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Abstract: Increase in conversion efficiency from a femtosecond optical pump into broadband
terahertz (THz) radiation is currently an essential issue since it boosts THz source performance for
medicine and security applications. An air-plasma based THz radiation from a two-color femtosecond
filament is the most efficient gas-based THz emitter, with a dipole local source having a maximum on
the beam propagation axis. In this work, we show the novel advancement to THz yield increase with
preservation of the forwardly directed dipole radiation. The two-color THz source can be enhanced
if the filament plasma channel is placed into an external electrostatic field (DC bias), which is parallel
to the second harmonic polarization direction. In the experiment, we produce a plasma channel
from 800-nm, ∼50-fs, 2-mJ pulse with 200 µJ of 400-nm, ∼50-fs mixed with the pump, and allocate
it between the electrodes carrying 7-kV/cm static field. Time-domain measurements and 3D+time
simulations of THz waveforms from the two-color DC-biased filament show that the THz emission is
the superposition of the THz waveforms generated in the 800 + 400-nm filament without a DC-bias
and in the 800-nm (without 400-nm) plasma channel biased by 7-kV/cm static field. The additivity
of the two local dipole THz sources is possible if the majority of free electrons are produced by the
pump pulse.

Keywords: broadband THz pulse; methods of THz generation; DC-biased filament; two-color
filament; interplay between THz local sources

1. Introduction

The plasma channel of a femtosecond laser filament [1–3] in air or atmospheric density
gases is a promising source of terahertz (THz) radiation [4,5]. A single-color femtosecond
plasma burst [6] or a more extended filament plasma channel emits radially polarized
THz waves, ref. [7] typically registered in the focusing geometry. Breaking a single
filament symmetry through an external electric field [8] or an optical pulse at another
central wavelength [9,10] boosts the THz yield and paves the way to medical and security
applications of THz spectroscopy [11,12].

Hereafter, we will refer to these two schemes of enhanced (as compared with a
single-color plasma channel case) THz yield as the DC-biased (ω + DC) and two-color
filamentation, respectively. Linearly polarized THz radiation is typically detected from both
the DC-biased (ω + DC) and the two-color filaments [13,14]. Mixing of the pump pulse
with its second harmonic, also known as the two-color ω + 2ω filamentation, is recognised
as one of the most efficient ways to generate THz from femtosecond gas plasmas [15,16].
For the mid-infrared air-based ω + 2ω filament, the conversion efficiency to THz range
reaches several percents [17–20].
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The interplay between different mechanisms of THz generation in the filament has
been studied for more than ten years. The interference in spatial domain between the
radially and linearly polarized THz emission from DC-biased filament was reported
in [13,21,22] for an external field of about 1 kV/cm. For the electric field strength of
5 kV/cm and larger, the linearly polarized THz emission dominates. The competition
between the mechanisms of THz generation in DC-biased filament was recently exper-
imentally studied in Ref. [23]. The analysis of THz spectra measured by electro-optical
sampling shows that the balance between the sources of radially and linearly polarized
THz emission occurs for the electrostatic field of 300 V/cm [23].

The joint effect of the external DC bias and the second harmonic on THz yield, or, in
other words, THz generation from a DC-biased two-color (ω + 2ω + DC) filament, has been
experimentally studied in Ref. [15]. In the case of an external electrostatic field orthogonal
to the ω pulse polarization, Wang et al. [15] suggested that the THz emission could be the
sum of two components: one generated by two-color (ω + 2ω) laser-induced filamentation
and the second induced by the DC electric field. To provide a well-controlled comparison of
THz signal from ω + 2ω and ω + DC filaments, Thomson et al. [24] superimposed the THz
waveforms measured for ω + 2ω + DC filament with opposite polarities to the DC-bias,
assuming that THz signals produced with and without external electrostatic field are added
coherently. This method suggests that half a sum of two THz waveforms, obtained for the
opposite directions of the external electrostatic field, highlights the contribution from the
ω + 2ω source. In Ref. [25] the ω + 2ω + DC filament was shown to be a promising tool
for THz generation with tunable spectrum. Besides, control of the THz spectrum width
and modulation is important for the “false” absorption frequency identification when
performning THz spectroscopy, especially when the reflection from the layered structures
is considered [12]. In atmospheric air, the tunability of the THz spectrum from a DC-
biased plasma channel cannot be large, because the DC field is limited by static breakdown
threshold. However, this method can be improved by considering gases with variable
density or even liquids. Indeed, impressive conversion from ω + 2ω to THz radiation
was found in the insulator liquids [26], which have a higher breakdown threshold, thus
providing a lot more freedom for spectral shaping using DC bias.

In this work, we experimentally study the THz emission from the DC-biased two-color
(ω + 2ω + DC) filament with the DC field parallel to polarization of the second harmonic
and orthogonal to the fundamental light field polarization. In this case, the THz emission
of both ω + DC and ω + 2ω sources is polarized along the DC field. Terahertz waveforms
measured in the temporal domain are found to be the superposition of electromagnetic
fields emitted by the air-based plasma in the presence of the second harmonic pulse and the
DC bias. Numerical (t, r) + z simulations based on the Unidirectional Pulse Propagation
Equation (UPPE, [27]) and performed separately for ω + DC, ω + 2ω and ω + 2ω + DC
sources in the conditions of the experiment reveal that biasing the two-color pulse with the
DC field results in linear addition (superposition) of the THz waveforms.

The paper is organized as follows. Section 2 describes the experimental setup ca-
pable of switching the electrostatic field on and off. In the same Section 2, the 3D+time
numerical approach to propagate the light field in air and to obtain the THz waveforms
self-consistently from the simulations is presented. In Section 3, the measured and simu-
lated waveforms from ω + 2ω, ω + DC and ω + 2ω + DC are compared and discussed.
Section 4 concludes the paper.

2. Materials and Methods
2.1. Experimental Setup

Figure 1 shows the scheme of the experimental setup. Ti:Sapphire laser system Spectra
Physics Spitfire Pro XP delivered the pulses with the horizontal polarization centred at a
wavelength of 800 nm with the energy up to 2.7 mJ, for a duration of 50 fs (full width at
half maximum, FWHM) and a beam diameter of 12 mm (at e−2 level) at 1-kHz repetition
rate. The pulse energy was reduced down to 2 mJ by the half-wave plate and the Glan–



Appl. Sci. 2021, 11, 11888 3 of 10

Taylor prism. The beam was focused by the lens with a focal length of 300 mm forming a
∼15-mm filament in free air (humidity of 30% at 23 ◦C). Two copper 40× 15 mm2 plane
electrodes with a gap of 10 mm between them were set parallel to the optical table so that
the filament was burnt in the center between them in the transverse direction and closer to
the registration system in the longitudinal direction in order to avoid the reflection of THz
radiation from the electrodes surface. A voltage of UDC = 7 kV applied to the electrodes
formed a vertically directed field with a strength of EDC = 7 kV/cm. To generate the
second harmonic and form a two-color filament, the β-barium borate (BBO) crystal (I-type,
100-µm thickness, 10% efficiency) was inserted into the pump beam after the lens. The
BBO crystal was adjusted to maximize the second harmonic yield, so, the 400-nm radiation
has the vertical polarization, i.e., perpendicular to the 800-nm pump and parallel to the
external DC bias. For single-color experiments, the BBO crystal was removed from the
optical path. Thus, our experimental setup allowed us to study the THz waveforms in
three cases:

(a) = ω + DC: DC-biased single-color filament, when BBO crystal was removed
from the optical path;

(b) = ω + 2ω: two-color filament, when the voltage on the electrodes was
turned off (UDC = 0);

(c) = ω + 2ω + DC: DC-biased two-color filament.
In all cases, the THz radiation had linear vertical polarization. Thus, in our setup the
superposition of THz waveforms generated according to ω + DC and ω + 2ω mechanisms
could be observed.

Lens f = 300 mm

Beamsplitter

BBO

Delay line

Electrodes Teflon lenses
f = 100 mm   f = 60 mm

Pellicle Beamsplitter

ZnTe

Quarter-wave plate

Wollaston prism

Photodiodes

Ti:Sapphire Laser

Figure 1. Scheme of the experimental setup.

For our purposes, a coherent THz detection technique is required. Among the three
widely used methods, namely, photoconductive antenna detection [28,29], THz Air Break-
down Coherent Detection (THz-ABCD) [30], and electro-optical sampling (EOS) [31], the
latter is best suited for our study. Indeed, the photoconductive antennas are regularly
employed with MHz repetition rate laser systems, and would not have enough sensitivity
for the kHz source we have. ABCD works very well with the two-color scheme, while
the DC-biased filament produces THz wave with lower frequency, which is not properly
detected by THz-ABCD setups. Furthermore, the THz-ABCD method requires a high-
power probe pulse and an additional DC supply, which can produce distortions for the one
used to bias the filament (and vice versa). In turn, EOS has excellent sensitivity, and the
frequencies below 3 THz are present in both two-color- and DC-bias-generated THz pulses.
To obtain waveforms of the THz electric field, we used a standard time–domain system
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(TDS), which consists of the ZnTe crystal (10× 10× 0.5 mm3, 〈110〉 cut), the quarter-wave
plate, the Glan–Taylor prism, and two photodiodes (Figure 1). The THz field induces
birefringence in ZnTe crystal, so the probe pulse attains ellipticity proportional to the field
strength. After passing through the quarter-wave plate, the probe pulse is divided by the
Glan–Taylor prism and is registered by the photodiodes. The difference in the photodiode
signals characterizes the birefringence induced in the crystal and, therefore, the THz field
strength. By scanning the delay between the optical pump generating the THz wave and
the probe pulse, we obtain a THz waveform. This TDS is sensitive to the radiation in
the spectral range from ∼0.2 to ∼3 THz. Two 50-mm diameter Teflon lenses with focal
distances of 100 and 60 mm collimated the THz emission from the filament and focused it
onto the ZnTe crystal. Weak THz radiation of unbiased single-color filament [6] was below
the registration threshold of our THz detection system. However, either the 7-kV/cm static
field or the second harmonic with ∼200 µJ of energy increased the THz yield up to the
level of detection by TDS.

All the optical elements presented in Figure 1 were fastened and preserved their
positions during the experiment. Only the BBO crystal was removed from the optical path
in the case of ω + DC (a), and the mirrors of the delay line were moved. Therefore, the
collection angles of THz radiation were the same throughout the experiment, and we can
compare the measured waveforms in the three cases: ω + DC, ω + 2ω and ω + 2ω + DC.

2.2. Simulations

Filamentation and THz generation in the conditions of our experiment (moderate
focusing with a numerical aperture of ∼0.02) can be simulated using Unidirectional
Pulse Propagation Equation (UPPE, [27]). The spatio-temporal spectrum Ê(ω, kr, z) =
F [E(t, r, z)] represents the electric field E(t, r, z) of the laser pulse together with all the
secondary emission (emerging terahertz and optical harmonics). Here, F denotes a Fourier–
Hankel transformation from the spatio-temporal domain (t, r, z) to the frequency-angular
domain (ω, kr, z). Although the most rigorous description of a nonlinear source term
requires the solution of the Schrödinger [32] or Maxwell–Bloch Equations [33], the decom-
position of the medium susceptibility into the response of bound and free electrons (or
intra- and inter-band responses) is successful for THz generation simulations in gases [34]
and transparent condensed media [26], and can even be applied to metals [35]. To decrease
the computational costs, we follow this simplified approach. The external electrostatic
field EDC is introduced into UPPE as the nonlinear susceptibility modification of the
medium [36]. With this modification the third-order polarization is given by:

P(t) = χ(3)
[
(E(t) + EDC)

3 − E3
DC

]
, (1)

where χ(3) is the third-order susceptibility of air. The transient photocurrent obeys the
equation

∂Je

∂t
=

e2

me
Ne(t)(E(t) + EDC)− νc Je, (2)

where e and me are electron charge and mass, respectively, νc = 5 ps−1 is the collision
rate. The absorption current Ja [37] does not require modification because the influence
of the external electrostatic field on the plasma density Ne is negligible. The density of
free electrons Ne was calculated from the rate equations for the major air components:
molecular nitrogen (78%) and molecular oxygen (22%).

The nonlinear terms are calculated in time domain and substituted into UPPE:(
∂

∂z
+ ikz

)
Ê = − 2πi

c2kz

(
ω2F [P]−F

[
∂Je

∂t

]
− iωF [Ja]

)
, (3)
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where kz =
√

n2(ω)ω2/c2 − k2
r , n(ω) is the refractive index of dry air, and c is the speed

of light. The derivative ∂Je/∂t is used as it vanishes at the right boundary of the temporal
domain t→ +∞, whereas the photocurrent Je does not.

The simulations of THz generation from femtosecond filament were carried out in the
experimental conditions for 800-nm pump pulse with the energy of 2 mJ, FWHM duration
of 50 fs and beam diameter of 1 cm. We simulated three different THz sources implemented
in three different experimental schemes designed in our lab. These schemes are mixing
the pump and electrostatic field ω + DC, the pump and its second harmonic ω + 2ω, and
the pump and the second harmonic in the presence of an electrostatic field ω + 2ω + DC.
For the ω + DC scheme, the THz source was a single-color filament biased by the external
electrostatic field EDC = 7 kV/cm. The ω + 2ω case corresponds to the two-color filament
formed by mixing the 800-nm pump pulse with its second harmonic (wavelength of 400 nm,
energy of 200 µJ, FWHM duration of 35 fs and the same beam shape as the pump). The
ω + 2ω + DC case was a combination of the previous two schemes, i.e., we simulated THz
generation in the DC-biased two-color filament in which the second harmonic and the
external field EDC were the same in value and direction as in the ω + 2ω and ω + DC cases.
To reproduce geometrical focusing with a focal length f = 30 cm, we multiplied the initial
field by the phase factor exp

[
iωr2/(2c f )

]
in (ω, r, z) domain. We propagated the pulse

linearly from the lens at z = 0 to the front edge of the electrodes at z0 = 26 cm (as in [38])
in order to decrease the computational cost. Starting from z0 the nonlinear Equation (3)
was solved.

Since the spectrum of THz radiation from DC-biased single-color filament covers
the range up to a few terahertz [8,13,39], the simulations require the spectral resolution
of the order of 0.01 THz. To reduce the computational resources, we utilized the non-
uniform frequency grid, which consists of two equidistant sub-grids with different steps of
∼0.02 THz in the range from 0 to 85 THz and of ∼0.67 THz in the remaining frequency
space up to 2.75 PHz [36].

3. Results and Discussion

Figure 2 shows the measured THz waveforms (upper row) and the spectra of THz
radiation reconstructed from these waveforms (dots, middle row). Panels (a)–(c) in Figure 2
correspond to ω + DC, ω + 2ω and ω + 2ω + DC schemes of THz generation, respectively.
The simulated THz spectra are shown in Figure 2 (middle and lower row) by solid curves.
In reasonable agreement between the numerical and experimental results, the spectrum of
THz radiation generated from a DC-biased single-color (ω + DC) filament is localized at
ν . 1 THz (Figure 2a). In the experiment, strongly divergent low-frequency (ν ≈ 0.1 THz)
spectral components escape the Teflon lenses and do not enter the TDS detector. Owing to
this effect, the maximum of the experimental spectrum was achieved at ν ≈ 0.4 THz, while
the simulations predicted the spectral maximum at much lower frequencies.

In the case of the ω + 2ω filament, the experimentally obtained and simulated spectra
are much broader than in the ω + DC one (cf. Figure 2a,b). The spectrum reconstructed
from the measured THz waveform is limited by the ZnTe phonon band at ν & 3 THz [40].
The simulated spectrum goes down very slowly and has a width of about the inverse
pulse duration in agreement with the previous studies [41]. The low-frequency part of
the experimentally obtained THz spectrum qualitatively agrees with the simulated one
(Figure 2b).

The spectrum of THz radiation generated in a DC-biased two-color filament (ω +
2ω + DC, see Figure 2c) combines the characteristics of ω + DC and ω + 2ω spectra
considered above. This is clearly pronounced in the higher-frequency range ν & 1.5 THz.
The spectrum of THz radiation generated according to the ω + 2ω + DC scheme extends
up to 3 THz and the spectral intensity at 2 THz constitutes 10−2 of the spectrum maximum
(Figure 2c). Without the second harmonic field, the spectral intensity at 2 THz is of the
order of 10−3 of the spectrum maximum (Figure 2a). This wide high-frequency wing in
Figure 2c originates due to the 800-nm pump pulse mixing with the second harmonic pulse
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as seen from the ω + 2ω spectrum in Figure 2b. However, the direct intensity summation
of the THz spectra in the ω + DC and ω + 2ω schemes does not exactly reproduce the THz
spectrum corresponding to the ω + 2ω + DC scheme. We suggest that superposition of
THz waves should be considered in the temporal domain. Therefore, we will study the
partial contributions of the THz waveforms from the ω + DC and ω + 2ω sources into the
overall THz emission from the ω + 2ω + DC filament.
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Figure 2. Upper row: measured waveforms of THz radiation emitted from ((a), red, ω + DC) DC-
biased single-color filament, ((b), blue, ω + 2ω) two-color filament and ((c), orange, ω + 2ω + DC)
DC-biased two-color filament. Middle row: THz spectra in the cases shown in upper row; (dots) THz
spectra obtained from the measured waveforms; (solid lines) simulated THz spectra integrated over
the overall transverse domain. Lower row: the simulated THz spectra from the middle row in the
extended frequency range till ν = 30 THz and normalized.

As all the experimentally obtained waveforms were measured in the same conditions,
they have the same scale and can be quantitatively compared with each other, see Figure 3a.
The simulated on-axis waveforms processed by the bandpass filter 0.2 THz < ν < 3 THz,
which roughly reproduces the spectral sensitivity of TDS, are plotted in Figure 3b. The
rectangular filter cannot fully reproduce the TDS transfer function and spatial convolution
with the probe beam, so the simulated waveforms in Figure 3b reproduce the measured
ones in Figure 3a qualitatively. This reproduction includes the main physical characteristics
of the waveforms, such as the correct relation between the amplitudes, the frequency
content and the temporal shape of waveforms obtained from the ω + DC, ω + 2ω and
ω + 2ω + DC sources (Figure 3a,b, cf. the curves with the same colors). Note, in particular,
the shorter period of THz field oscillations as the 2ω pulse is added to the filament (cf. red
and blue curves in Figure 3a,b).

To clarify the origin of the THz radiation from the two-color filament placed into
the electrostatic field, we subtract the ω + 2ω waveform, obtained without the DC field,
from the ω + 2ω + DC waveform. This subtraction was performed for both measured and
simulated waveforms (Figure 3c,d, black curves). As the next step, we plot the measured
THz waveform, obtained without the second harmonic pulse, i.e., in ω + DC case, on
the same panel as the result of subtraction (Figure 3c, cf. red and black curves). Similar
comparison was done for the simulated ω + DC curve (Figure 3d, cf. red and black curves).
In both the experiment and the simulations the difference between the result of ω + 2ω
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waveform subtraction from the ω + 2ω + DC waveform and the ω + DC waveform is
∼8%. Thus, the THz field from a two-color filament placed into the electrostatic field is
the superposition of THz fields from the two-color dipole source and DC-biased filament
plasma dipole source.
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Figure 3. (a) Measured and (b) simulated waveforms of THz radiation generated from a two-color
filament (ω + 2ω, blue curves), a DC-biased single-color filament (ω + DC, red) and a DC-biased
two-color filament (ω + 2ω + DC, orange). (c,d) Replica of ω + DC waveform (red) compared to
the difference between ω + 2ω + DC and ω + 2ω waveforms (black is orange minus blue) in (c) the
experiment and (d) simulations.

To confirm our proposition, let us perform the analysis based on the material equations
for the atmospheric density gas ionized by a femtosecond pulse. The main source of THz
radiation in this underdense plasma is transient photocurrent Je [42]. Let the laser field E(t)
consist of the fast oscillating components only: the 800-nm pump and its second harmonic,
i.e., E(t) = Eω(t) + E2ω(t). The part of the transient photocurrent Jω responsible for the
generation of odd harmonics satisfies Equation (2) with EDC = 0 and E(t) = Eω(t). The
remaining part of the transient photocurrent Je − Jω provides for the generation of THz
radiation (and other even optical harmonics). For ω + DC, ω + 2ω and ω + 2ω + DC
mechanisms of THz generation in the filament, the equations for the remaining part of the
photocurrent following from Equation (2) are, respectively:

∂JDC
∂t

=
e2

me
Ne(t)EDC − νc JDC,

∂J2ω

∂t
=

e2

me
Ne(t)E2ω(t)− νc J2ω,

∂J2ω+DC
∂t

=
e2

me
Ne(t)[E2ω(t) + EDC]− νc J2ω+DC.

(4a)

(4b)

(4c)

Plasma density Ne does not depend significantly on either the external DC field EDC
or on the electric field of low-intensity second harmonic E2ω (cf. red and blue curves in
Figure 4). Therefore, Equation (4c) is the sum of Equations (4a) and (4b), so, J2ω+DC =
JDC + J2ω, i.e., the THz source terms in DC-biased two-color (ω + 2ω + DC) filament are
additive. According to Equation (3), the additivity of THz source terms corresponds to the
interference of the THz fields induced by them and the superposition of the measured and
simulated THz waveforms.
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Figure 4. Dependence of maximal plasma density on (a) propagation distance z and (b) local time at
z = 29.9 cm in case of two-color filament (ω + 2ω, blue curves) and DC-biased single-color filament
(ω + DC, red curves).

4. Conclusions

In conclusion, we have shown experimentally and numerically that THz radiation
from a two-color filament can be further enhanced by imposing the electrostatic field over
the plasma channel with the direction parallel to the second harmonic pulse polarization.
The physical reason for THz radiation enhancement is superposition of THz waveforms
produced in the two-color filament and in the plasma channel biased by a DC electric
field. The additivity of the two local dipole THz sources is possible if the majority of free
electrons in the filament plasma channel is produced by the optical field of the fundamental
harmonic. The superposition of THz waveforms observed by us could serve as a tool for
THz pulse shaping in a DC-biased two-color filament, especially in the media with higher
breakdown voltage (pressurized gases or liquids).
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