AAAS

Ultrafast Science

Volume 2021, Article ID 9892763, 17 pages
https://doi.org/10.34133/2021/9892763

Review Article

Ultrafast Science

A SCIENCE PARTNER JOURNAL

Broadband THz Sources from Gases to Liquids

Yiwen E(®," Liangliang Zhang,”> Anton Tcypkin,’ Sergey Kozlov (), Cunlin Zhang,’

and X.-C. Zhang ('

"The Institute of Optics, University of Rochester, NY 14627, USA
“Department of Physics, Capital Normal University, Beijing 100048, China

ITMO University, St. Petersburg 199034, Russia

Correspondence should be addressed to X.-C. Zhang; xi-cheng.zhang@rochester.edu

Received 31 March 2021; Accepted 8 May 2021; Published 7 July 2021

Copyright © 2021 Yiwen E et al. Exclusive Licensee Xi’an Institute of Optics and Precision Mechanics. Distributed under a Creative
Commons Attribution License (CC BY 4.0).

Matters are generally classified within four states: solid, liquid, gas, and plasma. Three of the four states of matter (solid, gas, and
plasma) have been used for THz wave generation with short laser pulse excitation for decades, including the recent vigorous
development of THz photonics in gases (air plasma). However, the demonstration of THz generation from liquids was
conspicuously absent. It is well known that water, the most common liquid, is a strong absorber in the far infrared range.
Therefore, liquid water has historically been sworn off as a source for THz radiation. Recently, broadband THz wave generation
from a flowing liquid target has been experimentally demonstrated through laser-induced microplasma. The liquid target as the
THz source presents unique properties. Specifically, liquids have the comparable material density to that of solids, meaning that
laser pulses over a certain area will interact with three orders more molecules than an equivalent cross-section of gases. In
contrast with solid targets, the fluidity of liquid allows every laser pulse to interact with a fresh area on the target, meaning that
material damage or degradation is not an issue with the high-repetition rate intense laser pulses. These make liquids very
promising candidates for the investigation of high-energy-density plasma, as well as the possibility of being the next generation

of THz sources.

1. Introduction

With tremendous advancements in laser technology, light-
induced ionization in matter including gases [1-6], clusters
[7-9], liquids [10-16], and solids [17-20] has attracted con-
siderable interest in generating coherent, intense, and broad-
band terahertz (THz) waves via nonlinear processes. When a
laser intensity is above the ionization threshold, abundant
electrons and ions are created [21-23]. These charged parti-
cles can generate transient currents radiating electromagnetic
(EM) waves, which cover the spectrum from microwaves to
X-rays [2, 24, 25]. The laser-induced air plasma has become
one of the most popular THz sources, generating THz waves
with a field strength over the MV/cm level under two-color
(fundamental and its second harmonic beams) optical excita-
tion [26, 27]. This opens up a new avenue of extreme THz
science [28]. Moreover, detecting fluorescence and acoustic
waves from a plasma is crucial in characterizing the process

of laser-matter interaction. With an external THz field, the
fluorescence and acoustic wave of a plasma can be enhanced
via the collision process of accelerated particles. THz
radiation-enhanced emission of fluorescence (THz-REEF)
[29-31] and THz field-enhanced acoustics (TEA) [32, 33]
have been demonstrated for detecting broadband and coher-
ent THz waves remotely.

THz wave generation from air plasma was firstly
observed by Hamster et al. [1] in 1993 by focusing optical
beams into a small volume of ambient air. It is awe-
inspiring due to its simplicity. A THz source is achieved by
using only one single lens. The photoexcited electrons in air
plasma experience a ponderomotive force due to the
density-gradient distribution, moving towards the areas with
lower electron density. Since electrons cannot move faster
than the laser beam, the plasma density is kept identically
in the laser propagation direction resulting in that electrons
are accelerated in the backward direction to create a dipole
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along the direction of laser propagation [1, 2, 34]. The THz
wave emitted from the single-color air plasma shows a coni-
cal energy distribution [35].

In 2000, it was reported by Cook and Hochstrasser [3]
that the generation efficiency of THz waves from laser-
induced gas-plasma is significantly enhanced under two-
color excitation. This technology is a milestone in the THz
community due to its capability of generating an intense
THz pulse with a peak field of over MV/cm as well as an
ultrabroad bandwidth. For the two-color air plasma, THz
wave can be coherently controlled by individually tuning
the polarization and phase of each optical beam [5, 36, 37].
The generation process and the capability of coherent control
can be interpreted by a four-wave mixing model [3, 5], a tran-
sient current model [38-40], and a full quantum mechanical
model numerically solving the time-dependent Schrédinger
equation [41]. In the reciprocal process, ionized gas matter
with a high third-order susceptibility is correspondingly used
to detect ultra-broadband THz pulses through the process of
THz field-induced second harmonic generation [42, 43]. The
THz air-biased coherent detection (THz-ABCD) is capable
of detecting the entire THz spectrum without the limitation
of the phonon absorption existing in crystal detectors [44].

To boost THz generation efliciency, some efforts have
been done in ionized noble gases [45] and atomic clusters
[8, 9]. However, further studies reveal electron density satu-
ration and laser intensity clamping effects [46, 47]. Mean-
while, plasma produced in solid material shows advantages
in generating intense THz waves. In 2008, Sagisaka et al.
firstly reported THz wave generation from moving electrons
on a solid target surface [48]. From then on, the record of
THz pulse energy has been constantly created in solid targets
[17]. Recently, it has been observed by Liao et al. that THz
pulse energy exceeding millijoule (m]) is generated from
picosecond laser-irradiated metal foils [18]. For a solid target,
it is difficult to realize a continuous replenishing for each
pulse. Usually, the target is replaced for each pulse. The
single-shot measurement is needed for detecting the signal.
Instead, liquid targets can be circulated easily by adding a
pump system. The recent demonstration of THz wave gener-
ation from liquid targets has attracted considerable attention
due to its superiorities.

The demonstration of using liquids as a THz source
was firstly reported in different geometries by two groups
in 2017. Jin et al. observed THz wave generation from a
thin, free-standing water film [10]. Dey et al. reported
THz wave generation from ionized liquids by focusing
intense laser into a cuvette [11]. With successive studies
[12-15, 49-51], THz wave generation from liquids shows
different properties comparing to that from other targets.
In this paper, we review recent studies of THz wave gen-
eration from flowing liquid targets as well as the ultrafast
dynamics of liquids under intense THz excitation. A com-
parison of THz wave generation from air plasma and lig-
uid plasma is also provided. Different liquids as THz
sources are discussed in detail. Terahertz liquid photonics
shows a potential to develop new-type THz sources and
also offers a new perspective to investigate the process of
laser-liquid interaction.
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FIGURE 1: A typical THz two-color air plasma system. The laser
beam is split into the pump beam and probe beam. The air plasma
is produced by focusing the pump beam. One BBO crystal is
inserted to create the second harmonic pulse. The THz signal is
detected via electro-optic sampling (EOS).

2. THz Wave Generation from Air

The THz generation process in air plasma is intimately tied
with gas ionization; it requires that the intensity of the optical
pulse is greater than 10'>W/cm”. This can be achieved
through geometric focusing of intense laser pulses with lenses
or curved mirrors. When the pulse intensity exceeds the ion-
ization threshold, a plasma channel with a mm to cm length
is formed in air. This plasma channel stabilizes the beam at
very small diameters (30 to 100 um) and maintains high
intensities over ranges much longer than the Rayleigh length
of a traditional, geometrically focused beam. The THz wave is
emitted by the transient current formed in the air plasma.
Figure 1 shows the schematic of a typical two-color air
plasma system. The femtosecond laser beam is split into the
pump beam and the probe beam. The pump beam is focused
into air to create an air plasma, generating THz waves. After
passing through THz filters, the THz signal is coherently
measured by the probe beam via either electro-optical sam-
pling (EOS) or ABCD. The excitation by using one funda-
mental beam is known as single-color excitation. Two-color
excitation is realized by inserting a frequency doubling crys-
tal, usually beta barium borate (BBO), into the focused pump
beam to generate the second harmonic pulse. Then, both fun-
damental and its second harmonic beams are focused into air
to create a plasma. Comparing to the THz signal under
single-color excitation, the THz field from two-color air
plasma is 3 orders higher with a much broader bandwidth.

3. THz Wave Generation from Water

Compared with gaseous material, liquids are easier to be ion-
ized due to the relatively low critical potential [52-54]. As the
most common liquid on Earth, water has strong cohesion,
adhesion, and surface tension, which are beneficial in form-
ing a free-standing liquid target with a smooth surface. It is
also colorless, transparent, chemically stable, nontoxic, and
inodorous. These properties make water one of the ideal
objects for the research community. Besides, water is an
excellent solvent for a wide variety of substances. To study
the THz wave generation from water, the same setup as
shown in Figure 1 is employed and a thin liquid target is
inserted at the focal point. Instead of an air plasma, ioniza-
tion in liquid is created.

3.1. Flowing Liquid Targets. Solid and liquid materials have a
similar molecular density, which is about 3 orders higher
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F1GURE 2: Liquid targets and the liquid system. (a) A gravity-driven water film. The thickness is 210 ym. (b) A pump-driven water line with a
diameter of 260 ym, which is guided by a syringe needle. (c) A home-built liquid system, which needs only 50 ml water for several hours

running. A syringe is used as a jet for producing a liquid line.

than that of gas at the standard ambient temperature and
pressure. However, it is hard to reproduce the results because
of the target surface degradation under intense laser excia-
tion. Instead, the fluidity of a liquid target is able to provide
a fresh area for each pulse. Benefiting from this, the influence
between optical excitation pulses can be eliminated. Using
liquid targets as sources has been studied for decades in the
generation of extreme ultraviolet radiation and X-ray for
the requirement of the laser-induced high-density plasma
[55-57]. For THz wave, however, most liquids show very
strong absorption. Such as the most common liquid—water,
the absorption coefficient at 1THz is about 220cm™"' [58,
59]. In order to reduce absorption of the THz signal in water,
the target with a thickness less than 500 ym is required for
THz wave generation [10].

The flowing target can be driven either by the gravity or
by a pump. Figure 2(a) shows a gravity-driven water film,
in which the film is guided by two parallel metal wires.
The transparency in the visible range of the film indicates
a thin thickness as well as the smoothness of the film sur-
face. The surface tension of liquid water is relatively high,
which is able to support a film with thickness in several
micrometers. The thickness of the film can be tunable by
varying the flow rate or the gap between the parallel wires.
A higher flow rate produces thicker films. A liquid jet is
another way of making a flowing target. A circulating sys-
tem can be easily made by pumping liquids from a collect-
ing reservoir to nozzles. The liquid jet can be shaped by the
nozzle shape. Figure 2(b) shows a pump-driven water line.
In this case, a syringe needle with an inner diameter of
260 ym works as a nozzle. Figure 2(c) is a home-built liquid
line system, which consists of a peristaltic pump, a jet
(syringe needle), a liquid reservoir, and some pipes. This
system is compact and easy to be built, which is able to
produce the liquid lines with diameters from 90um to
510 ym by using different syringe needles. Moreover, a test
with hours of operation shows that it only needs 50 ml liq-
uid material in the circulating system. Also, the liquid line
from this system is very stable and has an excellent
liquid-air interface. It should be noted that the smoothness
of the liquid target surface is important to get a better focus
of the laser beam without too much scattering.

To calibrate the thickness of a water film precisely, we can
use an optical autocorrelation system by inserting the film
into one of the two laser beams [60]. Figure 3(a) shows the
measured results. The black line is the original signal from
the autocorrelation system without a water film. After insert-
ing the water film, the signal peak in time domain delays to a
certain position because of the different optical path caused
by the water film. The peak position moves linearly with
the increase of the film thickness. Figure 3(b) shows the linear
dependence of the thickness on the flow rate. In our case, the
thickness of the wire-guided water film can be varied contin-
uously from 50 ym to 350 ym. The accuracy of the controlled
film thickness is within 20 ym.

3.2. Single-Color Optical Excitation. THz wave generation
from liquids was firstly demonstrated under single-color
excitation. Because the thickness of a liquid target is much
thinner than 1 mm, to confine most pulse energy in the tar-
get, the length of ionization region should be shorter than
the thickness. Therefore, creating a microplasma in the liquid
is needed by focusing a laser beam via a high-numerical aper-
ture (NA) objective [34].

Figure 4(a) is a photo of a microplasma induced by a
0.85NA air immersion microscope objective in ambient
air, where the laser pulse energy is 65 yJ. The fluorescence
spot at the focal point is shown in Figure 4(b). These lon-
gitudinal and transverse sizes of this microplasma are
smaller than 30 ym, which are measured by an iCCD cam-
era. Figure 4(c) is the measured THz field as a function of
the THz emission angle. The direction of the maximum
THz emission is nearly perpendicular with respect to the
optical axis. We attribute this sideways THz radiation to
the steep ponderomotive potential at the focal plane,
which accelerates the free electrons created by photoioni-
zation. The comparison of microplasmas with the elon-
gated plasmas is summarized in Table 1. The concept of
a microplasma is employed for exploring THz wave gener-
ation from thin liquid targets, meaning a lens with a short
focal length is used in the setup.

Because of the high molecular density, scattering and
nonlinear effects in water are much stronger than those in
air. By focusing a laser beam with the same pulse energy
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FiGure 3: Calibration of the water film thickness. (a) The original
(air) signal from the autocorrelation system is plotted in the black
line. With the water film inserted in one of the two laser beams of
the autocorrelation system, the signal peak will move linearly with
the increase of film thickness. (b) The linear dependence of the
film thickness on the flow rate. The thickness of the water film can
be continuously varied from 50 ym to 350 pm.

and pulse duration, the fluorescence is much brighter in
water. Figure 5(a) is a photo of a flowing water line, which
is ionized by a tightly focused laser beam. Here, a 2-inch focal
lens is used. By using a traditional THz time-domain spec-
troscopy system, a THz waveform is measured in the forward
direction (laser propagation direction). Figure 5(b) shows a
typical THz pulse emitted from water. This signal is detected
via EOS, which has a dynamic range over 1100 and a signal-
noise ratio (SNR) better than 300 when the pump pulse
energy is 0.4m]. Here, the dynamic range is calculated by
the ratio of the signal peak level and the noise level of the sys-
tem (the minimum signal of the system), which indicates the
detection range of a system. And the SNR is calculated by the
ratio of the maximum signal and the fluctuation of the max-
imum signal itself, which describes the stability of a system.
The relatively low SNR mainly results from the vibration of
the liquid target surface. The inset shows the corresponding
spectrum. The central wavelength is close to 0.5 THz, which
is limited to the strong water absorption at higher frequency.
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In contrast to gas target without interfaces, the liquid and
solid targets bear the target/air interfaces in the generation
process. Because most solid metal targets are not transparent
to the optical laser beam and THz wave, the detection is gen-
erally conducted in a reflection geometry. For a free-standing
transparent liquid target, the transmitted geometry is in
favor. The system can be optimized by air plasma first, and
then, it can be switched for studying of the liquid generation
process by inserting a liquid target at the focus without
changing other optical elements. In this case, the optical
beam is refracted at the air/liquid interface first. Because
water is easier to be ionized than air, the ionization some-
times starts at the surface when the optical intensity exceeds
the ionization threshold of water but lower than that of air.
The refraction angle of the optical beam is a key parameter
for maximizing the THz signal. Figure 6(a) shows normal-
ized THz energy with respect to the incidence angle («).
The positive and negative signs of « indicate that the film is
rotated in a clockwise or counterclockwise direction, respec-
tively. The squares show the THz energy obtained from the
integral of the THz waveforms. The error is the standard
deviation of multiple measurements. The solid line is a sim-
ulation result based on a dipole approximation model, in
which the electrons in the ionized area experience the pon-
deromotive force and create a dipole along the direction of
laser propagation. Both, the experimental and simulated
results show that the THz field is maximized when the inci-
dence angle is about 65°, which results from the transmit-
tance of the p-polarized excitation laser at the air/water
interface and the dipole orientation direction caused by the
refraction of the surface. Figure 6(b) plots THz waveforms
generated from the water film when the incidence angle is
+65°. The THz field has the same peak value but opposite
polarity. The insets show the experimental geometry and
the flipped direction in the projection of the dipole (red
arrow) for two cases. The opposite direction of the dipole
projection results in the flipped waveforms accordingly.

Another influence of the target/air interface is the total
internal reflection for the emitted THz wave, which greatly
decreases the transmission of THz wave at the flat surface.
In other words, a liquid line or droplet target could offer
stronger THz signals than the flat film. Zhang et al. demon-
strated intense THz radiation from a water line [15]. Instead
of rotating the water film to get an optimized incidence angle,
the THz signal from a liquid line is optimized by scanning the
position of the liquid line across the laser focus. During the
movement, the effective thickness in the waterline varies con-
tinuously, as well as the optical incidence angle. A similar
incidence angle dependence but a much stronger signal is
obtained by using a water line than a water film with the
comparable thickness.

One remarkable property of THz wave generation from
liquid is the preference of the longer optical pulse duration
[10, 50]. Figure 7 plots the dependence of THz energy on
the optical pulse duration. For air plasma, the maximum
THz signal is always obtained when the laser pulse is close
to the Fourier transform-limited pulse. Higher peak power
always leads to a stronger ionization in the air case. However,
THz wave generation from liquids surprisingly prefers a
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FI1GURE 4: Microplasma and the signal distribution [34]. (a) A photo of the microplasma fluorescence obtained by focusing the laser beam with
a high NA microscope objective. (b) A magnified image of the microplasma (unit is ym). However, the plasma spot’s contribution to the THz
wave is about one micrometer or less. (c) Measured THz field as a function of the THz emission angle. The optimal angle is 80 degrees from

the laser propagation direction.

TaBLE 1: Comparison between microplasma and elongated plasma under the same pump energy.

Microplasma

Filament (elongated plasma)

Length: <500 um

Width: <10 ym

Tight focusing of the laser (NA > 0.1)

Higher peak laser intensity (>5 x 10'* W/cm?)
Higher peak electron densities ( ~ 10'® - 101 cm™3)
Position does not change with laser energy

Lower laser energy threshold (<1 uJ)

Length: few mm up to meters
Width: ~100 ym
Loose focusing of the laser (NA <« 0.1)
Lower peak laser intensity (~ 1 x 10** W/cm?)
Lower peak electron densities ( ~ 10" - 1016 cm™)
Position changes with laser energy
Higher laser energy threshold ( ~ 50 yJ)

longer pulse. As shown in Figure 7, the THz signal increases
with an increased pulse duration by adding a frequency chirp
in the pulse. At a certain pulse duration, the THz signal
reaches its maximum. By comparing the THz spectra gener-
ated by negatively and positively chirped pulses, we did not
find apparent difference in both the bandwidth and ampli-
tude, which suggests that the chirp of the laser pulse does
not play an important role here. Instead, pulse duration is
the key parameter. This phenomenon can be explained by
the different ionization processes in liquid and air. A high
molecular density of liquid causes a more frequent collision.
The mean-free time of ionized electrons is about 1 fs in liquid
[61], leading to hundreds of cycles of collisions that hap-
pened within the ionization process when the pulse duration
is subpicosecond. Therefore, the electron density in water is
mainly determined by the cascade ionization process.
However, multiphoton and tunneling ionization are more
important in the case of gas. For more information on the
theoretical analysis about single-color excitation, please
check [15, 50, 62, 63].

3.3. THz Emission in the Sideways Direction. Similar to THz
wave generation from a microplasma in air, a thin liquid tar-
get can also emit THz wave in the sideways directions.
Figure 8(a) schematically illustrates the system for the side-
ways measurement, in which the THz radiation propagating

perpendicular to z direction is measured by a sideways detec-
tor. For a fair comparison, the forward detector measures the
signal in the z direction by using the same EOS crystal to
assure the same detection efficiency. The pump beam is
focused by a 2-inch focal length lens onto a water line.
Figure 8(b) shows the comparison of THz waveforms gener-
ated from water and air. Here, a 210 um thick water line is
used as a THz source. The pump pulse energy is 0.4 m]J for
all cases. All the signals are optimized for getting the maxi-
mum signal by tuning the pulse duration. In this case, the
optimal pulse duration is about 534 fs. And the shortest pulse
duration (~140fs) is used for the air plasma generation. The
results show that the THz signal generated from water is
much stronger than that from ambient air. And the THz sig-
nal generated from air plasma is mainly in the forward direc-
tion. There is no detectable THz signal from air in the
sideways direction in this case. To get the sideways signal
from air plasma, a lens with a higher NA is needed. However,
the signal from liquid water in the sideways direction is about
twice as much as that of its forward signal. The correspond-
ing spectra are shown in Figure 8(c). Both signals from water
in the sideways and forward directions shows a narrower
bandwidth than that from air plasma. The strong sideways
THz signal might result from the strong scattering from the
liquid or the shorter longitudinal dimension of the “micro
water plasma” caused by the much higher molecular density



—~
o
=

1.0 +

0.5 4

1.0
=
3}
(iOS-
20
ja=

0.0

T T T
0 1 2 3 4
Frequency (THz)

THz field

0.0 4

-0.5 |

T
-5 0 5 10
Time delay (ps)

(b)

FIGURg 5: THz generation from liquid water under single-color
ionization. (a) A photo of a fluorescence from a laser-induced
microplasma of a water line. (b) A typical THz waveform
generated from a water line and its corresponding spectrum (inset).

in liquid. This observation also confirms that the THz gener-
ation from liquid water has a much higher efficiency than
that from air.

3.4. Two-Color Optical Excitation. By mixing the fundamen-
tal beam and its second harmonic beam, THz wave genera-
tion efficiency from gas-plasma is greatly improved, which
is usually known as two-color excitation. A similar enhance-
ment is expected to improve the THz signal from liquid.
However, instead of several orders of enhancement, the
THz field generated from liquid water under two-color exci-
tation is about 10 times stronger than that from the one-color
excitation scheme [13]. This may be caused by the short
mean free-path length of the electrons in water, which results
in a decrease of transient photocurrent [39, 61]. Alterna-
tively, ionized electrons in liquid are quasi free and less
sensitive to the asymmetric field.

Similar to the gas case, by precisely tuning the phase
between the fundamental and its second harmonic beams,
the THz field can be coherently modulated [13]. Figure 9(a)
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indicate modulated THz energy measured by a Golay cell. Red circles present unmodulated THz energy measured by the Golay cell.

shows that the THz waveform from liquid water under two-
color excitation is completely flipped over by varying the rel-
ative phase of two pump beams by 7. The inset plots the THz
peak field as a function of the relative phase. Figure 9(b)
shows the THz wave energy measured by a Golay cell as a
function of the relative optical phase. The noise level is mea-
sured when the THz signal is blocked. It is interesting that
some of the signals cannot be modulated via the coherent
phase control. By calculating from the noise level, the modu-
lated energy is about 70% of the total energy. The modulated
and unmodulated THz waves originate from different gener-
ation processes. For further exploration, the excitation power
dependence for two parts of energy is studied, which is
shown in Figure 9(c).

The unmodulated part (red circles) shows a linear depen-
dence on the laser pulse energy. For the modulated part (blue
dots), there is a threshold (0.2 m]), beyond which the signal
appears. Its tendency matches a quadratic function above
the threshold. This result is also coincident with the result
measured from EOS (blue squares). Unlike EOS, the Golay
cell can measure both coherent and incoherent signals. Thus,
the modulated portion is mainly from the coherent signal
resulting from the buildup of bremsstrahlung from
electron-atom collisions in the electron acceleration process
[41]. In contrast, the unmodulated part may include both
coherent and incoherent signals arising from multiple physi-
cal processes. For instance, a spatial net charge distribution
created by the ponderomotive force radiates THz waves. Since



no threshold is observed for the unmodulated portion, the
THz wave emission can also be attributed to that part of the
broadband radiation from the combination of thermal brems-
strahlung from electrons and electron-ion recombination.
Besides providing an approach to reveal more information
about plasma behaviors in liquids, two-color excitation offers
an insight into developing a liquid THz source that may have
applications in THz nonlinear optics and THz-driven
electron acceleration.

4. THz Wave Generation from Other Liquids

The demonstration of THz wave generation from liquid
water opens one new avenue for studying THz liquid sources.
In contrast to solid material, two distinguished properties are
usually used to characterize liquid material. One is viscosity,
which depends on the friction among molecules. The other
one is surface tension, which relates to the surface that resists
force and keeps the liquid together. Besides, ionization
threshold, electron density buildup, and THz dispersion are
important parameters in the THz generation process. Liquids
with different properties emit THz waves with different prop-
erties. Measuring the THz wave from different liquids reveals
the ultrafast dynamics of the laser-liquid interaction process.
In this chapter, we discuss THz wave generation from differ-
ent liquids.

4.1. Liquid Nitrogen. Compared to liquid water, liquid nitro-
gen (LN,) is a good candidate for tests based on the following
properties: (1) LN, has a surface tension of 8.85mN/m at
—196°C, which is the lowest surface tension to our knowledge
except that of liquid helium. For water, it is 71.97 mN/m at
25°C; (2) LN, has a much lower viscosity (164 mPa-s at
—196°C) than water (889 mPa-s at 25°C); (3) LN, is a nonpo-
lar liquid, which has a much lower absorption in THz regime
[64]; and (4) the LN, liquid phase is at a cryogenic tempera-
ture (—196°C). It is interesting to study the different dynamics
of liquids with a huge temperature difference under the same
optical excitation. THz wave generation from a bulk LN, has
been demonstrated recently under double-pump geometry
with either single- or two-color excitation [16]. The shock-
wave in LN, created by the laser pulse may affect the interac-
tion of the next pulse. To eliminate the influence between
laser pulses, a flowing LN, line is required. However, the
room temperature is much higher than the boiling point of
LN,, which is a challenge to create a flowing line at room
temperature.

Actually, when liquid contacts with a hot surface whose
temperature is much higher than the boiling point, vaporiza-
tion creates an insulating layer preventing the liquid from
boiling rapidly. This is known as the Leidenfrost effect [65,
66]. Benefiting from this effect, it is possible to create a flow-
ing LN, line at an ambient environment. Additionally,
another factor concerned is the transient vaporization of
LN, caused by the pressure difference. Usually, LN, is stored
in a dewar with a higher pressure inside than the outside. The
boiling point highly depends on the pressure and drops with
the decrease of the pressure. It means that the boiling point
inside the dewar is higher than that outside. If a dewar is con-
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FiGurg 10: THz generation from liquid nitrogen [67]. (a) Diagram
of the apparatus for guiding an LN, line. By filling it with LN,, the
liquid in the flask prevents the liquid in the syringe transferring
heat. (b) A photo of a flowing LN, line in an ambient
environment. The transparency of the line indicates the liquid
phase clearly with a smooth surface. (¢) Comparison of THz
waveforms from water and LN, under the same optical excitation.
Inset: corresponding spectra.

nected to a jet directly, a mixture of gas and liquid-phase LN,
will be ejected out from the jet. To overcome this problem, a
phase separator and a custom-designed LN, reservoir are
needed. As shown in Figure 10(a), the LN, reservoir consists
of a syringe, a flask, and an insulating layer. The metal
syringe is immersed in a flask filled with LN, for maintaining
the cryogenic temperature. Outside the flask, a thick insulat-
ing layer is employed to resist the heat transition between the
flask and the ambient environment. The volume of the flask
is 600ml. While filling the flask with LN,, the syringe is
blocked at the beginning until the setup is cooled down.
Benefiting from the high thermal conductivity of the metal
syringe, the setup reaches the thermal balance quickly. After
removing the block, a steady liquid line is formed in the
ambient environment. Figure 10(b) is a photo of the flowing
LN, line. The diameter of the flow is estimated to be 400 +
5um, which is determined by the inner diameter of the
syringe needle. The high transparency indicates a smooth
surface as well as a stable flow.
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TABLE 2: Properties of some liquid metals comparing with water [92-94].

Metal targets Melting point ("C)  Surface tension (N/m)  Density (g/cms) Viscosity (Pa-s)  Ionization energy (eV)
Water (at 20°C) 0 0.073 0.998 0.0010 6.5
Galinstan (at 20°C) -19.0 0.718 6.440 0.0024 —
Mercury (Hg) (at 20 ‘C) —38.8 0.487 13.534 0.0015 10.44
Francium (Fr) (at 30°C) 27.0 0.051 1.870 — 4.07
Cesium (Cs) (at 60 "C) 28.5 0.675 1.843 0.0058 3.90
Gallium (Ga) (at 53°C) 29.8 0.723 6.080 0.0019 5.98
Rubidium (Rb) (at 100 °C) 39.3 0.854 1.460 0.0048 4.18
Phosphorus (P) (at 50 “C) 44.0 0.698 1.740 0.0016 10.64
Indium (In) (at 170°C) 156.6 0.558 7.020 0.0019 6.08
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F1Gure 11: THz generation from liquid metal [71]. (a) Schematic of the experimental setup. A two-dimensional translation stage is used to
control the position of the x-axis and the z-axis of the liquid metal line. The optical beam propagates along the z-axis. THz emission is
measured by a standard electro-optical sampling. (b) Comparison of THz waveforms generated from air, water, and liquid gallium under
single-color excitation. The target diameter is 210 yum. The THz signal from air plasma is enlarged by 10 times. (c) Normalized THz field
strength plotted as a function of the x-axis position. The dashed lines represent the x-axis position of the maximum THz fields. The gray

area shows the diameter of the liquid line.

Figure 10(c) shows the THz waveforms from the LN, line
and a water line under the same experimental conditions.
The THz peak field from LN, is 0.4 times weaker than that
from water. However, the THz signal from LN, shows a
shorter pulse duration. By fitting the envelope of the THz sig-
nal in the field, the THz signal from LN, has a pulse duration
of 0.6 ps. For the THz signal from water, the THz pulse dura-
tion is about 1ps. The corresponding spectra are shown in
the inset. LN, shows a broader bandwidth with more high-
frequency components. There are two possible reasons. First,
LN, has a low absorption in THz regime because it is a non-
polar liquid. Additionally, the vaporized N, keeps purging
the system to preserve the high-frequency components. More
details of THz wave generation from a flowing LN, can be
found in [67].

4.2. Liquid Gallium. Metal targets have been considered as
great THz radiation sources because of their relatively lower
ionization thresholds, which allow THz wave generation by
using a lower pump energy compared with water. It would

be interesting to discuss the different contributions of elec-
trons excited by laser pulses and free electrons originally
existing in the liquid metal in the THz wave generation pro-
cess. Besides, the surface tension of liquid metal is much
higher than that of water, meaning that it is able to form a
smoother surface of a flowing liquid line. Because of the
chemical stability and physical safety, liquid metal, such as
gallium, has been widely used in X-ray generation applica-
tions as well [68-70].

Table 2 lists the melting point, surface tension, density,
viscosity, and ionization energy of several selected liquid
metals. Among those, mercury has the lowest melting point.
For the toxicity concern and chemical stability, gallium is
more in favor for lab users. The melting point of gallium is
30°C. Using a heater-attached liquid circulating system, a
high-quality liquid gallium line can be obtained.

Figure 11(a) shows the schematic of using a liquid gal-
lium line as a THz source. The laser beam is focused by a
2-inch focal length lens on the liquid metal target. The posi-
tion of the liquid line near the focus is finely controlled by a
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two-dimensional translation stage. The diameter of the gal-
lium line is 210 yum. A flowing rate is about 3.8 m/s, which
can be controlled by the pump. The forward propagating
THz signal is detected, as shown in Figure 11(b). THz signals
from both gallium and water lines are much stronger than
that from air plasma. The THz signal generated from liquid
gallium is 1.7 times stronger in the field than that from water
at 35°C. The THz signal from liquid gallium shows a nar-
rower pulse width, indicating that the THz signal from liquid
gallium shows a broader bandwidth than that from water.
More components at high frequencies are generated, which
are also confirmed by their spectra (not shown here).

Figure 11(c) plots the dependence of THz field strength
on the x position of the source. The position of the liquid gal-
lium line is scanned across the focus. When x is 0, the optical
pump pulse is focused on the center of the gallium line. For a
comparison, a similar measurement of water is also plotted.
The dashed black and red lines illustrate the x position when
the THz fields reach maximum for two liquids, respectively.
The measurement clearly shows that the separation between
the two maxima of the gallium signal is larger than that of
water. The water line has a same diameter as that of the gal-
lium line, which is shown by the gray area. The different sign
of the electric field indicates waveforms with opposite polar-
ities. This result shows that the THz signal is generated at the
surface of gallium.

The penetration depths of liquid gallium for optical and
THz waves are estimated to be 7.7nm and 60 nm, respec-
tively. Therefore, ionization can only happen at the surface
of liquid gallium. Since a longer pulse duration works better
for THz wave generation from liquids, enough seed electrons
are ionized via multiphoton ionization or tunneling ioniza-
tion at the front part of the optical pulse. Then, cascade ion-
ization occurs, in which collisions of electrons lead to an
exponential increase in the number of electrons. Then, elec-
trons are accelerated by the ponderomotive force as a result
of the nonuniform density gradient distribution of plasma.
Eventually, the THz wave emits from liquid metal.

Although the flip of THz waveforms from liquid gallium
observed by scanning along the x-axis shows similar charac-
teristics with a THz signal from water, the mechanism of THz
wave generation from liquid metals likely differs from the
generation process of liquid water. Further exploration still
needs to be conducted. The THz wave emission pattern,
especially the sideways and the backward detection, is an
important experiment to understand the THz radiation
mechanism. More details of THz generation from a flowing
liquid gallium line can be found in [71].

4.3. Liquids with Different Polarity Indices. Molecular polar-
ity describes the separation of positive- and negative-
charged particles of a molecule. A polar molecule possesses
a dipole contributing to a strong absorption in the THz
region [72]. Generally, liquids comprised of nonpolar mole-
cules show a low absorption. The polarity index is a quantita-
tive parameter that defines how polar a liquid is [73]. To
investigate the influence of liquid absorption, liquids with
different polarity indices are tested. Table 3 lists liquids with
different polarity indices. Stronger THz signals are expected
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TaBLE 3: List of selected liquids with different polarity indices.

Liquid Polarity Boiling T (°C)
Alpha-pinene ~0 156
Isooctane 0.1 99
Butyl chloride 1.0 78
p-Xylene 2.5 138
Methylene chloride 34 240
Ethyl acetate 43 77
Pyridine 5.3 115
Ethanol 6.3 78
Water 9.8 100
2.0
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FIGURE 12: THz generation from liquids with different polarity
indices. (a) THz fields generated from four liquids, which are a-
pinene, p-xylene, ethanol, and water. Their polarity indices are 0,
2.4, 5.2, and 9, respectively. (b) Corresponding spectra.

from liquids with smaller polarity indices for lower
absorption.

Figure 12(a) shows the peak-valley values of THz electric
fields obtained from four different liquids, which are
a-pinene, p-xylene, ethanol, and water. Their polarity indices
are 0 (nonpolar), 2.4, 5.2, and 9, respectively. Among these
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F1GURE 13: THz generation under double-pump excitation [79]. (a) Schematic of double-pump excitation. Two optical pumps propagating
collinearly with a certain time delay At are focused on a water line (top view). At is controlled by a delay stage. The THz signal is
detected via EOS. (b) THz waveforms generated by pump 1 (black line) and pump 2 (blue line). The bottom red line shows the waveform
generated by two pumps when At is 3.9 ps. (c) The red line shows the dynamic enhancement of the THz peak field versus Ar. The black
line plots the autocorrelation signal of the two pumps, from which the 0 timing is determined. A7 > 0 means that the pump 1 ionizes the

target first.

liquids, a-pinene offers the strongest THz signal, which is
about 1.8 times stronger in the field than that from water
under the identical experimental conditions (liquid line
diameter, laser pulse energy, laser pulse duration, F/#, etc.).
Figure 12(b) plots the comparison in the corresponding
spectra. Water generates the THz signal with much less
high-frequency components. This could be the stronger
absorption of water in the high-THz frequency region.
Although ethanol exhibits a similar peak-valley value of the
THz field to water, it generates more high-frequency THz
waves. The widest bandwidth is achieved by p-xylene while
the highest amplitude is obtained by a-pinene. Even though
there are some other factors that may also influence the
THz radiation from different liquids such as refractive index,
surface tension, and viscosity, the result shows that molecular
polarity or absorption coefficient of liquid plays an important
role in the generation process of THz waves both in the peak
field and spectrum bandwidth.

5. THz Wave Enhancement under Double-
Pump Optical Excitation

Double-pump optical excitation is a technology to improve
the generation efliciency via the nonstationary nonlinearity
enhancement, in which two pump beams with a certain time
delay are used for excitation. Usually, the first pump ionizing
target is relatively weaker in power than the second pulse.
The time delay is optimized to get the highest signal. To boost
the generation efficiency for different wavelengths, the time
delay may be varied greatly. The double-pump excitation
was originally a practical strategy to enhance the X-ray gen-
eration efficiency from liquids. Berglund et al. reported an
eight-times increase in the intensity of extreme-ultraviolet
emission by using ethanol droplets as targets for a double-
pump excitation [74]. Additionally, Anand et al. reported a
68-times increase in the intensity of hard X-ray emission

from methanol droplets irradiated by double-pulsed femto-
second laser pulses with a delay time of 10ns [75]. Double-
pump excitation is also studied in THz wave generation
[16, 76-79]. Recently, THz generation enhancement by sev-
eral orders of magnitude in power is observed from gallium
droplets under double pump excitation [80].

Figure 13(a) shows a schematic of double-pump excita-
tion on a liquid line for THz wave generation in top view.
Two pump beams propagating collinearly with a time delay
At are focused on the liquid line. The position of the liquid
line is precisely controlled by a two-dimensional stage in
the x — y plane. When the liquid line moves across the focus,
the incidence angle of two pumps is varied accordingly
because of the curved surface of the liquid line. THz signal
generated from liquid water is shown in Figure 13(b). The
top two waveforms show the results from two individual
pumps. The time delay At between two pump beams is
reflected on the time delay of THz waveforms, which is
3.9 ps. This time delay is longer than the pulse duration and
smaller than the lifetime of the photoexcited electrons (nano-
second level). Pump 2 with greater pulse energy produces a
stronger THz signal. Two THz waveforms keep the same
shape indicating a good overlap of the two pump beams.
The bottom waveform in Figure 13(b) shows the result of
the double-pump excitation. The THz signal generated by
pump 2 is enhanced because of the existence of the ionization
by pump 1. The THz waveform keeps being the same, which
indicates that the spectral components are enhanced equally.

The temporal dependence of the THz field enhancement
on the time delay is shown in Figure 13(c). By varying At, the
peak field of the THz waveform generated by pump 2 is
recorded. The zero timing of At is determined by the peak
of the autocorrelation signal (black line) of two pump beams.
The enhanced dynamic (red line) results from either the
interaction of two plasmas produced by two pump beams
or the influence of the first-produced plasma on the pump
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2. It could not be the direct interaction of two pump beams
because the enhancement happens in a picosecond time
scale, which is much longer than that of two-pulse interac-
tion (~100fs). As shown in the plot, when At <0, pump 2
arrives at the water line first and generates a THz signal.
Pump 1 comes later and has no influence on it. Therefore,
the THz signal keeps the same peak value (normalized to 1)
until pump 1 catches up on pump 2. The THz signal starts
to change when two pump beams temporally overlap with
each other. The enhancement gradually increases up to the
maximum. A maximum enhancement of 1.8 times in THz
field is observed in this case. Additionally, the enhancement
lasts a long time. It is noteworthy that the time delay support-
ing the enhancement is over 10 ps. Eventually, the THz field
decreases because of the absorption of the first plasma. More
details can be found in [79]. For the double-pump excitation,
one possible reason of the enhancement is that the preexist-
ing plasma provides more initial electrons for the cascade
ionization. Under single-color excitation, the multiphoton
or tunneling ionization processes give rise to the initial ioni-
zation of the target at the front of the optical pulse. Instead,
under double-pump excitation, the preionized plasma gener-
ated by the first pulse provides a higher electron density. By
changing the power ratio and polarizations of two pump
beams, the enhancement can be optimized. Currently, the
energy conversion is about 107> under the double-pump
excitation, which is one order higher than that of the
single-color excitation.

6. Ultrafast Dynamics in Liquids Excited by
Intense THz Waves

When a strong enough electric field is applied to an isotropic
media, birefringence is created, which is well-known as the
Kerr effect [81, 82]. As the development of THz sources in
recent decades, it was realized that the intense THz pulse
induces the transient Kerr effect, as known as the THz Kerr
effect (TKE) [83]. This finding offers a new method of inves-
tigating the ultrafast evolution of the Kerr effect in a picosec-
ond timescale. The hydrogen bond vibrations as well as other
molecular motions in aqueous solutions could be character-
ized in the THz range, which play an important role in
understanding the thermodynamic properties of liquids
[84]. By employing the technique of the THz Kerr effect,
the low-frequency molecular dynamics is able to be studied
experimentally.

Figure 14(a) shows the diagram of a THz Kerr effect
setup. An intense THz pulse with the maximum peak electric
field strength of 14.9 MV/cm is focused on a gravity-driven,
free-standing liquid film. The liquid samples could be pure
water or aqueous salt solutions with different concentrations.
One optical beam propagated collinearly with a THz beam is
measured in a balanced photodetector. The THz-induced
birefringence is recorded by measuring the polarization
change of the optical beam. Figure 14(b) shows a bipolar
THz Kerr effect response with significant oscillation charac-
teristics in liquid water. The response linearly increases with
the peak intensity of THz pulse, indicating that the Kerr effect
is dominant here. The broadband THz pulse covers two
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FiGURE 14: Terahertz Kerr effect (TKE) in a water film [85]. (a)
Diagram of the experimental setup. An intense THz pulse
generated from an organic crystal DAST (4-N, N-dimethylamino-
4'-N'-methyl-stilbazolium tosylate) is focused onto a free-
standing water film. The THz field-induced Kerr effect is detected
by an optical probe. (b) TKE with different THz peak field
strengths. Inset: THz field strength dependence.

modes of intermolecular motions, which are hydrogen bond
bending and stretching vibrations, respectively. The positive
signal caused by hydrogen bond stretching vibration and
the negative signal caused by hydrogen bond bending vibra-
tion indicate that the polarizability perturbation of water pre-
sents competing contributions under bending and stretching
conditions. More details can be found in [85].

To simulate the molecular motions, the Lorentz dynamic
equation is adopted in the model, which is based on the per-
turbation in the dielectric tensor caused by the intermolecu-
lar vibration modes. The resulting polarizability anisotropy
can be expressed by the refractive index associated with the
dielectric susceptibility [85, 86]:

1 1 1 [0y ox
A S — —_—— = — — —_— 7L 5
igz nl 280”0 |:8)’ z(sx +8Z):| 21’10 (aQS q2 aQb ql)
(1)

where ¢, is the vacuum dielectric constant and #n, is the
refractive index of liquid water. g, and g, represent the



Ultrafast Science

5
—— Data
- 4 -
= 4 Fit
£ 34 21
g
s 24 07
<
‘IE 1 -2 T T T
= 0 1 2
Q
3 0+
£
=9
-1
—2 T T T T T T
0 0.5 1 1.5 2 2.5
Time delay (ps)
— Electr. Bend.
—— Debye —— Stretch.

FiGurg 15: Simulation of the TKE response [85]. The simulation
results of the TKE response in the time domain for the electronic
(Electr.), Debye relaxation (Debye), hydrogen bond bending
vibration (Bend), and hydrogen bond stretching vibration
(Stretch.) contributions. Inset: a comparison between the sum of
the fitted contributions and the measured data.

anisotropic perturbations caused by hydrogen bond bending
and stretching vibrations, respectively. Q, and Q, represent
the bending and stretching vibration amplitudes, respec-
tively, of a single hydrogen bond unit. x| and x, represent
the perturbations of the dielectric susceptibilities parallel
and perpendicular to the hydrogen bond direction caused
by the intermolecular modes. These two intermolecular
motions result in opposite birefringence contributions to
the total refractive index, i.e., An; <0, An, > 0.

In addition, g; satisfies the Lorentz dynamic model,
which describes the motion of the damped harmonic oscilla-
tor [87, 88]:

az‘L'(t) 9q,(1)
o Vo

+ wjg;(t) = (1),

(i=1,2), (2)

where y,, w; represent the damping coefficient and inherent
frequency, respectively, with values of y, =115cm™,
y,=165cm ™ ,w, =60cm™, and w,=190cm™. Here, a;
= B, (43/3\/2ky Tm) represents the coupling factor between
the square of the THz pump electric field and the driving
term in equation (2). We use the above model to decompose
and simulate the experimental data in the time domain, as
shown in Figure 15. The data can be decomposed into (i)
positive responses with electronic (Electr.) and hydrogen
bond stretching (Stretch.) contributions and (ii) negative
responses with Debye relaxation (Debye) and hydrogen bond
bending (Bend) contributions.

For ionic aqueous solutions, the TKE signals of NaCl,
NaBr, and Nal solutions in different concentrations are mea-
sured, as shown in Figure 16(a). Accordingly, the amplitude
and shape of the THz Kerr effect responses vary with
exchanging anions when the counter ion is Na". These sig-
nals are also theoretically decomposed into the weak elec-
tronic responses and different molecular motion modes
[89], as show in Figure 16(b). For the bending mode, the
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FIGURE 16: Terahertz Kerr effect response on different concentrations
[89]. (a) TKE responses of water and NaCl solutions in different
concentrations. Inset: an enlarged logarithmic view of the negative
polarity responses. (b) The upper panel shows the measured peak-
to-peak values (PPV) of TKE responses for NaCl, NaBr, and Nal
solutions in different concentrations. The other panels show the
extracted maximum values of TKE responses induced by OH...
X" hydrogen bond vibration (OH...X"), the hydrogen bond
stretching modes (Stret.), and the hydrogen bond bending (Bend.).

amplitude of negative polarity response gradually increases
as the concentration increases. However, the damping coeffi-
cient and inherent frequency do not change significantly in
this overdamped oscillation system. For the stretching mode,
the positive polarity response gradually decreases along with
the weakening of oscillation characteristics as the concentra-
tion increases, because the addition of ions dilutes the hydro-
gen bond density and destroys the water network structure.
However, as the concentration increases, the positive polarity
response increases, indicating that the interaction of ions
with water provides a larger positive polarity response than
that from the water-water hydrogen bond stretching mode.
The enhanced positive response originated from the special
hydrogen bond vibration formed between the anions and
the water molecules (OH... X", X: CI', Br, and I") [90,
91], and the addition of anions will greatly reduce the
water-water hydrogen bond vibration. As the ion
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TaBLE 4: Comparison between THz generation from air and water.

Air Water
Optimal optical pulse duration Shortest Subpicosecond
Central THz frequency 1~1.5THz 0.5~1THz
THz signal bandwidth 1~15THz 0.5~1THz
Two-color enhancement in power ~10° ~10%
Fluorescence and white light Relatively week Much brighter

Sideways signal (2 in lens is used)

No measurable signal

Strong sideways signal

concentration increases, the low-frequency molecular
motion in water is gradually dominated by ion-water hydro-
gen bond motion.

For the OH...X™ hydrogen bond vibration mode, the
THz Kerr effect response increases significantly with the
increase of concentration for all the three kinds of solutions.
In particular, the Nal solution exhibits higher anisotropy
response at the same concentration. This is because for the
low surface charge density of anion (such as I"), the formed
OH...X™ hydrogen bond has a relatively long bond length
and low binding energy [91]. In addition, the center fre-
quency of 3.9 THz of the THz pulse is closer to the inherent
frequency of the OH...I" hydrogen bond vibration. There-
fore, an enhanced dipole moment and a greater polarizability
anisotropy under OH...I" hydrogen bond vibration mode
could be achieved with the resonant THz electric field
excitation.

The THz Kerr effect measurement directly observes the
ultrafast temporal evolution of intermolecular hydrogen
bond dynamics in aqueous solutions at the subpicosecond
scale. The THz Kerr effect technique helps us explore the
low-frequency dynamics and successfully obtain the THz
Kerr effect responses in various aqueous solutions, such as
pure water and halide anion aqueous solutions. The results
provide an experimental basis for further insight into the
ultrafast evolution of transient structures in complex aqueous
solutions. We believe that the THz Kerr effect method can
also be applied to detect the physical mechanisms of the com-
plex interaction of reagents with solvent water molecules,
which can provide the further insight into the effects of the
hydrogen bond network on the biochemical reaction and
the related structural dynamics in water environment.

7. Outlook

Currently, the THz field generated from liquid under single-
color excitation is 2 orders higher than that from single-color
air plasma. A detailed comparison between THz wave gener-
ation from air and water is shown in Table 4. It should be
noted that this comparison is only valid under certain exper-
imental conditions (2-inch focal length lens, 0.4m] pulse
energy, and 60fs Fourier transform limited pulse). Broad-
band THz wave generation from liquid is a new research
topic; detailed systematic theoretical and experimental stud-
ies are necessary. The optimal conditions for the maximum
generation efficiency are underexplored. Further experiments

include target geometry design, laser pulse shaping, target
material testing, and external field modulating.

Furthermore, one of the most interesting projects is to
study THz wave generation from superfluid such as *He,
which flows with no viscosity, and its thermal conductivity
increases by a factor of ~10° for the temperature at the A
point. This causes heat in the liquid to be transferred to its
surface so quickly that vaporization takes place only at the
free surface of the liquid. Thus, there are no gas bubbles in
the body of the superfluid “He. Therefore, the superfluid
*He serves as a perfect system for the optical study on the
laser-matter interaction by focusing laser beam in the liquid.

THz liquid photonics provides a new platform for the
THz community, which offers an opportunity for developing
liquid THz sources and exploring the light-liquid interaction.
THz wave generation from liquids presents its specialties and
superiorities compared to the gas and solid targets, which
should be further studied to draw a thorough picture for
the laser-induced ionization process in liquid. All efforts in
this topic will help pave the way toward developing intense
liquid THz sources and offer a better insight into the laser-
liquid interaction process. The future of THz liquid photon-
ics is hardly fully predictable, but it is certainly bright.
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