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Air-plasma is a convenient and table-top source for the broadband and coherent terahertz (THz) wave
generation. However, the lack of enhancement and frequency-selecting methods for this source impedes its wide
applications. Dealing with this issue, here we demonstrate a unique methodology using two spatially crossed
air-plasmas. THz yields can be significantly enhanced by a factor of 7 when the two temporally overlapped
THz waves are in-phase or nearly eliminated when in antiphase. This enhancement could be interpreted by
using the four-wave mixing model. Meanwhile, the spectral interference of the THz amplitudes is observed
and reconstructed. It enables the frequency-selectable narrow-band THz output under the suitable time delays
between the two air-plasmas. These results overcome the saturation and suppression of the plasma-based THz
technology and emphasize that the coherence between the THz emissions from the two filaments is a prerequisite
of our methodology. Our research provides an unusual approach in enhancing and engineering the THz wave and
can help to gain more insight into the mechanism of plasma-based THz generation.
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I. INTRODUCTION

Laser induced air-plasma is a powerful and convenient
broadband terahertz (THz) source with promising applica-
tions, e.g., the nondestructive testing [1], remote sensing [2],
near-field imaging [3], ultrafast switch [4], dynamic control
[5], and biodetection [6]. Generally, this source benefits from
many aspects. For instance, by focusing the femtosecond
laser and its second harmonic into the ambient air, molecules
are ionized to form a long plasma channel (filament) and
emit THz waves conveniently. In addition, the coherent THz
emission covers the elusive THz frequencies, enabling a
broadband-spectrum detection with high-sensitivity. Another
benefit is that the plasma functions as a radiation medium that
avoids the laser damage threshold to withstand a higher field
strength. However, there also exists some practical challenges
to the wide applications of the plasma-based THz source,
especially the lack of effective approaches for its enhancement
and modulation. For example, the most intuitive way to boost
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the THz yield is to increase the laser input. The question is that
of if the filamentation of the laser will lead to a saturation of
the laser field strength, i.e., the intensity clamping [7]. Simply
increasing the laser energy mainly extends the filament length
and can hardly increase the plasma density [8]. Researchers
observed the saturation or even suppression of the THz output
when increasing the laser input energy [9,10].

Since ionization of molecules is involved in the generation
process [11], plasma-based THz generation is sensitive to
the spatial shape of the optical pulses as well as the formed
plasmas [12,13]. Overlapping laser beams have been proposed
to carve the space-time property [14] to build the plasma pho-
tonic crystal [15] and plasma grating [16—19]. This concept
has been partially conducted in enhancing and engineering
the THz wave by multiple filaments. Nowadays, a variety
of arrangements of filaments, such as in collinear, parallel,
and crossing geometries, have been extensively studied in
realizing the modulation of THz waves. The collinear ar-
rangement of two filaments can greatly suppress the THz
output [20,21], which might be induced by the depletion of
the neutral molecules [20] or collective absorption [22,23].
A recent study on collinearly propagating dual-color pulses
and a following pulse reported a surprising enhancement of
the THz outputs [24], while unfortunately it only works well
under pJ-scaled laser input and the enhancement decreases
dramatically when the laser becomes intense [25]. Parallel
filaments have been demonstrated to create a coherent synthe-
sis of THz beams and to alter the emission direction [26,27].
The crossed bifilaments were shown to enhance the nonlinear
interaction [16—18], generate a THz wakefield [28], vary an-
gular and polarization properties [29], modulate the spectrum
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FIG. 1. (a) Schematic illustration of the experimental setup. BS 1-2: beam splitter. HWP: half-wave plate. TFP: thin film polarizers. Len
1-2: focusing lens. BBO 1-2: Type-I B-barium borate crystal. OPM 1-2: off-axis parabolic mirrors. HR Si: high-resistivity silicon plate. QWP:
quarter-wave plate. WP: Wollaston prism. BPD: balanced photodiodes detector.

[30], and suppress the THz emissions [31,32]. These studies
revealed the promising potentials of the overlapped filaments
in controlling the THz wave, whereas the high laser intensity
seems to place restrictions on its wide range of applications.

In this work, we demonstrate the enhancement and fre-
quency selecting of THz emission by using two spatially
crossed filaments. The intensity of THz emission from two
temporally overlapped and spatially crossed filaments can be
strongly enhanced by a factor of 7 when the two individual
THz waves are in-phase, or nearly eliminated when they are
in antiphase. This enhancement can be interpreted using the
four-wave mixing (FWM) model [33]. Parallel snapshots on
the filament show significantly brighter fluorescence from
the temporally and spatially overlapping regions, indicating
a great increase of the electron density and the plasma fre-
quency therein. By changing the time delay between the two
plasmas, the interference pattern of the THz spectra can be
observed and qualitatively reconstructed. It leads to a shift
of the central frequency, resulting in a frequency-selectable
narrow-band THz output under suitable time delays. These
results suggest that coherence between the THz emissions
from the two filaments is a prerequisite of our methodology.
Our findings pave an all-optical way to actively enhance and
modulate the THz waves by controlling the phase and time
delay between two crossed filaments.

II. EXPERIMENTAL METHOD
A. Experimental setup

Our experiment was performed with a Ti:sapphire laser
capable of delivering 800 nm, 5.4 mJ, and 100 fs pulses at
a repetition rate of 1 kHz. The experimental setup is sketched
in Fig. 1. The laser pulse was split into three beams, where
beams 1 and 2 both passed through a lens with a focal length
of 25 cm and a 100-um-thick type-I B-barium borate (BBO)
crystal. When the laser pulse is focused to ionize gaseous

molecules to produce the filament, the position of the filament
will change with the incident laser energy, thereby affecting
the spatial overlap of the two filaments. Therefore, we kept the
incident laser energy unchanged throughout the measurement
to avoid the spatial displacement of the two filaments intro-
duced by the variety of laser intensity. The peak laser intensity
of the fundamental pulse and its second harmonic was esti-
mated to be about 7.2 x 10'* W/cm? and 7.2 x 10'> W/cm?
of each input beam, respectively. The crossing angle between
the two incident beams was measured to be 13 degrees. By
fixing the arrangement of beam 1 and varying the light path
of the delay line 1, the time delay #; could be adjusted con-
tinuously to realize the temporal separation and coincidence
of the two filaments. A high resistivity silicon plate (HR-Si)
was used to block the 800-nm and 400-nm pulses and transmit
the THz wave. Beam 3 was used to detect the THz waveform
by electrooptic sampling (EOS) techniques. The pump-probe
time delay 7, could be adjusted by moving the delay line
2. During the measurements, the fluorescence of the plasma
was recorded by a charged-coupled device (CCD) placed in
parallel above the filaments.

B. Collection of the THz emissions

To collect and measure the THz wave generation from the
two filaments, we used a pair of 90 degree off-axis parabolic
mirrors (Thorlabs, MPD249-MO1). The reflected focal length,
diameter, and thickness of the parabolic mirror, all defined in
Fig. 2(a), is 101.6 mm, 50.8 mm, and 62.8 mm, respectively.
The numerical aperture of the parabolic mirror is calculated to
be ~0.22. We measured the spanning angle of the THz emis-
sions, both from each single filament and from two-crossed
filaments using a Golay cell detector [34]. The spanning angle
of the THz emissions from the single filament was about
5 degrees, which is in general agreement with the previous
report [10]. As shown in Fig. 2(a), two sets of rays were
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FIG. 2. (a) The propagation of two sets of rays from the focal of
the parabolic mirror in the side view. The spanning angle is about
23 degrees. (b) The longitudinal profile of the two sets of rays at the
surface o of (a). R, and R, are the simulated radii of the two rays.

used to demonstrate the reflection of the THz waves radiating
from two filaments through an off-axis parabolic mirror. The
angle between the propagation directions of the two filaments
was 13 degrees. Considering that the filaments are located at
the focus of the off-axis parabolic mirror, we could simulate
the propagation directions of the two sets of rays to show the
propagation and collection of the THz waves in our exper-
iment. In Fig. 2(b), we offer the longitudinal profile at the
surface o of Fig. 2(a), which provides the THz wave propaga-
tion (the two red areas) at the projection plane of the off-axis
parabolic mirror. The simulated radius of the two THz wave
beams were R; = 8.5 mm and R, = 8.95 mm, respectively. In
addition, as was reported in our previous research [34], when
the two crossed beams are overlapped in time, the propagation
direction will change to being along the central line of the two
laser pulses, resultingin a smaller spanning angle of the THz
wave emission from the two-crossed filaments than that from
two single filaments. Meanwhile, the THz wave generation
from only beam 1 or beam 2 was collected by placing a screen
to block the other incident beam. It helps to confirm that the
off-axis parabolic mirror is capable of collecting all the THz
emissions during the experiments.

III. RESULTS AND DISCUSSIONS
A. Enhancement of the THz output

As shown in Fig. 3(a), we compared the snapshots of the
fluorescence from two spatially crossed filaments obtained by
the CCD camera for some specific time delays when #; is
+ 0.8, & 0.4 and 0 ps. Obviously, when the two filaments
are coincident in time (f; =0 ps), an extreme high-bright
filament can be generated in the spatially overlapping re-
gion, denoting a considerable increase of the plasma density.
To better reveal the increasing process, the integrated flu-
orescence intensity per millisecond versus time delay #; is
calibrated and illustrated in Fig. 3(b). When the time interval
between beams 1 and 2 is more than 0.2 ps, the fluorescence
intensity hardly changes with time, showing a relatively flat
intensity evolution. In this case, whether beam 1 or beam 2
produces the plasma before the other, there is no observable
difference in the produced fluorescence. Compared with the
filament properties in Fig. 3(a), it can be found that the spatial
structures of the two filaments are also almost the same at
+ 0.8 ps. However, when the two light paths coincide in
time, the fluorescence intensity increases sharply by a factor
of about 200 times. Although the intensity of the fluorescence
cannot directly correspond to the specific value of the plasma
frequency, the increasing fluorescence reflects that the overlap
of the two filaments can dramatically increase the electron
density.

The generated THz waveforms are measured syn-
chronously, as shown in Fig. 3(c). When the two filaments are
separated in time, the sequence of the two main peaks can
be clearly observed from the time domain spectra. Among
them, the main peak around the time delay #, = 4 ps is the
THz waveform generated by beam 1. With the change of the
time delay ¢, the THz wave that moves in the time domain is
generated by beam 2. The time-domain THz wave in Fig. 3(c)
presents two waveforms in sequence. An observable interac-
tion occurs between the two waveforms, which is discussed
later. It is worth noting that, when the two filaments coincide
in time and space, the THz emission will be significantly
enhanced.

In Fig. 3(d), we show the THz waveform and the
Fourier-transformed spectra generated when the two filaments
coincide in time and space. The independent THz wave gen-
eration from beams 1 and 2 are also provided in the inset
for comparison. Interestingly, the measured THz amplitudes
from the two crossed filaments are larger than the coherent
superposition of the two distinct ones. For the two identical
THz sources, if the coherent synthesis efficiency of the two
reaches 100% (with no loss), the instantaneous field strength
of the combined THz wave will be the coherent superposition
of the two field strengths and the synthesised intensity should
be four times that of the single channel [26]. However, as
shown in Fig. 3(d), the THz wave intensity is enhanced by
about seven times relative to the single channel.

When the two-crossed laser beams are overlapped in time,
both the emitted fluorescence and the THz wave generation
will exhibit a strong enhancement, while the enhancement of
the first is much greater than the second. The temporally over-
lapped two-crossed laser beams can generate a plasma grating
to greatly increase the third-order nonlinearity [16—18].
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FIG. 3. (a) Snapshots of the fluorescence are obtained by the CCD camera when the time delay 7, between the two filaments is
—0.8,—-0.4,0,0.4,0.8 ps. [(b), (c)] are the experimental results of the accumulated fluorescence and THz waveform from the two crossed
filaments as a function of time delay #,. (d) Typical waveform and spectrum of the THz pulses generated from only the beam 1 (blue line), only
the beam 2 (black line), and both the two beams (red line) when the time delay #; = 0.

Research compared the emissions between the THz wave and
third-order harmonic generation from air-plasma [35]. How-
ever, the formation of the plasma grating is sensitive to the
crossing angle between the two filaments [18]. In our exper-
iment, we did not observe a significant structure of plasma
grating due to the relatively large crossing angle between the
two filaments.

Indeed, the enhancement of the generated THz output can
be explained qualitatively using the four-wave mixing (FWM)
model [33]. According to this model, the amplitude of the THz
wave can be expressed as

ETHz X/ IZwIw Cos @, (1)

where ¢ is related to the relative phase difference between
the two colors, I, and I, are the powers of the FW and SH,
respectively. In our experiments, the powers of the incident
800 nm and 400 nm are adjusted to be the same for the two
laser beams, i.e., the incident powers of the two colors are
doubled in the crossed filaments. Therefore, the THz ampli-
tude from the two filaments will be enhanced by a factor of
2 x /2 ~ 2.8 according to Eq. (1). The corresponding THz
energy yield is increased by a factor of 2.8 = 7.84 times,
which is relatively close to the experimental observation.
The divergence between the FWM model predictions and the

experimental measurements might be caused by an incom-
plete overlap between the two filaments.

It should be noted that this approach avoids the analysis
of the specific electric field distribution and the interference
between the two beams. Generally speaking, a femtosec-
ond laser propagating in air results in the laser intensity
clamped less than 10'* W/cm? [36]. However, when the
focusing laser energy is very high [37] or when the laser
is tightly focused [8,38,39], this clamping intensity can be
exceeded. Specifically, a plasma grating generated from two
crossed laser beams has been reported to create an extremely
high laser intensity exceeding 4.9 x 10'* W/cm? [17] and
the corresponding intensity interference was discussed in
Refs. [16-18,40]. The question is that, for the laser filamenta-
tion, the peak intensity of the two-filaments seems to be only
increased by roughly 30% [41], which creates difficulty in
estimating the actual field strength in plasma.

B. Frequency selection of the THz wave

Figure 4(a) exhibits the Fourier-transformed THz spec-
tra from the two crossed filaments under different time
delays #; in Fig. 3(c). Obviously, as we change #; con-
tinuously, a signature of the spectral interference can be
found on the frequency-dependent THz spectra. Assuming
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FIG. 4. [(a), (b)] are the normalized experimental and simulating results of the Fourier transformed THz amplitudes from the two in-phase
crossed plasmas as a function of the time delay #; and THz frequencies. (c) Demonstration of the frequency-selectable narrow-band THz output
(normalized) when the time delay #, is 0.8, 1.0, 1.2, 1.4, and 1.6 ps. (d) The simulation of (c).

that the THz field strength of the two filaments is E; »(2, ¢) =
{E1 2(2) exp(iwt )}re with the subscripts 1 and 2 indicating the
beams 1 and 2, the combined field strength E.on (€2, #;¢1) can
be written as

Eeom(2,1511) = {[E1(R2) + E2(2) exp (i1 + iAP(R2))]
exp (i€27)}Re, )

where Q is the THz frequency, #; and A¢(S2) is the time
delay and the frequency-dependent phase difference between
the two THz waves.

Therefore, the frequency $2-dependent combined field
strength from the two in-phase (A¢ =~ 0) crossed plasmas can
be further expressed as

Ecom($2;11) = E1($2) + Ex(§2) cos(L21y). 3

By using Eq. (3) and the THz wave amplitude generated sepa-
rately from the two beams, we can simulate the combined THz
amplitude, as shown in Fig. 4(b). High agreement is achieved
between the experimental and simulating results, and the main
features of spectral interference, such as the frequencies of
the maxima and minima amplitudes, are quantitatively recon-
structed. The observed spectral interference demonstrates the

coherence between the two THz waves generated from the
two-crossed filaments [42,43].

Due to this inherent coherence between the two THz
waves, it can help to provide a frequency-selectable narrow-
band THz output. It should be noted that here the output
frequency is not changed or newly generated, but we just
select some frequencies from the entire broadband plasma-
based THz emissions. In Fig. 4(c), we demonstrate the ability
of selecting the narrow-band THz radiation with a tunable
central frequency from the broadband THz emissions. When
the time delay #; is tuned to be 0.8 ps, the central fre-
quency of the spectral amplitude locates around 1 THz, and
when the two beams are gradually separate to 1.6 ps in
time, the central frequency shifts to 0.66 THz. In a sense,
the later THz wave in a time series is somewhat like an
echo of the previous one [44]. The time delay and coher-
ence between the two THz waves ensure the elimination for
some specific frequencies of THz waves. The resulting THz
spectra with the time delay #; ranging from 0.5 to 1.6 ps
shows that the coherent superposition of two plasma-induced
broadband THz waves can achieve a narrow-band THz out-
put. The simulation in Fig. 4(d) reproduces this result as
well.
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FIG. 5. [(a), (b)] are the normalized experimental and simulating results of the Fourier transformed THz amplitudes from the two crossed
plasmas in antiphase as a function of the time delay #, and THz frequencies. The black dashed lines pinpoint the dephasing time delays of the
THz wave. (c) Comparisons of the THz waveforms generated from the beam 1 (blue line), the beam 2 (black line), and the two-beam generated
THz waves with the antiphase (red line). (d) The Fourier transformed THz spectrums of (c) and the simulated THz wave (yellow line).

In general, any two coherent waves will have a relative-
phase-dependent intensity distribution, such as the interfer-
ence pattern of light emitted from two point sources. In fact,
our result shares a similar concept, except that the object of
the present study changes from the spatial coherence to the
spectral coherence. When the two filaments are separately
generating in time, the propagation direction of the two fil-
aments and the radiated THz waves are roughly independent
of each other, leading to a spectral interference of the THz
wave. This result suggests that the two-crossed beams have
little effect on plasma generation when they are temporally
separated.

Note that there exists some discrepancy between the ex-
perimental and simulated results in Fig. 4, especially on the
THz wave generation when the two crossed filaments are
overlapping in time. This is because, when the two-crossed
beams for THz wave generation are separated in time, the
measured THz signal exhibits a spectral interference of THz
pulses by the two filaments (each has a different propagation
direction). However, when the two-crossed filaments overlap
in time, the direction of the generated THz wave will change
to mainly along the central line of the propagation directions
of the two laser pulses, rather than from the two separate

filaments. The different behaviors of THz wave generation
from the two-crossed filaments is determined by the time
delay between beam 1 and beam 2.

C. Antiphase-induced depletion of THz output

Next, we will show the time delay #,-dependent Fourier-
transformed THz amplitude when the two identical THz
waves are in antiphase, as is illustrated in Fig. 5(a).

Experimentally, we kept the light path of beam 1 un-
changed and achieved an inversion of the THz waveform from
beam 2 by changing the distance from the BBO 2 crystal to
the crossed filament, which introduced an additional phase
between the two colors [45]. The spectral interference can also
be found under different time delays of #;, which are similar
to those in Fig. 4. Following the derivation of Eq. (3), the
combined field strength E/  (£2) for the superposition of two
THz waves in antiphase reads as

El . (Q) = E{(Q) + E2(Q) cos (11 + Ap(Q)).  (4)

Figure 5(b) demonstrates the simulation results by using
Eq. (4). Note that when #; = — 0.12 ps, the THz wave almost
disappears in both the experimental result and the simulation.
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We compared the experimentally generated THz waves from
beam 1, beam 2, and both beams (with the time delay f,
equaling to be —0.12 ps), as shown in Fig. 5(c). Interestingly,
the enhancement of the THz output takes place when the time
delay #, is O for the in-phase THz waves’ conditions, while the
interference elimination of the THz radiation occurs when the
time delay #; approximates to —0.12 ps in Fig. 5. The main
reason ofor this delay between the in-phase and in antiphase
results is that the position of BBO 2 has moved, resulting
in the differences between the THz amplitudes [as shown in
Fig. 5(d)], and the phase difference A¢ does not strictly equal
 under different frequencies. Therefore, we use the actual
phase difference of A¢ instead of the simple 7 in simulating
the experimental results.

The previous experiments using two spatially and tempo-
rally overlapping filaments generated by one beam (800 nm)
and the other of the two colors (800 nm + 400 nm) reported
a frequency modulation of the THz emission, explained as
a shift of the THz spectrum towards higher frequencies due
to the increase in plasma density [30]. Indeed, THz emis-
sion and plasma density were found to be correlated when
using the 800-nm and 400-nm scheme [46] and anticorrelated
when using the 1600 nm and its second harmonic [47]. The
relationship between THz generation efficiency and plasma
density, depending on the wavelength of the incident light,
indicates the need for a more in-depth study of the underlying
generation mechanism.

In fact, fluorescence from the two-crossed filaments can
be significantly enhanced when they are overlapped in time,
regardless of whether the THz waves radiating from the two
filaments are in phase or out of phase. This result suggests
that the strength of ionization is not necessarily positively
correlated with the strength of the THz waves we obtained.
This could be understood using the FWM model. The phase
term ¢ in Eq. (1) shares a phase difference of 7 from the

two arms of beams, resulting in an elimination of the THz
emissions.

IV. CONCLUSION

In conclusion, we demonstrate the enhancement and
central-frequency selection of THz emissions by controlling
the temporal overlap between the two spatially crossed fila-
ments. When the two crossed beams for THz wave generation
are separated in time, the measured THz signal will exhibit
a spectral interference of two independent THz pulses by the
two filaments. While, when the two crossed beams overlap
in time, the emerging plasma will generate the THz emission
mainly along the central line of the two laser pulses, rather
than from the two separate ones. The enhancement and elim-
ination of the THz emissions is observed when the relative
phases between the two colors in the two beams are in-phase
and in antiphase, both of which could be understood based
on the FWM model. The present methodology overcomes
the saturation and suppression at the high laser energy input,
and achieves an impressive enhancement of THz wave that
exceeds the coherent synthesis efficiency, which is an instruc-
tive supplementary to the state-of-the-art plasma-based THz
technology.
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