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Terahertz wave emission from water lines
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To make further understanding of terahertz (THz) wave generation from liquid water, we study THz wave
emission from water lines of different diameters. The water line with a smaller diameter generates a stronger
THz electric field for the diameters from 0.2 mm to 0.5 mm. The THz electric field strength and polarity change
with the relative position between the incident laser and water line. Moreover, the THz energy has an optimal
radiation angle of about 60°. A two-dimensional dipole array model is introduced to illustrate the phenomenon.
Our observations contribute to optimizing the scheme of the liquid THz source.

Keywords: terahertz; generation; water lines.
doi: 10.3788/COL202018.023202.

Various types of solid-state and gas-state terahertz (THz)
sources have been proposed and developed in recent years,

such as photoconductive antennas®?, gas plasma™! non-

linear optical crystals22, and metal films™. However,
since liquid water has strong absorption in the THz fre-
quency band, it has been widely believed to be almost
impossible to exploit liquid water as a THz source. Liquid
has no damage threshold due to its fluidity; the generation
of electromagnetic waves from liquids has been becoming a
research focus. Liquid water has been successfully applied
as a source of various electromagnetic waves, such as high
harmonics22 white light2/, and X ray2. Very recent re-
ports have shown the possibility that THz radiation can
be produced by ultrafast laser-induced filament in
liquids?!. In order to minimize the absorption of THz
by liquid water, the researchers designed a water film with
the thickness of a sub-millimeter and focused the mono-
chromatic femtosecond laser into the water film, thus
observing effective generation of THz waves2. In the fol-
lowing studies, the water film scheme was further explored
and optimized?, and THz radiation was obtained by ir-
radiating the water film with the two-color laser fields2J.
Even though the feasibility of using liquid water as a THz
source has been demonstrated, the mechanism has not
been sufficiently explained, and the generation efficiency
needs to be highly improved. In addition to liquid water,
different types of polar liquids in a flat jet have also been
used for highly efficient THz wave generation, and the
dependences on liquid and laser parameters were system-
atically investigated 2. More recently, our group proposed
to use a water line instead of a water film as a THz
source. It has been demonstrated that a more efficient
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THz wave can be generated from a water line than from
a water film2.

In this Letter, we will further study the THz wave gen-
eration mechanism from a liquid water line and propose an
optimized scheme of a water line to produce efficient THz
waves. The water lines of different diameters were em-
ployed to generate THz waves. We observed that the
water line with a diameter of 0.2 mm works best, while
the water line with a diameter of 0.5 mm can only emit
very weak signals. Furthermore, the THz signal strength
is highly dependent on the relative position between the
incident laser and the water column. Then, we found
two maxima during the movement of the water lines,
and their polarities are opposite. Moreover, the angular
distribution of the emitted THz energy from the water
lines of different diameters was also observed. The two-
dimensional dipole array model was adopted to simulate
the THz generation process from the laser induced plasma.
Specially, the absorption effect of water was further con-
sidered to analyze the THz wave propagation process in
the water line. The simulation results are in good agree-
ment with the experimental observations.

A schematic diagram of the experimental setup is shown
in Fig. 1. The laser pulse is delivered by a regenerative p-
polarized Ti:sapphire amplifier (Spitfire, Spectra Physics)
with a Gaussian pulse duration of 50 fs, a center wave-
length of 800 nm, a repetition rate of 1 kHz, and an energy
per pulse of 2 mJ. The laser beam is split into two beams
by a quartz plate. One is a pump beam and the other is a
probe beam. The round-hole nozzles of different diameters
(0.2 mm to 0.5 mm diameter) were employed to create
water lines in this study.
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Fig. 1. (a) Schematic of the experiment system. PM1-PM3 are off-axis PMs. The inset illustrates the geometry of the interaction
between the laser and the water line. In subsequent experiments, the water line moves primarily along the z axis. (b) and (c)
THz time-domain and frequency-domain amplitudes generated by 0.2 mm water line at £ = —0.07mm and at a = 0°.

The pump beam is focused into the water line by an off-
axis parabolic mirror (PM1) with a focal length of 1 in.,
and it creates a plasma inside the water line. The forward
THz energy is collimated and refocused by a pair of
off-axis PMs (PM2, PM3) with an effective focal length
of 2 in. The residual pump laser was blocked by a silicon
wafer (thickness of 0.5 mm) and a long pass THz filter
(Tydex). The probe beam is focused by a convex lens
after passing through the time delay stage and is focused
onto the ZnTe crystal together with the THz wave.
Standard electro-optical sampling with a 3-mm-thick
ZnTe crystal is used to detect the THz field. In the experi-
ment, we investigated the THz electric field dependence
on the relative position between the water line and the in-
cident laser. We moved the water line horizontally, which
is perpendicular to the propagation direction of the pump
laser. As shown in Fig. 1(a), the angle between the
direction of THz signal detection and the direction
of the pump optical axis is a. In this measurement, the
angle a was set to be zero. The THz time-domain and
frequency-domain amplitudes generated by a 0.2 mm
water line at x = —0.07 mm and a = 0° are shown in
Figs. 1(b) and 1(c).

Figure 2(a) shows the detected THz peak electric field
intensity when moving the nozzles with different aper-
tures. In this experiment, the pulse duration remained
consistent for different diameters. As the water line moves
horizontally (in the positive and negative directions along
the z axis), the magnitude and polarity of the THz electric
field change. The THz time-domain waveforms at the x
positions with maximum peak amplitude in different
diameter water lines are shown in Figs. 2(b)-2(e). For
water lines of 0.2 mm, 0.3 mm, 0.4 mm, and 0.5 mm,
the maximum values of the THz signal appear at
z==20.07mm, z==0.11mm, z==+0.14mm, and
z = +0.16 mm, respectively. For each water line at the
positive and negative optimal x positions, the maximum
amplitudes of the THz time-domain signals are substan-
tially equal, but the polarities are opposite. As the water
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Fig. 2. (a) THz peak electric field intensity as a function of z
position with the water line diameter of 0.2 mm, 0.3 mm,
0.4 mm, and 0.5 mm, respectively. (b)—(e) THz time-domain
waveforms at the z positions with maximum peak amplitude
in different diameter water lines.

line diameter increases from 0.2 mm to 0.5 mm, the
generated THz signal becomes smaller.

For describing the generation and propagation process
of THz waves in the water line, a theoretical model is pro-
posed. In this model, the recorded THz radiation from la-
ser induced plasma is considered as a superposition of
emission by a two-dimensional dipole array. First, the
spherical dipole model is used to characterize a single di-
pole in one direction. For each one of the dipoles in the
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array, the generated THz electric field strength in the far
field can be given by

TA K> )
E=j in G 1
j4ﬂ'a)€07’ S ve (1)

where I is the current amplitude phasor, Al is the length of
the electric dipole, k is the wave number, @ is the wave
frequency, ¢, is the dielectric constant of free space, r is
the distance from the observation point to the origin
point, and @ is the angle between the observation point
and the spherical coordinate axis.

The intensity of the array dipole can be expressed as
follows:

Earray — E(l + eikd sin 0 + e2ikd sin 0 N emikd sin 0),

(2)

where m is the number of dipoles during simulation, and d
is distance between two adjacent dipoles.

Figure 3(a) shows the diagram of the relative position
between the water line and the laser for three typical po-
sitions, where the THz peak electric field strength is maxi-
mum, minimum, and almost zero, respectively. The black
dotted line connecting Figs. 3(a) and 3(b) indicates the
direction in which off-axis PM2 in the detection system
receives the THz signal. The schematic diagrams of a
two-dimensional dipole array and the electric field of a sin-
gle dipole are also shown in Fig. 3(a). During the move-
ment of the water line along the z axis, the position of
the pump laser on the surface of the water line changes.
The refraction angel of the pump laser as it enters the
water line changes. Therefore, the angle 6 between the
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Fig. 3. (a) Relative positional relationship between the water
line and the laser induced plasma (including the two-dimensional
dipole array diagram) during the movement of the water line.
(b) Normalized THz peak electric field strength as a function
of the z position for the water line of 0.2 mm; the experimental
and simulation results are shown by dots and line.

direction of the receiving THz electric field and the spheri-
cal coordinate axis in the dipole model can be given by the
following formula:

0= arcsin{sin[arctan(x/ R— a:z/a:)]/nw}, (3)

where z is the distance that the water line moves laterally,
R is the water line radius, and n,, is the refractive index
of water.

The most important factor affecting THz propagation
in the water line is the absorption of the THz wave by
water, with the absorption coefficient of 220cm™' at
1 THzZ. This effect has also been considered in the
THz generation from water film2. As the water line
moves, the thickness of the water layer absorbing the
THz wave also changes, resulting in different attenuations
of the THz electric fields. The transmission rate of THz

electric field A(z) can be expressed as follows:

A(z) = exp {—a\/[Oz(x) — 7 + O0,(z) + VR— xQ},
(4)

where O,(z) and O,(z) are functions of the plasma
center coordinates with respect to z, O,(z)=z—sin ¢
[(R—V R—2?)/n,], O,(z)=V R—1*—cos ¢ - [ (R—V R—1?)/
n,). By combining Eqs. (1) and (3), the detected THz
electric field intensity after water attenuation can be ob-
tained. Then, the detected THz electric field can be
formulated as

ETHZ = Earray : A7 (5)

where E,,,, is the initial THz intensity generated by the
laser induced plasma, and A is the transmission rate of the
THz wave in water line.

For the instance of the 0.2 mm diameter water line, the
experimental and simulation results for the normalized
THz peak electric field strength distribution as a function
of the water line z position are shown in Fig. 3(b). When
the laser axis is at the center of the water line, the detected
THz signal is almost zero. Moreover, as the water line
moves (|z| increases), the THz electric field amplitude first
increases and then decreases, and the maximum ampli-
tude appears at |z| = 0.07mm. In addition, due to the
refraction of the pump laser on the surface of the water
line, the movement of the water line changes the direction
of the central axis of the plasma. As shown in Fig. 3(a), at
2 = 0.07 mm, the center of off-axis PM2 faces the negative
electric field side of the dipole analogic electric field. In
contrast, at £ = —0.07mm, the center of off-axis PM?2
faces the positive electric field side of the dipole analogic
electric field. Therefore, the polarities of the THz electric
field are reversed.

The main reason why the 0.2 mm water line generates
the highest THz signal among 0.2-0.5 mm water lines is
the absorption of the THz wave by water. When the
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diameter of the water line becomes larger, the THz wave
generated inside the water line needs to transmit through
a thicker water layer into the air. According to Eq. (4), for
the water lines with diameters from 0.2 mm to 0.5 mm, we
can conclude that the 0.2 mm water line has the maximum
transmission rate and can achieve the highest THz
radiation.

To fully characterize the property of the THz wave
emission from water line, we measured the angular distri-
bution of THz energy, which is recorded by a Golay cell
(Tydex). The collection portion is installed on a platform
that can be rotated around the water line to detect the
THz energy at an angle a (positive: anti-clockwise) with
respect to the laser incident direction. The water line
stayed at the optimal z position for this measurement.
That is, the 0.2 mm water line stayed at = —0.07 mm,
the 0.3 mm water line stayed at x = —0.11 mm, and the
0.4 mm water line stayed at x = —0.14 mm, respectively.

The experimental results of the angular distribution of
THz energy are shown in Fig 4. For the 0.2 mm diameter
water line, the THz energy observed in the direction of the
pump optical axis (@ = 0°) is not the strongest. At the an-
gle of about a = 60°, the maximum THz energy was de-
tected. According to Eq. (1), the initial THz radiation
just from the plasma has an angular distribution inside
the water line. The strongest THz energy is radiated per-
pendicularly to the laser direction in the water line. Then,
the radiated THz wave propagates through the water
layer and refracts into the air. The propagation distance
in the water line is the other main reason that determines
the THz energy observed by the detector. For the obser-
vation angel of about 60°, the combined effect of the initial
THz radiation direction from the plasma and the corre-
sponding propagation distance in the water line works
best, which contributes to the highest THz energy. More-
over, the optimal detection angles for different water lines
are slightly different, because the initial THz radiation
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Fig. 4. Experimental results of the angular distribution of THz
energy produced by the water lines with three different diameters
(0.2 mm, 0.3 mm, 0.4 mm) at the optimal z positions.

distribution and the subsequent water absorption influ-
ence have a small difference for the water lines with differ-
ent diameters.

In summary, we propose an effective solution for THz
wave emission from liquid water. The experimental results
show that the strength and polarity of the generated THz
electric field change with the relative position between the
incident laser and water line. The performance of the
water line with 0.2 mm diameter is better than that of
the 0.3 mm, 0.4 mm, and 0.5 mm diameter water lines.
We used the two-dimensional dipole array model to ex-
plain this phenomenon, and the simulation results are
quite consistent with the experimental data. Moreover,
the angular distributions of THz energies generated by
water lines of different diameters were demonstrated. In
order to receive the maximum THz signal, it is necessary
to ensure the receiving direction of the detecting system at
an angle of about 60° with respect to the optical axis of the
pump laser. Our study could contribute to further under-
standing and optimizing the THz wave emission from
liquid water.
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