sition for gas concentration N = 102 cm~3 and electron
concentration n, = 3 X 10" cm™3. The calculated data
(Fig. 6a) are given in coordinates “attached” to the
femtosecond laser pulse forming the plasma, located
at the spatial point with coordinate x = 0, and propa-
gating with the velocity of light. Calculations show that
indeed the high-frequency part of the pulse spectrum
is absorbed, while the low-frequency part is amplified.
The boundary frequency separating the regions of sig-
nal absorption and amplification is found to be
approximately 7 % 102 s~!, which is close to the central
frequency of the THz pulse and approximately corre-
sponds to frequency ®* = v,./2 [38], where the trans-
port frequency was taken for electron energy of 1.87 eV.
The narrowing of the spectrum of the pulse being
amplified and the change of its central frequency to
approximately 3 x 10'2 s~! lead to a noticeable increase
in its duration.

A different situation is realized for N =3 x 10?° cm™3
and n, = 3 X 10 cm~3 (Fig. 7). An increase in the gas
pressure leads to an increase in the critical frequency
separating the regions of absorption and amplification
of the THz signal. As a result, almost the entire spec-
tral composition of the pulse falls into the amplifica-
tion zone. In this case, an increase in the transport fre-
quency leads to a decrease in the “memory depth” of
the system (see expression (14) for the system
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Fig. 5. (Color online) Distribution of the mean energy of
the photoelectron peak along the plasma channel formed
during ionization of air by the third harmonic of the Ti—Sa

laser for different concentrations N = 3 x 10" (1), 1020 2,
and 3 x 100 cm™3 (3). The femtosecond laser pulse forming
the plasma channel is at the point with coordinate x = 0.

response). In such a situation, elementary analysis of
expression (14) for the response function shows that
an increase in the molecular (atomic) concentration of
the medium leads to a decrease in the absolute value of
quantity o and, hence, to the reduction of the ampli-
fication factor.

On the other hand, a decrease in the gas pressure
leads to a decrease in critical frequency ®* separating
the THz signal amplification and absorption regions.
Such a regime of pulse propagation for N = 3 X
10" cm~ and n, = 3 x 10" cm~3 is shown in Fig. 8. In
this case, ®* = 2.5 x 1083 57!, and the major part of the
initial pulse is absorbed except for its low-frequency
component. However, for large lengths of propagation
of radiation in the channel, the amplification of the
low-frequency part of the THz pulse becomes notice-
able, and the peak of its spectral intensity is near
102 s~1. This frequency value corresponds to a wave-
length of about 0.2 cm, which is several times larger
than the length of the initial pulse. For this reason, a
“tail” lagging more and more behind the UV laser
pulse is formed during its propagation and absorption
in the channel of the initial THz pulse and during
amplification of its low-frequency part (see Fig. 8). As
a result, a new low-frequency single-cycle pulse of the
aforementioned length is formed (see Fig. 8).

As regards the dependence of the amplification
effect on the electron concentration in the plasma
channel, in the absence of electron—electron colli-
sions, the amplification (absorption) of the THz signal
turns out to be proportional to the electron number
density.
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Fig. 6. (Color online) Evolution of (a) a THz pulse and (b) its central composition. The electron concentration in the plasma

channel isn, = 3 % 103 cm~3 and the concentration of neutral particles is N = 102 cm™3. Arrow indicates the THz pulse prop-
agation direction. The curves correspond to different instants: 0 (7), 0.25 (2), 0.5 (3), 0.75 (4), and 1 ns (5).
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Fig. 7. (Color online) Evolution of (a) a THz pulse and (b) its central composition. The electron concentration in the plasma

channelisn, =3 X 103 cm—3 and the concentration of neutral particles is N =3 X 1029 cm 3. The arrow indicates the THz pulse
propagation direction. The curves correspond to different instants: 0 (7), 0.25 (2), 0.5 (3), 0.75 (4), and 1 ns (5).

Let us now analyze in detail the variation of the
pulse energy during the pulse propagation in the chan-
nel plasma. The corresponding data are given in Fig. 9.
It can be seen that at a high gas pressure (N = 3 X
10%° cm~%), when almost the entire frequency band of
the THz signal is in the amplification zone, its energy
increases approximately exponentially during the
propagation in the channel. The radiation amplifica-
tion factors are 0.0302 cm~' and 0.117 cm™! for elec-
tron concentrations n, = 3 x 108 ¢cm™ and n, =

10 ¢cm~3 in channels, respectively. With decreasing

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

gas pressure, the situation becomes more complicated.
An increasingly large part of the spectral composition
of the pulse lies in the absorption region; as a result, its
high-frequency part is absorbed (over small propaga-
tion lengths, this leads to a decrease in the pulse
energy). At the same time, the low-frequency part of
the pulse is amplified, which increases the total energy
of the pulse when the propagation length exceeds a
certain critical value. For example, for concentration
N =10 cm~ and n, = 3 x 10" cm™3, this critical
length is approximately 10 cm. As noted above, the
Vol. 130
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Fig. 8. (Color online) Evolution of (a) a THz pulse and (b) its central composition. The electron concentration in the plasma
channelisn, =3 X 10"3 cm—3 and the concentration of neutral particlesis N =3 X 10" cm™3. The arrow indicates the THz pulse
propagation direction. The curves correspond to different instants: 0 (7), 0.1 (2), 0.2 (3), 0.3 (4), and 0.4 ns (5).

spectral composition of the pulse in such a situation
“turns red,” and the channel plasma can be treated as
a medium transforming the radiation transmitted in it
into radiation with a lower frequency. In this case, the
propagating pulse itself is tailed, and the change in its
energy cannot be described by an exponential law any
longer.

Until now, we have considered the situation when
the beginning of the leading edge of a THz pulse coin-
cides with the position of the femtosecond laser pulse.
Let us now consider the situation when a certain delay

Energy, arb. units

0 ' 10 20 30
Length, cm

Fig. 9. (Color online) Dependence of the energy of a THz
pulse propagating in a nonequilibrium plasma channel on
the propagation length. Channel plasma parameters: N =

102 (1, 4),3 x 102 (2, 5), and 3 x 10'° cm™3 (3); electron
concentration is n, = 3 X 108 (1-3) and 104 em™3 (4, 5).

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

of the THz signal relative to the femtosecond UV pulse
takes place. The results of calculation of the pulse
amplification (the ratio of the radiation intensity over
length L to the initial intensity value) in a channel of
length L = 30 cm with gas density N = 3 x 10 ¢cm™3
and electron concentration n, = 3 x 103 cm~ for var-
ious delay times between the UV laser pulse and tera-
hertz pulse are shown in Fig. 10. It can be seen that as
a result of rapid relaxation of the photoelectron energy
spectrum as a result of vibrational excitation of nitro-
gen molecules for the parameters used in our calcula-
tions, the amplification of the pulse is possible only for
delay times not exceeding 1 ps.

5. CONCLUSIONS

Thus, based on analysis of the second-order wave
equation and the Boltzmann kinetic equation for the
electron velocity distribution function, we have con-
sidered a model of propagation of an ultrashort THz
pulse in a strongly nonequilibrium plasma channel
formed in air by the third harmonic of a titanium—sap-
phire laser. The effect of amplification of the THz
pulse is ensured by the formation of the photoioniza-
tion peak in the electron spectrum located in the
region where it increases with the transport scattering
energy cross section. The model constructed in this
study takes into account the time variation of the func-
tion of the response to the external THz field due to
the relaxation of the electron velocity distribution
function, which is determined primarily by the vibra-
tional excitation of nitrogen molecules. In analysis of
the propagation of an ultrashort laser pulse character-
ized by a broad spectrum, the results of analysis of the
plasma response to a strong nonmonochromatic
Vol. 130
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Fig. 10. (Color online) Dependence of the amplification
of a THz pulse in a plasma channel of length 30 cm on the
delay time between the laser and THz pulses. Calculations

were made for N =3 x 10° cm™ and n,=3x 10" em 3.

action are of fundamental importance. During the
propagation of such a pulse in the channel, its energy
can vary in accordance with a nonexponential law, and
the absorption of the pulse energy in the channel at the
initial stages can change to amplification effect over
larger propagation lengths. The spectrum of the initial
THz pulse can be shifted significantly towards longer
wavelengths during its propagation, which consider-
ably distorts the pulse shape and increases the pulse
duration.

It is shown that at gas pressures of a few atmo-
spheres, an order-of-magnitude amplification of the
THz signal energy can be achieved over a length of
30 cm.

In this study, we have assumed that a THz pulse is
quite weak and does not produce the inverse effect on
the electron energy spectrum in the channel plasma.
We have also confined our analysis of the wave equa-
tion to the 1D approximation. The removal of these
limitations will make it possible to consider rigorously
the aforementioned waveguide regime and to analyze
the emerging nonlinear effects associated with the
influence of the THz pulse being amplified on the
kinetic processes in the plasma. Both these effects
become especially important in the case of large prop-
agation lengths.
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