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Understanding the physics of terahertz (THz) wave generation from water is essential for
developing liquid THz sources. This letter reports detailed experimental measurements of THz
wave emission by focusing intense laser pulses onto water films. The simulation based on a
ponderomotive force-induced dipole is supported by the observation of the THz intensity depen-
dence on the laser incidence angle. This work provides fundamental insights into the THz wave
generation process in water and an alternative perspective for studying laser-induced breakdown in
liquids. Published by AIP Publishing. https://doi.org/10.1063/1.5054599

Laser-induced breakdown in gases, liquids, or solids is
widely used for the fundamental and applied research in the
laser-matter interaction community.'™ Accelerated charged
particles in a laser-induced plasma act like broadband elec-
tromagnetic sources and cover the spectrum from micro-
waves to X-rays.*” Light emission from ionized materials
not only provides the spectral signatures of a plasma but also
characterizes its material properties. Air plasma has been
experimentally demonstrated to radiate terahertz (THz)
waves with fields greater than 8 MV/cm.® Such intense field
strength makes the measurement of THz field-induced
dynamics feasible in ultrafast spectroscopy.’

Recently, broadband THz wave generation from a
gravity-driven, free-flowing water film'® and from liquids in
a cuvette'' has been experimentally demonstrated through
ionizing liquid media. Compared with ambient air, liquid
water has much lower ionization energy (6.5 eV) but 3 orders
higher molecular density,'>* which means that more
charged particles can be provided in the same ionized vol-
ume. Compared with solid crystals, phase matching condi-
tions and crystal phonon absorption'> are avoided in the
generation process, which significantly limit the bandwidth
of the THz pulse generated from solid sources. Additionally,
the breakdown in liquids is not a permanent damage, which
will be naturally erased through electron-ion recombination.
Liquid fluidity can also provide a fresh interaction area for
the next pulse. All these superiorities make liquids a promis-
ing THz source. Therefore, it is imperative to investigate the
mechanism of THz wave generation from water.

In this paper, the flipped THz waveforms are experimen-
tally observed when the laser is incident on the water film at
opposite incidence angles. This observation supports a pon-
deromotive force-induced dipole in the laser propagation
direction. Accordingly, THz wave intensity as a function of
the laser incidence angle and the detection angle is derived
in both forward and backward directions, including interface
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refractions and THz signal attenuation in a water film.
Furthermore, the linear increase in THz intensity with laser
pulse energy is discussed.

The experimental setup uses a Ti:sapphire amplified
laser with 3 mJ pulse energy, horizontal polarization, 800 nm
center wavelength, and 1kHz repetition rate. It is focused
into a 120-um water film by a 2-in. focal length lens (f/4)
ionizing water molecules near the focus. The laser beam
diameter is 10 mm. Both a 2-mm thick (110) oriented ZnTe
crystal configured for electro-optical (EO) sampling'® and a
commercially available Golay cell are used for the THz
wave detection. An illustration of incidence angle « for the
laser beam and detection angle f§ for the detector is shown in
Fig. 1(a), where n is the surface normal of the water film.
These two angles are defined with respect to the laser propa-
gation direction (z-axis) and can be changed through rotating
the film and the detector, respectively. The sign of the angle
is negative/positive if it is measured clockwise/counter-
clockwise from the z-axis.

A liquid jet with a pressure of 30 psi is used to create a
5-mm wide, 120—um thick free-standing water film, as
shown in Fig. 1(b). The thickness is measured by an auto-
correlation system.'” Compared to a gravity-driven, wire-
guided water film,'® the jet film can bear higher laser power
without disrupting the water flow. The gravity driven, wire
guided film can be broken under intense optical excitation,
in which the surface tension could not restore the film before
next the laser pulse comes. The relatively high flow rate of a
jet benefits a stable thin film, which is crucial for generating
intense THz waves. Based on our observations, the optimal
laser pulse duration for the strongest THz signal is deter-
mined by the thickness of the water film. For a 120—um thick
film, the pulse duration is tuned to 0.3 ps for maximizing the
THz signal.

Figure 1(c) plots the THz waveforms generated from the
water film with two opposite incidence angles (« = *65°)
and detected in the laser propagation direction. The corre-
sponding spectrum is shown in the inset. The electric field
strength is about 160 V/cm. Both the central wavelength and

Published by AIP Publishing.
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FIG. 1. (a) Illustration of incidence
angle o and detection angle (. All
angles are defined with respect to the z
axis. (b) Photograph of a 120-um thick
water film formed by a water jet with a
flat nozzle. The laser beam is focused
into the center position of the film,
which is relatively flat and stable. (c)
THz waveforms generated from a
water film with opposite incidence

Water film angles (o = *£65°). The corresponding
0 2 6 8 spectra and dipole approximation illus-
Time Delay (ps) tration are shown in the insets.

(@) (b)

the full width at the half maximum (FWHM) are about
0.5 THz. Therefore, the parameters at 0.5 THz are used in the
following calculation.!” As shown in Fig. 1(c), the waveform
keeps its amplitude but completely flips over when the inci-
dence angle changes its sign. This observation applies to all
the opposite incidence angles. It can be inferred that the
dipole direction is along the propagation direction of the
refracted laser beam, illustrated as a black arrow in Fig. 1(c).
The detectable dipole projection reverses in the direction
when the incidence angle changes its sign, which accounts
for the flipped waveforms.

Figure 2(a) shows the cross-section diagram of the THz
wave generation process in a water film. Laser pulses ionize
water molecules at the focus through multiphoton absorption
and cascade ionization after refracting at the air/water inter-
face."® In the ionized area, quasi-free electrons in water
experience the ponderomotive force and move towards the
areas of lower electron density due to the density-gradient
distribution. Simultaneously, other ionized particles are rela-
tively stationary due to the relatively large mass. Since the
electrons move slower than the envelope of the laser pulse,
the density of the ionized carriers is always kept identical in
the forward direction. As a result, electrons are accelerated
backward instead and create a dipole oriented along the laser
propagation direction,®” which emits THz waves.

Specifically, at the first air/water interface, the refractive
angle 0,(«) and the transmittance T,(o) for a given o can be

90
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Incident Angle « (°)
o

-120

(@)

(©)

obtained according to Snell’s law and Fresnel equations,
which are determined by the refractive indices of the 800-nm
optical beam of air and water. The maximum 0,(x) is 48.8°
when o = 90°. THz waves radiated by the dipole propagate
in the water film and are attenuated due to water absorption.
If the thickness of the water film is d, the absorption in dif-
ferent directions 0,(f) from the source is described as
exp[—oarn,d/2cosO(f)], where ary, is the power absorption
coefficient of water. Multiple reflections are neglected in the
calculation due to the strong THz wave absorption in water.
Additionally, the dipole radiation intensity is proportional to
sin®(y), where (o, f) = 0(f) — 0.(2) is the angle measured
with respect to the dipole direction. Then, THz waves pass
through the water/air interface with a transmittance T,(f})
and are detected by a detector. To sum up, the THz intensity
angular dependence on o and f} can be described as

Iy, (o, ) o Tl(ac)Tg(ﬁ)sin2 [v(a, B)]

od w2
* exp <_ 2008@(@) <R_o> ’ W

where (W/R,)? is the dipole-radiated THz power, W is the
laser pulse energy, and Ry is the radius of the plasma.’
Figure 2(b) plots the simulation results of the normal-
ized THz wave intensity Itg,(a,f3). A mic:ro-plasma19 is cre-
ated in the water film in a tightly focused geometry. It can be
considered as a point source emitting THz waves. Besides
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FIG. 2. (a) 2D cross-section of a dipole model approximation in a water film. Focused intense pulses are incident onto the thin water film with o and ionize
water at the focal point in the direction of the refracted laser beam. The black arrow shows the dipole orientation direction. Due to the total reflection at the
water/air interface, THz emission can be coupled out when —24.6° < 0, < +24.6° for the waves at 0.5 THz. (b) Simulation results of normalized intensity
Irn.(e, f) using the dipole approximation. The dashed lines indicate the cases where incidence and detection angles differ by 90° (Jo-f| = 90°), which means
that the detector is in the plane of the water film. This separates the plots into three parts, labeled as “B” and “F,” indicating the backward and forward propa-

gating THz signals, respectively.
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FIG. 3. THz intensity versus incidence angle o for (a) f = 0° and (b) § = 55°, respectively. The black squares are the data measured by EO-sampling, and the
blue dots are detected by a Golay cell. Only the forward propagating signals can be measured in (a). For § = 55°, backward propagating signals are measured

at —90° <o < —35°.

the forward (F) propagating signal, the signal propagating in
the backward (B) direction is also expected. These two parts
are separated by dashed lines in the plot and labeled sepa-
rately. Due to the symmetric geometry of the model, inten-
sity distributions for forward and backward propagating THz
signals have the same patterns when the plasma is in the cen-
ter of the water film. The dashed lines also indicate the case
of |a-ff)| = 90°, which means that the detector is placed in the
plane of the water film. If |o-f3| > 90°, the THz waves propa-
gate in the backward direction.

To verify the simulation results, THz signal versus o is
measured when f is fixed at 0° or 55°. To bring the simula-
tion results closer to the experimental condition, integration
over a solid angle (0.477 sr) is calculated for a collimating
parabolic mirror with a 2-in. diameter and a 4-in. focal length.
For the situation of f = 0°, both EO sampling and a Golay
cell are used in the measurement. The corresponding results
are plotted in Fig. 3(a), where the red solid line shows the
simulation results. The EO sampling results (black squares)
are obtained after a temporal integration of the whole THz
waveform. The results from a Golay cell are plotted as blue
dots. The error is obtained by calculating the standard devia-
tion of multiple measurements. As shown in the plot, the opti-
mal incidence angle of the laser beam is 65°, which is a
combined result of the transmittance of the p-polarized exci-
tation laser at the air/water interface and the dipole orienta-
tion direction. Consequently, the optimal angle is thickness
independent. Moreover, about 80% of energy is dissipated
when o = 65° because of the total internal reflection at the
water/air interface and the strong absorption of water. In
other words, THz energy should be enhanced by 5 times if
the total THz energy can be coupled out when a nonpolar lig-
uid with low absorption is used. Note that only the forward
propagating THz waves can be measured when f§ = 0°.

In general, EO sampling offers a better signal-to-noise
ratio, but its optical alignment for detecting the radiation pat-
tern is complicated. A Golay cell is a relatively direct way
for the angular dependence measurement including forward
and backward directions. Thus, a Golay cell is used for
studying the case of § = 55° [Fig. 3(b)]. In this case, the sig-
nal comes from backward propagating THz waves instead of
forward propagating parts when —90° < o < —35°.
Compared to the simulation results (solid line), a stronger

signal is measured in the forward propagating part. This may
be a consequence of the plasma deviation from the center of
the film. Nevertheless, the detectable backward propagating
THz signal supports the assumption of a point source for the
plasma excited by the tightly focused laser.

The linear power dependence after a threshold has been
reported using a relatively low optical excitation energy
range (up to 0.4 mJ).'” Here, we increase the pulse energy to
2 mJ. The THz signal increases linearly after the threshold,
and no saturation is observed within this range as shown in
Fig. 4. The possible reasons for the linear dependence rather
than a quadratic one are understood from two aspects. On
one hand, the ionized area originally at the focus will move
backward by increasing the laser power because the ioniza-
tion threshold is exceeded before the focus, which has been
observed experimentally by previous works for the gas
case.?” This deviation will lead to a decrease in the THz sig-
nal due to the fact that the signal from water is critically sen-
sitive to the relative position of the ionized plasma in the
film.'® On the other hand, the THz wave intensity is also
determined by the radius of the plasma (R) as described in
Eq. (1). Because of the limitation of the film thickness and
the water lower ionization potential compared with ambient
air,''* the plasma in water prefers to expand in the radial
direction when the edge of the ionized area reaches two
interfaces, which results in an increase in Ry. Therefore, the
linear tendency could be understood by a combined result of

°c o ©
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FIG. 4. Normalized THz intensity as a function of incident pulse energy
when o = 65° and f§ = 0°. The red line shows a linear fit.



181103-4 E etal
the central movement and the radial expansion of the
plasma.

In summary, THz wave generation from a water film
supports the ponderomotive force-induced dipole approxi-
mation. The THz waveform polarity and intensity depen-
dence on the optical beam incidence angles at different
detection angles are analyzed based on the dipole model.
The optimal THz signal is confirmed when the laser inci-
dence angle is 65°. Limited by the total internal reflection at
the water/air flat interface and strong water absorption, only
20% of THz energy within the water film can be coupled
out. Likely, other geometric shapes of water than the water
film, such as a water line or droplet with reduced total inter-
nal reflection, could offer stronger THz signals.
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