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Unipolar terahertz pulse formation in a nonequilibrium plasma channel formed
by an ultrashort uv laser pulse
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We perform an alternative approach to produce highly unipolar terahertz pulses. The idea is based on the
nonuniform amplification of seed ultrashort carrier-envelope phase (CEP) pulses in nonequilibrium fast relaxing
plasma of air or nitrogen. If the gain coefficient drops significantly within the duration of a one-cycle CEP pulse,
it undergoes significant distortion where the leading edge of the pulse is amplified and the trailing tail of opposite
polarity is absorbed. The obtained results involve a self-consistent solution of the second-order wave equation
and kinetic Boltzmann equation for the electron velocity distribution function relaxation.
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I. INTRODUCTION

Continuous progress in the area of ultrafast nonlinear
optics entails searching for new regimes of light-matter in-
teraction. For example, producing single-cycle or subcycle
extremely short pulses has engaged considerable interest due
to their possibilities of real-time control of a number of in-
traatomic and intramolecular processes [1–5]. In this regard,
special interest in unipolar pulses is motivated by their prop-
erty to have a unidirectional action on charged particles, which
opens up opportunities for their use to control the wave packet
dynamics [6–8], including the qubit control [9] and accel-
erating of charged particles [10]. In particular, unipolar or
subcycle terahertz pulses can be used for effective control of
the Rydberg atom dynamics [11]. To date, strong subcycle,
so-called quasi-unipolar, pulses containing a high-amplitude
leading edge and a long decaying weak tail of opposite polar-
ity can be generated in the optical, (mid) infrared [12–15] and
terahertz frequency ranges [16–19]. There also exist a number
of mechanisms to reach a higher degree of unipolarity, such
as the soliton propagation of few-cycle ultrashort lasers in
nonlinear asymmetric media [20–22] and irradiating a double
foil target with intense few-cycle laser pulses [13,23].

In this work we devise an alternative approach for the
generation of unipolar pulses with controllable characteristics
in the terahertz frequency range, which we believe will make
a contribution for further development of this area of research.
The idea of the proposed method consists of partial distortion
of an input ultrashort THz pulse during its amplification in
photoionizing air plasma according to the mechanism pro-
posed in [24]. Actually, the specific nature of electron velocity
distribution function (EVDF) relaxation in nitrogen or air,
which is mostly determined by the vibrational excitations
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of nitrogen molecules, reveals more rapid dynamics in com-
parison with atomic gases, such as xenon or krypton. As a
consequence, the positive gain factor exists on times of an
order or even less than single-cycle pulse duration, which
gives rise to the formation of the unipolar pulse. In addition,
if the level of amplification is high enough, the backward
influence of the propagating THz pulse also should be taken
into account [25].

The idea of using highly nonequilibrium plasma of a num-
ber of atomic and molecular gases to amplify low-frequency
radiation was first proposed in [26,27] and then widely stud-
ied for the cases of both gas-discharge plasma sustained
by the static electric field [28–31] and photoionized plasma
[24,32,33]. It was shown that in the latter case the main
requirement for the realization of this effect is the presence
of a rather narrow multiphoton ionization peak in a gas with
rapidly increasing energy dependence of a transport scattering
cross section. To explain the idea of amplification in such a
nonequilibrium plasma we will recall that the temporal evo-
lution of the EVDF is usually governed by the diffusion-type
kinetic equation in energy (or absolute velocity) space [34,35].
If the peak of photoelectrons is located in the energy interval
with a growing transport cross section, the energy diffusion
coefficient decreases with electron energy. As a result, fast
diffusion of the low-energy part of photoelectrons causes
shifting of their mean energy to the lower values even in the
presence of a low intense electric field in plasma. It means
that the electron component of plasma displaces opposite to
the direction of the force of the electric field. Hence, the
electrons are cooling while the electromagnetic wave is am-
plified. It should be noted here that this mechanism can be
used specifically for the amplification of seed THz signals
introduced into the plasma, but not for the independent signal
generation. The best candidates for observing the amplifica-
tion effect are rare gases such as xenon and krypton, since
they are characterized by the Ramsauer minimum and, as a
consequence, by an increasing transport cross section in the
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energy range of several eV. The existence of an amplification
effect in air or nitrogen plasma was also demonstrated in [36].
The necessary condition for an amplified pulse with the carrier
frequency ω < νtr ([νtr = Nσtr (v)v is the transport frequency
of electron-atom collisions in plasma, σtr is the transport
collisional cross section, and N is the gas density] reads [26]

d

dv
[v2/σtr (v)] > 0, (1)

which should be accomplished in the region of the photoion-
ization peak. In air plasma the appropriate velocity range is
about 7.5 × 107–1.0 × 108 cm/s (which corresponds to the
energy range 1.5–2.0 eV) [36]. Such an initial position of
the photoelectrons in air can be obtained through the three-
photon ionization of an oxygen molecule (ionization potential
12.08 eV) irradiated by the third harmonic of a titanium-
sapphire laser [37]. The presence of low vibrational states of
the nitrogen molecule adds to rather fast relaxation of the elec-
tron energy spectrum in nitrogen (air). It was demonstrated
[36] that for atmospheric pressure the possible duration of
the THz pulse gain regime does not exceed ∼20 ps, which
allows one to amplify extremely short terahertz pulses. The
key issue that accompanies the short amplification effect is the
ability to generate intense unipolar pulses in the THz range.
Specifically, if the gain coefficient drops significantly within
the duration of the one-cycle carrier-envelope phase (CEP)
pulse, that results in significant signal distortion where the
leading half-period of the pulse is amplified and the trailing
half-period is absorbed (or very slightly amplified). It is note-
worthy that the proper consideration of this regime should be
carried out by self-consistent solving the wave equation be-
yond the slowly varying amplitude approximation and kinetic
Boltzmann equation for EVDF evolution in nonequiribrium
plasma. Here we will also show that for rather high intensities
of a propagating CEP pulse its backward influence on the
EVDF evolution can additionally accelerate the formation of
pulse unipolarity during the nonuniform amplification.

II. THE MODEL

Our modeling comprises the solution of the second-order
wave equation for the ultrashort THz pulse propagation and
amplification in the nonequilibrium plasma channel [25]:

∂2 �E (x, t )

∂x2
= 1

c2

∂2 �E (x, t )

∂t2
+ 4π

c2

∂ �j(x, t )

∂t
. (2)

Here �E (x, t ) is the vector of the electric field and �j(x, t )
is the density current response of the plasma channel. This
response depends on the EVDF and is determined by the
expression

�j(x, t ) = −ene

∫
�v f (x, �v, t )d3v, (3)

where f (x, �v, t ) is the EVDF, normalized according to the
expression ∫

f (x, �v, t )d3v = 1, (4)

where ne is the electron density. For rather high pressures the
EVDF can be considered to be spatially local. Then it satisfies

the Boltzmann equation [34,35] at each spatial point x of the
plasma channel:

∂ f (x, �v, t )

∂t
− e �E (x, t )

m

∂ f

∂�v = St ( f ), (5)

where St ( f ) is the collisional integral that takes into account
both elastic and inelastic collisions of electrons.

If the electromagnetic wave is linearly polarized, the so-
lution of Eq. (5) is typically represented as a series over the
Legendre polynomials Pn(cos ϑ ):

f (x, �v, t ) =
∑

n

fn(x, v, t )Pn(cos ϑ ). (6)

Here fn is the nth angle harmonic of the EVDF, and ϑ is the
angle between the velocity and electric field strength vector
(z-axis). Using decomposion (6) one can find that the current
in plasma along the z-axis is determined only by the first angle
harmonic:

j(x, t ) = −4πene

3

∫
v3 f1(x, v, t )dv, (7)

while the zero-order harmonic stands for the distrubution
of the electrons over the absolute value of velocity. If the
anisotropy of the electron motion caused by the the external
field in a plasma is weak, the so-called two-term decompo-
sition for the EVDF can be applied where only two lowest
harmonics in (6) are taken into account. In this case one
obtains the set of equations for f0 and f1 harmonics at each
spatial point of the pulse propagation:

∂ f0(x, v, t )

∂t
= eE (x, t )

3mv2

∂

∂v
[v2 f1(x, v, t )] + Q0, (8)

∂ f1(x, v, t )

∂t
− eE (x, t )

m

∂ f0(x, v, t )

∂v
= Q1. (9)

Here Q0 = 1
4π

∫ St ( f )d� and Q1 = 3
4π

∫ cos ϑSt ( f )d�

are collisional integrals for f0 and f1 respectively [34,35].
Direct calculations of the integrals for the elastic collisional
terms Q(el )

0 and Q(el )
1 give rise to the following expressions

[34]:

Q(el )
0 = − m

M

1

v2

∂

∂v

[
νtr (v)

(
v f0 + Tg

m

∂ f0

∂v

)]
, (10)

Q(el )
1 = −νtr (v) f1. (11)

Here M is the mass of nitrogen molecule and Tg is the
gas temperature. As for inelastic collisions, mainly vibrational
excitation of the nitrogen molecules should be taken into
account. The additional term [38]

Q(inel )
0 = −N

∑
i

[σ ∗
i (v)v f0(x, v, t )

+ σ ∗
i (V )V f0(x,V, t )(V/v)] (12)

should be added to the right part of Eq. (8). Here σ ∗
i (v) is

the vibrational excitation cross section in the ith channel, and
velocity V can be expressed through v via the relation

mV 2

2
= mv2

2
+ ε

(v)
i , (13)
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FIG. 1. General scheme of the unipolar THz pulse formation in
the plasma channel formed by a femtosecond uv pulse. 1, seed THz
pulse; 2, ionizing uv pulse. Arrow indicates the direction of pulse
movement.

where ε
(v)
i is the ith threshold of the N2 molecule vibrational

excitation. In our simulation eight lower excitation levels
were considered. As the values of vibrational excitation cross
sections for the oxygen molecule are significantly less in
comparison with nitrogen ones, it is possible to neglect them
at a qualitative level of study.

Below we use the same set of data for cross sections that
was used in [36]. Here we also neglect the electron-electron
collisional integral [34] as its effect on the EVDF evolution
in air or nitrogen plasma at atmospheric pressure is rather
small while considering electron concentrations up to ne =
1014 cm–3.

The EVDF relaxation rate determines the spatial region
where amplification of the ultrashort terahertz signal is pos-
sible. Thus, let us choose the initial conditions (t = 0) for
Eq. (2) in the following way. The femtosecond pulse that
forms nonequilibrium plasma channel is located at the point
with coordinate x = 0, while the ultrashort THz pulse is
introduced in unionized gas in the region of a negative
x-coordinate. The sketch of the geometry in this study is
presented in Fig. 1: the uv femtosecond and THz pulse follow
one after another in the same direction, and at each instant of
time the THz pulse is located in the nonuniform amplifying
region formed by the uv pulse.

In this paper we do not discuss how the initial seed THz
ultrashort pulse forms. It can be produced by the well-known
mechanisms employing two-color laser pulses [39]. Typically,
such generated THz pulses are rather short: up to one or two
cycles of oscillations.

For further study we use the following procedure to intro-
duce the initial THz pulse. First, it is more expedient to set the
initial THz CEP pulse via the vector potential:

A[ξ ∈ (−�, 0)]|t=0

= A0

[
sin5

(
π (ξ − �)

�

)
sin

(
2π

ξ − �

�

)]
, (14)

FIG. 2. Spatiotemporal (a) and spectral (b) characteristics of the
initial CEP pulse normalized to unity.

where ξ = x−ct , and � = 0.18 cm is the spatial length of
the pulse. Outside the given interval the vector potential is
assumed to be zero. Then for the initial value of pulse electric
field we get

E [x ∈ (−�, 0)]|t=0

= E0 ×
[

sin5
(

π (x−�)
�

)
cos

(
2π x−�

�

)
+ 5

2 sin4
(

π (x−�)
�

)
cos

(
π (x−�)

�

)
sin

(
2π x−�

�

)
]
,

(15)

where E0 = πA0/�. Spatial-temporal and spectral character-
istics of initial pulse are illustrated in Figs. 2(a) and 2(b). The
pulse duration is about τ = �/c ≈ 6 ps, and its spectrum cov-
ers a wide frequency range from 0 to 4 THz with the central
frequency near 2 THz. The given CEP pulse is characterized
by the zero value of the integral Q = ∫ E (x)dx taken over the
pulse length. Such a pulse waveform is rather typical for those
formed in modern experiments [40–42].

We assume that the ionizing femtosecond pulse prop-
agates through the gas at the speed of light, creating a
velocity-isotropic nonequilibrium distribution of photoelec-
trons behind it. Hence the initial condition for the anisotropic
harmonic of the EVDF reads f1(x = ct, v) ≡ 0. As about the
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zero-order harmonic it was chosen in a form

f0(x = ct, v) = 1

4π

m3/2

ε
√

2π (mv2/2)
exp

[
− (mv2/2−ε0)2

ε2

]
.

(16)

Such an expession corresponds to the Gaussian peak with
central energy position ε0 and energy width ε. If the ioniza-
tion of oxygen molecules is governed by the third harmonic of
the Ti-Sa laser, the photoelectron peak will have an energy of
ε0 ≈ 1.8 eV. We also choose ε = 0.1 eV, which is typical
for ionization by laser pulses of femtosecond duration. The
above EVDF corresponds to the energy distribution of photo-
electrons being considered in [36].

Wave equation (2) was solved jointly with the set of Boltz-
mann kinetic equations (8) and (9) at each spatial grid point
since for rather strong amplified fields it is necessary to take
into account the reconstruction of the EVDF caused by the
propagating field. The general approach to the solution of the
second-order wave equation (2) can be found in [25,38]. The
total size of the spatial area for calculations was chosen to
be L = 1.0 cm. The step of space discretization was x =
L/(2 × 104) = 5 × 10−5 cm. The temporal step of integration
was t = x/c ≈ 1.67 × 10−15 s. This step value allows to
use the explicit scheme for the Boltzmann equation solution.

III. RESULTS AND DISCUSSION

In our simulations we consider different initial intensi-
ties of the propagating pulse. The initial peak electric field
strength E0 was expressed through the given intensity value
as E0 = √

8π I0/c. We assume the gas density N equal to
2.5 × 1019 cm–3 and the electron concentration in plasma to
be ne = 3 × 1013 cm–3. The chosen value of electron density
makes it possible to ignore the influence of electron-electron
collisions in plasma that can result in a rather fast Maxwelliza-
tion of EVFD [34] and destruction of the amplifying regime.

The typical spatial-temporal evolution of the signal am-
plified in the nonequilibrium nitrogen plasma channel of the
length L = 30 cm is shown in Fig. 3. We note that due to
dispersive spreading the pulse width increases approximately
twice at the propagation length of 30 cm. It is also worth
noting the following: since the gain is distributed strongly
nonuniformly over the pulse length, only the front part of
the pulse is significantly amplified, while the trailing edge
is evenly absorbed. As a result, the amplified pulse with the
nonzero value of the integral Q is formed during the propaga-
tion. The evolution of the pulse spectrum (see Fig. 4) clearly
indicates the appearance of the static field component.

It must be stressed that the above results address the situa-
tion when the initial THz signal is strong enough and causes
effective reconstruction of the EVDF. To compare the ampli-
fication of initially weak and high intense pulses we present
data on the EVDF evolution at a spatial point 0.25 cm behind
the leading edge of a uv laser pulse (Fig. 5). This spatial point
corresponds to the trailing edge of the amplified pulse. In the
case of low pulse intensity there is no backward influence on
the EVDF, and all the EVDFs are the same at the given spatial
point during the pulse propagation [Fig. 5(a)]. Another situa-
tion is observed for the initially intense THz pulse [Fig. 5(b)].

FIG. 3. Spatial-temporal evolution of the pulse [see expression
(15)] propagating after the leading uv fs pulse (its position corre-
sponds to the zero abscissa coordinate). Initial peak value of intensity
is 104 W/cm2.

In this case the energy from the plasma channel more effec-
tively transforms to the THz signal energy, which provides
rapid cooling of plasma electrons and diffuse spreading of
EVDF. Such EVDF reconstruction by the propagating THz
wavefield leads to the saturation of achievable gain.

To characterize the efficiency of transformation of the seed
THz pulse to the unipolar one we introduce the degree of
unipolarity in accordance with [7]

U =
∫

E (x)dx∫ |E (x)|dx
, (17)

where the integral is taken over all the pulse length during its
propagation. The temporal evolution of the U-degree during
the nonuniform pulse amplification for different values of
the initial electric field strength corresponding to the peak
intensities I0 in the range from 0.01 W/cm2 to 104 W/cm2

is presented in Fig. 6.

FIG. 4. The pulse spectrum and its evolution during the propaga-
tion and amplification in a nitrogen plasma channel.
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FIG. 5. Electron velocity distribution functions in dependence on
propagation length in a spatial point behind the leading uv pulse of
0.25 cm for 0.01 W/cm2 (a) and 104 W/cm2 (b) initial peak THz
pulse intensities.

FIG. 6. The unipolarity degree of the THz pulse in dependence
on propagation duration in a nonequilibrium nitrogen plasma channel
for 0.01 (black solid line), 100 (red circles), and 104 W/cm2 (blue
line with triangles) initial peak pulse intensities.

FIG. 7. The voltage carried by the unipolar pulse after its for-
mation and amplification in a 30 cm nitrogen plasma channel in
dependence on the initial pulse peak intensity.

The performed simulations demonstrate that the degree of
unipolarity can reach the value up to unity for propagation
times of ∼0.7 ns (which is approximately 21 cm of plasma
channel length) for any value of initial intensity within the
considered range. Nevertheless, in the strong field limit when
the backward influence of the THz field on the EVDF peak
degradation is essential, the degree of unipolarity increases a
bit rapidly.

To conclude the discussion, we have to show data for the
voltage V = ∫ E (x)dx accumulated in the forming unipolar
pulse at the output of the 30 cm plasma channel depending on
the initial peak intensity of the pulse (Fig. 7). For the given
plasma channel parameters one can reach the voltage up to
1.5 kV for the initial peak intensity exceeding 100 W/cm2.
As has been mentioned before, the backward influence of the
amplified wavefield on the EVDF for I0 � 100 W/cm2 leads
to the EVFD peak spreading [see Fig. 5(b)] resulting in the
voltage saturation. As the ultimate unipolar pulse length at the
plasma channel output is about 0.15 cm one, can estimate its
electric field strength as 104 V/cm.

For the pulse duration of several picoseconds this means
that the electron will get the energy of several eV. That is
enough for kick excitation and ionization of macromolecules
and artificial atoms, quantum dots, and quantum wires in
semiconductors, different types of impurities in solids, etc.,
which allows one to apply such unipolar pulses for the pur-
poses of broadband THz spectroscopy.

Since the threshold of this regime is mainly determined by
the relaxation rate of the nonequilibrium distribution function,
preliminary analysis allows us to propose that due to the
longer relaxation of EVDF in xenon plasma it will be possible
to obtain unipolar THz pulses with higher energy. Another
way to increase the energy conversion into the THz signal is
to increase the electron concentration in plasma, but this will
simultaneously lead to a faster Maxwellization of the EVDF.
For the given parameters we are very close to the saturation of
the gain effect.
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IV. CONCLUSIONS

In summary, we propose a concept of obtaining intense
unipolar THz pulses in photoionized air plasma channels.
Based on the self-consisted modelling of ultrashort pulses
propagation in fast-relaxing nonequilibrium air plasma of
an extended channel we elicited the specific conditions of
the proposed earlier gain regime when the pulse undergoes
nonuniform amplification, which leads to the formation of
intense THz pulses with a high degree of unipolarity. It was
demonstrated that with the increase of pulse intensity its back-
ward influence on the EVDF evolution brings to saturation the
gain regime while it does not affect the achievement of signal
unipolarity. Here it is also wise to compare the suggested
method with the other existing mechanisms of producing
highly intense ultrashort THz pulses. There is a continuous
pursuit of increasing the efficiency of nonlinear-wave conver-
sion in gases ionized by intense two-color laser radiation. In
this regard the use of longer pumping wavelengths instead of
the conventional Ti-Sa laser pulse and its second harmonic
as well as application of other frequency ratios of two-color
pumping fields and switching to the circular polarization has
been extensively investigated [40–46], which enables us to
reach the THz pulses with electric field amplitudes up to
1 GV/cm. Another trend is the production of subcycle du-
ration pulses, which are characterized by the ultrabroadband
spectrum for the purposes of THz spectroscopy [5,7,41]. The

idea of the proposed method is to combine both mentioned
trends, but its crucial advantage is not the extremely high
signal intensity, but the ability to obtain unipolar pulses with
a value of the U-factor close to unity, whereas in the most
frequently cited papers the generated signals do not have this
property. Such highly unipolar signals can have a strongly
nonperturbative effect on various atomic-molecular systems
in the “kick” regime, which will make it possible to propose
alternative methods for objects’ diagnostics in the terahertz
range. Finally, we would briefly discuss the possibility of
controlling the spectral characteristics of unipolar signals. We
plan to optimize the phase of CEP seed pulse in order to obtain
the unipolar pulse with maximum voltage. In addition, it was
recently proposed [47] that applying a static magnetic field of
tens of teslas along the pulse propagation in a nonequilibrium
gas plasma allows one to manage the frequency bandwidth
as well as the gain factor value in the terahertz range. So
if one implements the proper nonuniformity of gain within
the selected frequency range, prospectively this will allow us
to produce intense unipolar THz pulses with tunable spectral
characteristics.
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