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We experimentally demonstrated that nonlinear filament
interaction could spectrally modulate terahertz (THz) radi-
ation generated from asymmetric two-color filaments. It
was the spatial plasma density modulation in plasma chan-
nels that induced the THz spectral modulation. As a result
of optical manipulation of electron density in the filamen-
tary plasma gratings, the proportion of high-frequency THz
spectra increased, while that of low-frequency THz spectra
decreased, indicating that the increase of free electron
density in the filamentary plasma grating brought about
THz frequency upshifts. © 2017 Optical Society of America
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Ultrafast laser filamentation has been extensively studied over
the past two decades for its abundant applications in various
fields such as THz generation [1], supercontinuum generation
[2,3], remote sensing [4], and electric discharge control [5,6].
Filaments are typically observed as weakly ionized channels in
the wake of laser pulse propagation, contributing to the dy-
namic balance of the Kerr focusing and plasma defocusing.
Two crossing filaments have been proposed to remotely
manipulate filamentation and nonlinear filament interactions
[7-12]. In the interacting region of two laser pulses, filamentary
interference gives rise to a plasma grating. The plasma grating
has been used to enhance the generation of the third har-
monic (TH) [10,13] and to excite atoms and molecules
[11]. Interestingly, two-color filaments could be optically con-
trolled by a single-color filament via noncollinear filament
interaction, from which plasma gratings induced observable en-
ergy transfer [9]. It is well-known that THz generation is nor-
mally achieved with two-color laser filaments involving the
fundamental-wave (FW) and its second harmonic (SH) pulses
propagating in ambient air [14-17]. It has been previously
demonstrated that the THz spectrum could be tuned by modi-
fication of the plasma density inside a single filament by chang-
ing the focal length [18]. Because the density in the plasma
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grating is periodically modulated, it is intriguing to investigate
THz spectral modulation induced by nonlinear filament
interactions.

As for THz radiation, the significant characterization is that
the typical THz spectrum (0.1-10 THz) spans beyond the
standard electromagnetic spectrum, which features distinctive
fingerprints in numerous chemical and biological materials.
Many THz spectroscopic applications require efficient modu-
lation of the THz spectrum. However, most effort has been
devoted to either electric field enhancement [19-24] or THz
polarization control [25,26], while THz spectral modulation
induced by the laser filament has so far been less explored.
To our knowledge, related works in THz frequency modula-
tion have been done either by using specific modulators to alter
the existing THz radiation [27-29], or shaping the pump pulse
profile in optical rectification technique different from THz
generation induced by two-color filamentation [30].

In this Letter, we report on the experimental demonstration
of all-optical THz spectral modulation induced by filamentary
interference. The filamentary interference occurred in the case
of two filaments with parallel and perpendicular polarizations,
respectively. The experimental results indicated that the higher
frequency components of the generated THz were enhanced,
while the lower frequency components were suppressed. Our
result experimentally supports that four-wave mixing and pho-
tocurrent effects contribute to THz generation driven by the
asymmetric two-color field.

As illustrated in Fig. 1, a Ti:Sapphire laser system based on
chirped-pulse-amplification was employed. The laser delivered
pulses with 50 fs pulse duration, 800 nm central wavelength
and 1 kHz repetition rate. The initial laser pulse with 2.2 m]
pulse energy was split into two parts with equal pulse energy.
One part passed through a frequency-doubling crystal f-BBO
(200 pm, I type) to generate SH pulses, which co-propagated
with the FW pulse to form a asymmetric two-color field for
THz generation. The other part (dubbed as the third pulse
hereafter) was employed to interfere with the FW of the two-
color pulses. All the pulses were focused by using lenses of
50 c¢m focal length. The polarization and pulse energy of the
third pulse were adjusted with a half-wave plate and neutral
density filters. The interacting filaments were precisely
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Fig. 1. Schematic diagram of THz modulation induced by the
plasma grating formed via nonlinear interaction of two 800-nm laser
pulses. ND: neutral density filters, HWDP: half-wave plate, L: lens,
BBO: f-barium borate Type-I crystal, CCD: charge coupled device,

M: microscope, EOS: electric-optic sampling setup.

synchronized by the delay line in the third pulse path. The
crossing angle of the FW and the third laser pulse was 5.5°.
A microscope (10x microobjective) equipped with a CCD was
applied on the top of the interacting filaments to record the
fluorescence image of the plasma channels. The periodically
aligned microstructures formed in the interaction region. An
opaque Teflon plate was placed behind the filaments to block
the visible laser and transmit the generated cone-like THz
radiation [31,32]. The THz pulses were refocused on a
1.5-mm-thick ZnTe crystal by using a pair of off-axis parabolic
mirrors with 101.6-mm effective focal length. The weak probe
pulse leaked from the highly reflecting mirrors was combined
with the generated THz via a Pellicle bean splitter, and then the
THz wave was detected using an electric optical sampling
method [33].

As shown in Figs. 2(a) and 2(b), the interference fringes of
the plasma grating were captured when the FW and the third
laser pulse had parallel and perpendicular polarizations, respec-
tively. The spatial period of plasma grating A was measured
to be about 8.1 pm at a crossing angle of 5.5°, which agrees
with the calculated value of 8.3 pm determined by A =
Apw /(2 sin(0/2)], where Apy is the central wavelength of
the FW pulse. So far, most experiments have considered only
nonlinear interference of two filaments with parallel polariza-
tions [7-11]. However, generation of transient plasma grating
is also possible for two perpendicularly polarized interacting
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Fig. 2. Plasma grating formed by using two cross-overlapped pulses
with perpendicular polarizations (a) and parallel polarizations (b). The
fluorescence intensities of the plasma grating with different polariza-
tions are shown in (c).
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pulses. As shown in Fig. 2(c), the fringes for parallel polariza-
tions had better contrast ratio and higher plasma fluorescence
intensity than those for the perpendicular one. The plasma gra-
ting fringes for perpendicular polarization should be attributed
to nonlinear polarization rotation induced by the birefringence.
The isotropic medium was turned into anisotropic in the in-
tense intersection region. The FW pulse induced a stronger
third-order susceptibility parallel to the laser field than that
perpendicular to the laser field [34]. As a result, the third pulse
experiences two different extra refraction indices by means of
cross-phase modulation, leading to a phase difference between
the parallel and perpendicular components. The accumulated
phase difference along the intersection region rotates the
pulse polarization from linear to elliptical. And the nitrogen
fluorescence for different polarizations indicated that the
multiphotoionization-induced plasma density was periodically
modulated in space, resulting in spatial modulation of the
refractive index. The ionization process is proportional to the
laser intensity in the interacting region. It is inferred that
the local laser intensity for parallel polarization is stronger than
that for the perpendicular one. The THz spectra could be
modulated by this kind of nonlinear interference.

In our experiments, the FW of two-color filaments was
s-polarized, and the polarization of the third laser pulse for
plasma grating generation was initially rotated to be parallel to
the FW and gradually switched to perpendicular. The THz
waveforms measured under three typical situations are shown
in Fig. 3(a). Compared with the THz electric field without
plasma grating, the amplitudes of THz electric field were de-
creased as influenced by the preformed plasma grating. When
two parallel polarized laser pulses formed the plasma grating,
THz electric field amplitude was even lower than that influ-
enced by plasma grating with perpendicularly polarized laser
pulses. Recently, Andreeva et al. [35] pointed out that both
four-wave mixing from neutrals and plasma photocurrent from
tunneling ionization contribute to the two-color filament in-
duced THz generation. Moreover, the contribution from neu-
trals by four-wave mixing is much weaker, and it occurs at
higher frequencies than the distinctive plasma with lower fre-
quency contribution. Hence, the photocurrent effect plays a
dominating role in the THz field amplitude [35]. In this
model, free electrons are stripped off from the nucleus after
tunneling ionization by an asymmetric two-color field, which
are subsequently accelerated by the residual laser field to form
nonvanishing transverse current, producing THz radiation.
As for influence of the plasma grating, energy transfer should
be taken into account. For sufficiently small incident angles in
our experimental setup, the Bragg diffraction of SH pulse is
governed by A sin(¢) = mAgy, where Agy is the central wave-
length of the incident SH pulse, ¢ is the angle between the
incident pulse and the axis of the preformed plasma grating.
The SH pulse was collinear with the FW, thus, ¢ = 6/2; this
meets the requirement for the first-order Bragg diffraction,
leading to the tight guiding of the SH. As demonstrated in pre-
vious experiments [9], part of the SH energy was transferred
to the bisector direction of the interacting region between the
two-color and the third laser filaments. It is well-known that
the THz electric field is dependent on the intensity ratio of
the two-color field [36]. Hence, the previous appropriate inten-
sity ratio was detrimentally altered because of energy transfer,
leading to lower THz conversion efficiency.
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Fig. 3. THz electric fields (a) and the corresponding normalized
spectra (b) generated by two-color filaments without plasma grating
(black curve), with plasma grating formed by parallel-polarized (red
curve) and perpendicularly polarized (blue curve) filaments, respec-
tively. The dependence of the THz amplitude at 1.52 THz (black-
squared solid curves) and 0.50 THz (red-circled solid curves) on
the relative angle (c) and pulse energy (d) of the input third pulse
to form plasma grating. The relative angle is the intersection angle
between polarization directions of the FW and the third pulses.
Dashed line indicates signals measured without plasma grating.
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We demonstrated the dependence of THz amplitudes of
different frequencies on the relative angle of polarization direc-
tions and the pulse energy of the third laser pulse. In the
normalized THz spectra Fourier-transformed from the time
domain waveforms, the three typical spectra from 0.1 to
3 THz were shown in Fig. 3(b). Influenced by interference with
parallel polarized pulses, the proportion of high frequency
components increased and that of low frequency components
decreased. Subsequently, we chose amplitudes at 1.52 and
0.50 THz in the normalized THz spectra to depict high fre-
quency (0.75-3 THz) and low frequency (0.1-0.75 THz)
variation trend as shown in Fig. 3(c). When the relative angle
varies from 0° to 90°, i.e., parallel polarizations gradually chang-
ing to perpendicular polarizations, the amplitude at 1.52 THz
keeps decreasing and amplitude at 0.50 THz keeps increasing.
And using the highest pulse energy of 1.1 m] in our experi-
ment, maximal modulation at 1.52 THz and minimal modu-
lation at 0.50 THz were observed in Fig. 3(d). It has been
experimentally reported [35] that frequency below 0.75 THz
is due to the photocurrent induced by the plasma, reaching a
peak frequency at 0.75 THz for typical free-electron density
N, ~7x 10" cm™. It is consistent with our peak frequency
of approximately 0.75 THz as shown in Fig. 3(b). And it could
be interpreted that frequency from 0.75 to 3 THz is due to
four-wave mixing contribution. In the perspective of photocur-
rent mechanism, the generated THz frequency is related to the
free-electron density for plasma determined by v = w /27 =
(N,é/mey)'/? [2r, where N, is the free-electron density
[1]. The electron density was demonstrated to increase with
the focused peak intensity before saturation near the clamped
peak intensity within the plasma channel [37]. Nonlinear in-
teraction of two femtosecond filaments could generate plasma
gratings that exceed the clamped intensity level for free electron
generation [17]. With two interacting laser pulses parallel
polarized, the peak intensity in the plasma grating is greater
compared to the plasma grating with perpendicularly polarized
pulses.

Moreover, greater electron density was generated in plasma
gratings of parallel polarized pulses than perpendicularly polar-
ized pulses. Due to the increasing free electron density, electron
frequency was shifted to higher frequency, decreasing the am-
plitudes of lower THz frequency components.

In the perspective of four-wave mixing mechanism, it ben-
efits from plasma-enhanced third-order susceptibility, leading
to the increase of the higher THz frequency component. The
third-order susceptibility enhancement could be validated by
testing the third harmonic intensity [38]. In our experiment,
the TH spectrum at the end of two-color filaments was sepa-
rated by using one fused silica prism and detected with a high-
resolution spectrometer. Figure 4 compares the TH spectra
surrounding the central wavelength of 266 nm with and with-
out the third infrared laser pulse to preform plasma grating.
Influenced by plasma grating preformed with parallel polarized
pulses, the TH amplitude was remarkably stronger. TH inten-
sity slightly increased under the influence of plasma grating pre-
formed by perpendicular polarization. The increasing plasma
density for parallel polarized plasma grating improved the third-
order susceptibility, bringing about enhanced TH intensity.
The relationship between the TH and THz spectra could be
explained as follows: the enhanced TH spectra could be parti-
ally actributed to the enhanced third-order susceptibility.
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Fig. 4. Third harmonic spectra with and without plasma grating.
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Because rectification by four-wave mixing contributes to high
frequency components of THz radiation, TH spectra could be
a hint of the corresponding THz ones. The results roughly
matched with the corresponding THz spectra, which justified
the important role of four-wave mixing in the two-color
filament induced THz generation.

In conclusion, we demonstrated an all-optical method to
modulate the THz spectrum as electron density was changed
by filamentary interference. The proportion of high frequency
components increased, while that of low frequency components
decreased in the THz spectra. Our experiment supports the
hypothesis that both four-wave mixing and photocurrent
mechanisms contribute to THz generation driven by the asym-
metric two-color field, which agrees with the theory. Both
contributions could be modulated by nonlinear filament inter-
action with a third pulse. The high frequency above 0.75 THz
covers most of the crystalline phonon vibrations, torsional
deformations, and intermolecular bonding. It provides unique
sensitivity to lattice structure enabling qualitative and quanti-
tative analysis of crystalline and amorphous materials. This
kind of approach may benefit applications in the field of THz

SPectroscopy.
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