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Modulation of terahertz generation in dual-color filaments by
an external electric field and preformed plasma∗
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Terahertz generation driven by dual-color filaments in air is demonstrated to be remarkably enhanced by applying an
external electric field to the filaments. As terahertz generation is sensitive to the dual-color phase difference, a preformed
plasma is verified efficiently in modulating terahertz radiation from linear to elliptical polarization. In the presence of
preformed plasma, a dual-color filament generates terahertz pulses of elliptical polarization and the corresponding ellipse
rotates regularly with the change of the preformed plasma density. The observed terahertz modulation with the external
electric field and the preformed plasma provides a simple way to estimate the plasma density and evaluate the photocurrent
dynamics of the dual-color filaments. It provides further experimental evidence of the photo-current model in governing
the dual-color filament driven terahertz generation processes.
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1. Introduction

In recent years, optimization of the terahertz (THz) gener-
ation has received much attention due to its significant applica-
tions in imaging, sensing and nonlinear THz spectroscopy.[1]

The laser-produced plasma scheme has been a potential and ef-
fective method to provide sufficiently powerful far-field THz
waves.[2–4] Furthermore, an external electric field has been
applied to the single-color filament to enhance the THz in-
tensity. Through this method, a THz electric field paral-
lel to the direction of an external electric field is increased
obviously.[5–7] It is well confirmed that THz radiation could
be generated from a time-dependent drifting current induced
by an asymmetric laser field of dual-color pulse.[8–10] The
generated THz intensity and polarization could be modu-
lated by controlling the phase difference and intensities of the
dual-color pulses because of its highly nonlinear and phase-
sensitive features.[11–16] In this sense, dynamic control of the
drifting electrons in the plasma is important for controlling the
THz intensity and polarization state. The time- or frequency-
characteristics of THz radiation could also be modulated by
varying the drifting electrons. This research provides theoret-
ical basis and technical support for precise imaging and spec-
trum analysis in the THz range.

In this paper, an external dc-biased electric field is used
to increase the drifting current by accelerating electrons in
the plasma. Compared with the THz radiation driven by a

single-color filament, an arbitrary polarization component of
the THz radiation is enhanced dramatically with the increase
of the external electric field. In addition, the refractive index
of air presents a gradient distribution with the existence of
preformed plasma. The phase difference between dual-color
pulses changes as they pass through the preformed plasma,
leading to the elliptically polarized THz radiation. Further-
more, the ellipticity and polarization ellipse are modulated
regularly with the cooperation of these two effects. On the
other hand, the preformed plasma density could be estimated
from the THz polarization state change induced by the pre-
formed plasma.

2. Experimental setup
The experiments were done with a Ti: sapphire ampli-

fier operated at 800 nm with a repetition rate of 1 kHz. The
fundamental-wave (FW) pulses with an output pulse energy
of 2.3 mJ and a pulse duration of 50 fs were split into two
pulses by a 2:1 beam splitter (Fig. 1). The strong FW pulse
was focused by a convex lens (f = 60 cm) to create a ∼ 1.5 cm
length filament, which was sandwiched by parallel electrodes
with 1.4-cm gap. Then a 200-µm-thick β -BBO crystal was
inserted behind the lens to generate the dual-color pulse. An
x-cut 2.5-mm-thick α-BBO crystal was used to compensate
for the phase lag between the FW and the second harmonic
(SH) pulses. A weak FW (weak-800 nm) pulse focused by
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a positive lens ( f = 80 cm) was combined collinearly with
the dual-color pulse by a Brewster plate. The polarization of
the weak-800 nm was perpendicular to the experimental table
and it was defined as the s polarization. The polarizations of
FW and SH waves were s- and p-polarized (perpendicular and
parallel to the experimental table), respectively. The residual
laser, after the filament, was blocked by inserting a teflon plate
filtering out the THz wave above 3 THz. The electro-optic
sampling measurement was employed to detect the generated
THz waveform after the filament and the THz polarization had
been measured by a wire-grid THz polarizer.
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Fig. 1. (color online) Experimental setup. THz emission was generated
from the dual-color pulses. Parallel electrodes with 1.4-cm spacing are
used to provide an external electric field. A weak FW pulse is over-
lapped with the dual-color pulses, which introduces plasma to control
the THz emission.

3. Results
According to the photo-current mode proposed by Kim et

al., the drifting electrons accelerated by the asymmetric elec-

tric field of the dual-color pulses form a transverse plasma
current J⊥ = eNeυe, leading to the THz generation.[17,18] In
our experiment, besides the acceleration from the asymmet-
ric electric field, the external electric field also accelerates the
drifting electrons. Therefore, the electron velocity υe under
the dual-color pulse laser field and external electric field can
be expressed as

ve = eEω

sin(ωt +ϕ)

meω
+ eE2ω

sin[2(ωt +ϕ)+θ ]

2meω

+eEDC
t

me
, (1)

where Eω sin(ωt+ϕ) and E2ω sin[2(ωt+ϕ)+θ ] are the laser
field of the FW and SH pulses, respectively; EDC is the ex-
ternal electric field parallel to the FW pulse polarization; θ is
the relative phase between the FW and SH pulses; ϕ repre-
sents the FW pulse phase. As described, the generated THz
waveform is determined by the phase difference between the
dual-color pulses, the FW and SH intensities, and the external
electric field, which influence the drifting electrons.

3.1. Modulation by external electric field

Firstly, an external electric field parallel to the s direc-
tion is applied to the dual-color filament in the absence of a
weak-800 nm pulse. With no external electric field applied,
the drifting electrons are accelerated by two orthogonal laser
fields from dual-color pulses. The generated THz radiation
is linearly polarized with a fixed angle with respect to the
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Fig. 2. (color online) (a) and (b) Variations of THz electric fields in s and p directions as the external electric field increases from 1 kV
to 5 kV. (c) Variation of the THz peak-to-peak amplitudes with an external electric field in s and p polarizations. (d) Plots of the THz
polarization versus Ex at different external electric fields.
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p direction. With an external electric field applied, its elec-
tric field contributing to the acceleration of electrons along the
s and p directions can be expressed as Ex = EDC sinα cosα

and Ey = EDC sin2
α in the x and y directions, respectively,

where EDC is the amplitude of the external electric field, α

is the angle between the THz polarization and p polarization
direction. Therefore, the drifting electrons are both acceler-
ated along the two orthogonal directions, leading to the en-
hancement of two orthogonal components of THz radiation as
shown in Figs. 2(a) and 2(b). The change of the THz peak-
to-peak amplitude with the external electric field is described
in Fig. 2(c). Each component of the THz electric fields is lin-
early proportional to the external electric field. It agrees well
with the result W ∝ E2

DC reported in Ref. [19], where W rep-
resents the total THz energy. As shown by the black curve
in Fig. 2(c), along the direction of the external electric field,
a strong THz polarization component is generated due to the
external field driven acceleration of electrons along the cor-
responding direction. As a result, two different polarization
ellipses originate from different effects on the two THz polar-
ization components. A perfect linearly polarized THz emis-
sion is generated and retained as the THz intensity increases
with the enhancement of the external electric field as shown
in Fig. 2(d). This is attributed to the constant phase difference
between the dual-color pulses in the process of applying an
external electric field.

3.2. Modulation by preformed plasma

A pre-formed plasma is generated by a focused weak 800-
nm pulse polarized in parallel to the direction of the external
electric field, which can be used to influence the dual-color
filament. The polarization scenarios of the generated THz are
shown in Fig. 3, which is collected with an increasing external
electric field and a weak 800-nm pulse energy of 0.47 mJ. Both
s and p components of the THz electric field increase with an
increase in the external electric field. The generated THz is
elliptically polarized rather than linearly polarized in the ab-
sence of pre-plasma. In this process, electrons drift out and
are accelerated under the asymmetric electric field from the
dual-color pulses. Then, the external electric field accelerates
the drifting electrons furthermore, leading to the enhancement
of generated THz intensity along the two directions. But, the
polarization ellipse of the generated THz remains unchanged
with the increase of the external electric field. As is well
known, the refractive index induced by laser plasma changes
according to δnplas ∼ −ρ/2ρcr, where ρ is the electron den-
sity of the plasma and ρcr is the critical density closely related
to the laser wavelength, i.e., ρcr ∼ λ−2. Therefore, the pre-
formed plasma induces a negative index change and acts as
a concave lens for the following pulse passing through it. In
addition, the phase difference between the dual-color pulses

appears during the passage through the preformed plasma due
to υmis = c[1/n(ω)−1/n(2ω)], where υmis is the velocity mis-
match of the dual-color pulses, c is the speed of light in a
vacuum, n(ω) and n(2ω) are the refractive indexes for FW
and SH pulses, respectively. The elliptically polarized THz is
generated in the experiment since the dual-color pulses have a
phase difference after passing through the pre-formed plasma.
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Fig. 3. (color online) Measured THz polarization states at different ex-
ternal electric fields with 0.47-mJ FW pulse energy.

For the elliptically polarized laser, the polarization ellipse
is related to phase difference and the electric field ratio of
the orthogonal laser fields. In the experiment, the phase dif-
ference between dual-color pulses is constant with a certain
plasma density, and the ratio of two orthogonal components
keeps constant with the increase of the external electric field.
Therefore, the polarization ellipse of generated THz is along
the same direction, while the intensity of the generated THz
increases with an external electric field at a certain plasma den-
sity.

In addition, the THz peak-to-peak amplitudes along the s
and p directions are measured as the weak 800-nm pulse en-
ergy is adjusted from 0.37 mJ to 0.57 mJ under the condition of
a fixed external electric field. The change of the THz peak-to-
peak amplitude with the external electric field along the p di-
rection is independent of the weak 800-nm pulse energy. How-
ever, as shown in Fig. 4(a), the s component of the THz elec-
tric field decreases as the weak 800-nm pulse energy increases.
The dispersive effect is strengthened as the plasma density in-
creases with the increase of the weak 800-nm pulse energy,
leading to the decrease of the THz electric field. Also, the
electron ion collision rate υe is proportional to 1012 s−1, i.e.,
υe ∼ 1012 s−1, implying that the electron coherent movement
is on a picoseconds scale. This movement blocks the drift-
ing electrons from tunneling ionization by dual-color pulses
and reduces the radiation of the generated THz. The dis-
persive and blocking effects become obvious as the plasma
density increases with the enhancement of the weak-800 nm
energy. Meanwhile, the velocity mismatch of the dual-color
pulses also increases due to the dispersive effect, resulting in
different phase differences between FW and SH pulses. This
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further makes the generated THz polarization rotate as shown
in Fig. 4(b). The THz polarization rotates clockwise as the
weak-800-nm pulse energy changes from 0.37 mJ to 0.57 mJ,
which provides an optical method to control the THz polariza-
tion. As is well known, the plasma is generated as the energy
of the focused laser pulse is higher than the critical pulse en-

ergy. In this process, the Kerr self-focusing effect affects the
refractive index in about 100 fs, and then the refractive index
keeps stable on a picosecond time scale under the influence of
plasma. Therefore, the modulation of THz generation induced
by preformed plasma can be realized on a femtosecond time
scale.
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Fig. 4. (color online) (a) Plots of measured THz peak-to-peak amplitude versus external electric field for s (hollow circle) and p (solid
circle) polarization for the weak 800-nm energies of 0.37, 0.47, and 0.57 mJ, respectively. (b) The THz polarization rotations with the
weak 800-nm pulse energies of 0.37, 0.47, and 0.57 mJ, respectively. Here the external electric field is at 5 kV.

4. Conclusions and perspectives
In this paper, we demonstrate that THz generation from

dual-color pulse filaments is regularly modulated by an exter-
nal electric field. The two components of the THz electric field
increase with the enhancement of the external electric field.
The THz polarization is modulated from linear polarization to
an elliptical one. Meanwhile, the rotation of the THz polar-
ization can also be achieved by adjusting the weak-800 nm
pulse energy. All the experimental results can be explained
well according to the photo-current model, thereby providing
an effective method to prove the THz generation mechanism.
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[8] Kress M, Löffler T, S Eden, Thomson M and Roskos H G 2004 Opt.

Lett. 29 1120
[9] Chen Y, Yamaguchi M, Wang M and Zhang X C 2007 Appl. Phys. Lett.

91 251116
[10] Bartel T, Gaal P, Reimann K, Woerner M and Elsaesser T 2005 Opt.

Lett. 30 2805
[11] Dudovich N, Smirnova O, Levesque J, Mairesse Y, Ivanov M Y, Vil-

leneuve D M and Corkum P B 2006 Nat. Phys. 2 781
[12] Xie X, Dai J and Zhang X C 2006 Phys. Rev. Lett. 96 075005
[13] Li M, Li W, Shi Y, Lu P and Zeng H P 2012 Appl. Phys. Lett. 101

161104
[14] Wu J, Tong Y, Li M, Pan H and Zeng H P 2010 Phys. Rev. A 82 053416
[15] Li M, Pan H, Tong Y, Chen C, Shi Y, Wu J and Zeng H P 2011 Opt.

Lett. 36 3633
[16] Dai J, Karpowicz N and Zhang X C 2009 Phys. Rev. Lett. 103 023001
[17] Cook D J and Hochstrasser R M 2000 Opt. Lett. 25 1210
[18] Kim K Y, Glownia J H, Taylor A J and Rodriguez G 2007 Opt. Express

15 4577
[19] Chen Y, Wang T, Marceau C, Théberge F, Châteauneuf Marc, Dubois
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