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Abstract: Polar liquids are strong absorbers of electromagnetic waves in the terahertz range,
therefore, historically such liquids have not been considered as good candidates for terahertz
sources. However, flowing liquid medium has explicit advantages, such as a higher damage
threshold compared to solid-state sources and more efficient ionization process compared to
gases. Here we report systematic study of efficient generation of terahertz radiation in flat
liquid jets under sub-picosecond single-color optical excitation. We demonstrate how medium
parameters such as molecular density, ionization energy and linear absorption contribute to the
terahertz emission from the flat liquid jets. Our simulation and experimental measurements
reveal that the terahertz energy has quasi-quadratic dependence on the optical excitation pulse
energy. Moreover, the optimal pump pulse duration, which depends on the thickness of the
jet is theoretically predicted and experimentally confirmed. The obtained optical-to-terahertz
energy conversion efficiency is more than 0.05%. It is comparable to the commonly used optical
rectification in most of electro-optical crystals and two-color air filamentation. These results,
significantly advancing prior research, can be successfully applied to create a new alternative
source of terahertz radiation.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Terahertz wave generation is one of hot research topics for the last decade. Broadband terahertz
radiation is suitable for a wide range of applications, for example, in nonlinear terahertz optics [1],
optical excitations [2], ultrafast dynamics [3,4] and terahertz informational technologies [5].
Current scientific papers demonstrate the possibility of manipulating the parameters of output
terahertz radiation such as polarization [6] and energy by controlling the input conditions. The
main parameter of the terahertz radiation sources is optical-to-terahertz energy conversion
efficiency. There are highly efficient methods of terahertz generation, for example, via optical
rectification in crystals, which are limited by the destruction of the material with increase in the
pump energy above the damage threshold [7-9]. It is worth noting the new variety of materials on
the basis of which the efficient sources of terahertz radiation are being created [10, 11]. The most
popular mechanism is terahertz generation via filamentation in gases with one or two-color optical
excitation due to the possibility to control output radiation by the pump laser parameters [12—15].
Using two-color filamentation, maximum efficiency is around 0.01% [16]. The increase of
conversion efficiency in the case of filamentation occurs using a different wavelength of the pump
radiation [17]. In this regard, the search for new sources is unlimited and opens a vast area for
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further investigation.

Until recently, the use of liquids as terahertz sources has been poorly studied, although it
certainly has a great potential. Unlike in solid-state sources of terahertz radiation, permanent
damage can be avoided in liquids due to their fluidity. Moreover, different nonlinear effects
become more perceptible in liquids due to its 3 orders higher molecular density and slightly
lower ionization energy compared to gases which results in more charged particles produced in
the same ionized volume [18-20]. The first studies demonstrated the generation of a broadband
terahertz waves from a gravitational, free-flowing water film [21] and liquids in a cell [22] based
on plasma filament inside ionized liquid medium. The use of films in previous experiments
led to the destruction of the liquid samples at energies above 500 wJ. Undoubtedly, in our case
the replacement of the film by a flat jet removes this shortcoming by increasing the liquid
damage threshold by more than an order of magnitude. However, it is necessary to make a
complete analysis of the physics of terahertz generation in liquid medium where we consider
all experimental conditions, namely, the physical and chemical properties of the liquids and the
pump radiation parameters. It has not been done yet, although it can significantly advance prior
research.

Here, we unravel the points that will allow us to improve the terahertz generation in flat
liquid jets considering the variety of liquid properties and initial radiation parameters based on
theoretical and experimental investigations. Comparing water, heavy water, acetone and ethanol
as a generating liquid medium we draw conclusions of the terahertz radiation energy dependence
on the duration and the input pulse energy. We determine that the efficiency of terahertz radiation
generation depends on the combined conditions associated with liquid molecular density, its
ionization energy, which defines the number of electrons that can be removed from the molecule,
and the linear absorption of the liquid. Hence, it follows that all factors must be taken into
account. Our experimental data and numerical simulations show that varying the thickness of the
medium, we can obtain the maximum efficiency generation of terahertz radiation on different
pump duration. We demonstrate that using single-color filamentation in flat liquid jets with
increasing pump energy we obtain a quasi-quadratic rise of the output terahertz energy. Finally,
by applying this technique we achieve the efficiency of generation of more than 0.05%, which is
comparable with well-known process of two-color filamentation in air. It makes this technique
very attractive for a wide range of applications. All these aspects have not been analyzed in detail
in previous articles. This paper is another important step towards understanding of the hitherto
unexplored physics of terahertz generation in liquids.

2. Experimental setup

The experimental setup is shown in Fig. 1(a). We use femtosecond laser with wavelength of
800 nm, and varied pulse duration of 35 fs to 700 fs, p-polarization. The change in duration was
carried out by changing the distance between the compressor gratings. In this connection, by
changing the duration we received a chirped pulse. The pulse energy up to 2 mJ splits into two
paths by a beam splitter (BS) (1:49, for probe and pump, respectively). One path functions as a
weak optical probe, with the pulses passing through a delay line before reaching the detection
electronics (electro-optical system (EOS), we use 1 mm thick ZnTe crystal, which make it
possible to detect a signal up to 3 THz). The other path is used to generate terahertz pulses. The
pump radiation is focused with a 5 cm focal length parabolic mirror (PM1) on the flat liquid jet
(thickness is 100 um, 150 um or 270 pum) with beam waist of 100 um. The thickness of the jet
is measured using a second order autocorrelator. Placing the medium (liquid jet) in one of its
shoulders, we measure cross-correlation function. We determine the jet thickness by the shift of
maximum intensity of the second harmonic generation, which is determined by the refractive
index of the medium [23]. For each thickness of the jet we use new specific nozzle. The intensity
is Iy=2-10"3 W/cm? for 600 uJ energy and pulse duration of 400 fs. In our experiments, the flat
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water jet is located in the middle of the filament.

An illustration of incident angle ¢ is shown in the inset of Fig. 1(a), where 7 is the surface
normal of the jet. The incidence angles of the flat liquid jets are established in accordance with
the results of previous experiments [24], where the optimal angle was shown as a combined
result of the transmittance of the p-polarized excitation laser at the air/water interface and the
dipole orientation direction. The corresponding value for water and heavy water is 65°, acetone
and ethanol is 60°.
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Fig. 1. Experimental setup of terahertz generation in flat liquid jets. (a) Experimental layout
for energy and spectral terahertz measurements (the inset shows an illustration of optical
incident angle ¢). Laser radiation is splat on pump and probe beams with beam-splitter (BS)
with ratio of energy in the channels 1:49, for probe and pump, respectively. Parabolic mirror
(PM1 with focal length equal 5 cm) focus the pump radiation on a liquid jet which leads to
the generation of terahertz radiation as a result of filamentation inside ionizing liquid jet.
The terahertz radiation is collected and collimated by TPX lens (TL) filtered by a teflon
filter (F). For spectrum measurements we use conventional electro-optical system (EOS).
Parabolic mirror (PM2 with focal length equal 12 cm) focus the terahertz radiation on the
ZnTe crystal (EOC) with 1 mm thickness. (b) Photo of laser excitation of the liquid jet.
Water moisture plum scatter the laser beam. Temporal terahertz signals (c) and spectrum (d)
emitted from the jets of water and ethanol with a thickness of 150 um at laser pulse duration
of 400 fs and optical excitation energy of 600 pJ.

Figure 1(b) is pump-medium interaction close-up. The jet is obtained using the nozzle which
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combines the compressed-tube nozzle and two razor blades [25]. This design forms a flat liquid
surface with a laminar flow. The optical path of the pump pulse passes through the center of the
jet area with a constant thickness. Due to the use of the pump liquid is released under the pressure.
The hydroaccumulator in the system of water supply allows to significantly reduce the pulsations
associated with the operation of the liquid pump. In the case of laser filamentation medium
destruction occurs in the field of interaction of focused radiation with the liquid jet. However, the
rest of the flow does not suffer significant damage. The rate of flow (1 m/s) is sufficient for a
complete renewal of liquid media in the area of interaction at 1 kHz laser repetition rate. The jet
is installed on the translator, which allow it to rotate, changing the angle of incidence ¢ on the jet.

Figures 1(c) and 1(d) demonstrate temporal terahertz signals and spectrum emitted from the
jets of water and ethanol with a thickness of 150 um at laser pulse duration of 400 fs and optical
excitation energy of 600 uJ, respectively.

3. Energy and pulse measurements

After the first demonstration of the terahertz generation in liquids, the question of how generation
efficiency could be increased arose. This ability is necessary for all applications. To begin
with, we have carried out experimental studies, where we represent all possible combinations of
experimental parameters when generating terahertz radiation in flat liquid jets. We change the
parameters of the pump radiation: the duration and energy of the pump pulse, and the thickness
of liquid jet. We use water as a reference medium. Our results demonstrate the dependencies of
the terahertz generation energy on the pulse duration (Fig. 2(a)) and on the pump energy (Fig.
2(b)) for different thicknesses of flat water jet. We measure the signal energy by integrating the
field obtained in the experiment, Fig. 1(c).
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Fig. 2. Experimental dependencies of the generated terahertz radiation energy characteristics
on the energy and duration of the pump pulse for water. Measured terahertz energies
generating from single-color filamentation in flat water jet. (a) The dependence of the
terahertz energy in flat water jet of different thickness (100 um (black), 150 um(red) and 270
um (blue)) on the laser pulse duration at the pump energy of 600 pJ. (b) Measured terahertz
energies generating from flat water jet as a function of pulse energy with an optimal pulse
duration for jet thickness 100 um, 150 pum and 270 pum. Incidence angle of the flat liquid jet
is 65°.

We note, that the highest recorded values for terahertz radiation energy for a 100 ym and 150
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um jet thickness have been obtained for around 350 fs and 400 fs pump pulse, and for 270 um jet
for around 500 fs. The measurements are performed with a pump energy of 600 uJ. Another
interesting point is quasi-quadratic increase in the energy of terahertz radiation with growth of
the pump energy (Fig. 2(b)). For a thinner jet of 100 um energy is higher. The attenuation of
the signal is caused by the increasing absorption as the propagation distance inside the medium
increases.

4. Theoretical model

The method of theoretical description of the physics of propagation of ultrashort pulses in
optical medium, observed in the experiments discussed above, is nontrivial. This method should
describe the dynamics of nonlinear processes of medium ionization in the field of a high-intensity
ultrashort pulse as well as consider its spectrum superbroadening.

In the current paper, we calculate the evolution of the optical pulse electric field E itself using
equations of the form [26]:
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where I’y and a are empirical coefficients characterizing the dependencies of the medium
absorption coefficient k(w) = cIy/w and its refractive index [27] n(w) = ny + caw?* on the
frequency w which are suitable for describing dispersion in liquids up to 1.2 um, since the main
part of the radiation is located in this range (n¢ here is equal to the medium refractive index in the
low-frequency region); g characterizes low-inertia cubic nonlinear response of the medium and
connected to its coefficients of the nonlinear refractive index n, by the ratio [27] g = 2ny/c; j is
a current density of quasi-free plasma electrons induced by a strong radiation field; p is excited
states population of the medium molecules, the transition to which is allowed from their ground
state and from which there is a further transition to a quasi-free state under the influence of a field;
7. and 7, are times of relaxation from quasi-free and excited states, varying which we observe
negligible effect on terahertz generation and therefore assumed equal to 1 ps; the coefficients a
and B, characterizing efficiency of the transitions to these states, are fitting parameters for the
results of one experiment and will be described in detail below; z is the direction of propagation,
T =t —znp/c is time in the moving frame of reference, # is time, c is the speed of light in vacuum.

Thus, according to Egs. (1), ionization is a step process: initially, the electric field excites
high-energy states of the molecule, after which the electrons transition into a quasi-free state
occurs. In the case of quantum mechanical model in [26] the short duration of optical pulses and
spectra superbroadening during propagation in the medium are taken into account. The energy
transitions in the molecule are considered as non-resonant (resonant multiphoton process is not
taken into account due to the broad radiation spectrum) and as a result, the plasma nonlinearity of
the medium response to the pulse radiation is described as proportional to fifth order of the field.

Equation (1) should be supplemented by boundary conditions at z = 0. We assume that the
radiation field at the input surface is yielded by the chirped gaussian pulse [28]:

72 A
E(t) = Eyexp (——2) sin ((uo‘r + —(a)o‘r)2) 2)
Tp Tp
where E is a peak amplitude of the pulse at the input surface, wy is central frequency of radiation
with central wavelength 1o=800 nm, A is a fitting parameter, representing a pulse chirp, that is
chosen such that the width of the chirped pulse spectrum matches width of the spectrum for the
35 fs spectral-limited pulse, and 7, is pulse duration. The intensity value is chosen on the basis
of experimental data.
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In the numerical calculation the Eqgs. (1) are normalized [29], and the dynamics of plasma
formation can be evaluated by (@ - 8)iiq. This value was estimated for water by comparing

theoretical and experimental results. For other liquids, it was calculated using the formula

iq EMN. . . oM ¢ s e
(a- Pig = %ﬁ (@ - Blwater, Where pj;q is molecular density, El’i‘;” is ionization
iq

energy of the medium.

‘We must also take into account the linear absorption of the medium, which substantially reduces
generation during the propagation through the liquid, by multiplying the field by exp (—KTH 2L),
where k7 H7 is linear terahertz absorption of the medium and L is its length. For the numerical
analysis of experimental results, we need estimation of the values of liquid medium parameters
(Table 1). Numerical simulations were performed for water, heavy water, acetone and ethanol.

Table 1. Numerical values of the parameters used for simulating the propagation of
ultrashort pulse in liquid

Ionization Molecular | THz  ab- | ng [31] a-107*4, n2-10710,
energy den- sorption s3/cm cm?/W
Eion, eV sity  [30] kTHz
op, kg/m® | cm™!
water 6.5- 997 200 [34] 1.32 3.68 4.1 [35]
10.96 [32],
9 [33]
heavy 12.64 [36] 1104 100 — 200 | 1.3184 3.10 6.4 [30]
water [37]
aceton 8.7 [38] 784 60 [39] 1.34979 3.08 24 [35]
ethanol 9.7 [32] 787 60 [35] 1.35265 2.95 7.7 [35]

5. Discussion

We use numerical simulation to fit the experimental conditions. Using Eq. (1) we simulate
terahertz generation in liquid with different input parameters for investigating the theory of the
process under study. Visualization of the model description is shown in Fig. 3(a). The propagation
of pump radiation in a liquid jet leads to ionization of the medium through multiphoton absorption.
The plasma channel is formed and generates bidirectional terahertz waves. Below we present the
results for the unidirectional distribution. To obtain the desired range, all frequencies outside 0 to
3 THz is removed from the spectrum for comparison with experiment, since the amplitude of the
radiation after 3 THz is comparable to noise.

An interesting simulation result is presented in Fig. 3(b). It was previously shown that there
is a maximum generation efficiency of terahertz radiation for a certain pump pulse duration.
Figure 3(b) demonstrate that with an increase in the thickness of the medium, the optimal pulse
duration increases. The comparison of the experimental results and simulation dependence of the
terahertz energy in flat water jets of different thickness (100 um (black), 150 ym (red) and 270
pm (blue)) on the laser pulse duration at the pump energy of 600 wJ is shown on the Fig. 3(c).

It is known that the pump-medium interaction length is critical for liquids and determined by
filament length [22]. Using a 5 cm parabolic mirror, the length of the filament is about 1 mm,
which is larger than the flat jets thickness in our experiments. Assuming this it is clear that the
dominant factor for thin jets is rather a pulse duration than a filament length. With the increase in
pulse duration there is a corresponding increase in the interaction time area between the radiation
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Fig. 3. Simulation of terahertz generation in water and its comparison with the experimental
data. (a) Visualization of the model description. Here laser pump produces filament with
further ionization of the medium and charge separation leading to the terahertz generation.
(b) The numerical simulation of the terahertz energy dependence on propagation distance in
flat water jet for various pump durations. (c) The comparison of experiment results (dots)
and simulation dependencies (lines) of the terahertz energy in flat water jet of different
thickness (100 um (black), 150 pm (red) and 270 um (blue)) on the laser pulse duration for
the pump energy of 600 pJ.

and the medium. Accordingly, the optimal pulse duration should has spatial dimensions greater
than or equal to the medium thickness. Due to the more efficient filling of the liquid volume
with radiation, there is a growth in number of ionized particles and, accordingly, higher terahertz
generation. At the same time, the increase in the pulse duration leads to a decrease in the peak
power and deterioration of the electron density [40]. Accordingly, it follows from the above the
existence of the duration local maximum.

In order to find the optimal medium for terahertz generation, we need a comprehensive
comparison of their properties. For comparison, we take water, heavy water, acetone and ethanol.
Numerical simulation is carried out for comparison with the experimental data and shown in Fig.
4. We obtain a good agreement between the theory and experiments for all types of liquids. The
results confirm the existence of the quasi-quadratic increase in pump energy. Quasi-quadratic
dependence is probably related to the fact that, as shown in [41], the generation of THz radiation,
among other things, is also described as a result of spectrum superbroadening in the far IR region
under the consideration of third-order nonlinearity. The deviation from the quadratic nature



Research Article

Optics EXPRESS

T T T T T

acetone
ethanol
heavy water
water

-.- -o- -o-

THz Energy (a.u.)

1

0.3 0.6 0.9 1.2 1.5 1.8
Laser Pulse Energy (mJ)

Fig. 4. Comparison of experiment and simulation results for the jets of various liquids.
Comparison of the numerical simulation result (solid line) of the output terahertz energy
dependence on the pump energy with experimental data (scatter) in acetone (black), ethanol
(red), heavy water (blue) and water (green) with thickness of 150 um.

can be an outcome of the influence of the higher-odd-order nonlinearity. This question requires
additional theoretical analysis.

Based on the simulation results, we demonstrate the efficiency of terahertz generation depends
on the coefficient (« - B)1i4, Which is determined by ionization potential of the medium, its
molecular density, and medium absorption in the terahertz range as well. Under the conditions of
approximately equal liquid densities, acetone turned out to be the most effective, since this liquid
has the lowest absorption in the terahertz range and lowest ionization energy. Thus, considering
the entire set of parameters of the medium, it is possible to determine the most advantageous
option for creating a terahertz radiation source.

For the terahertz wave energy measurement in our experiments we compared terahertz field
registered on the electro-optical system for two-color filamentation and one color filamentation
in flat liquid jets. In case of two color filamentation, we use a spectrally limited pulse with a
duration of 35 fs, and as for a liquid jet the optimal pulse for a jet thickness of 100 um is 400 fs.
We measure the signal energy by integrating the field obtained in the experiment. The results
show that the energy of the signals in both cases is comparable. For the terahertz wave energy
measurements in our experiments we used commercial Golay cell [24]. For filtering strong
mid-IR radiation emitted under intense optical excitation high-density polyethylene (HDPE) was
used. For the input energy of 1.2 mJ, the terahertz energy is 140 nJ for flat ethanol jet of 100 um
thickness.
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6. Conclusion

In conclusion, we would like to note that we have highlighted the main experimental conditions
that have significantly contributed to the effective generation of terahertz radiation in flat liquid
jets. We applied a mathematical model of a subpicosecond pulse strong field interaction with
a transparent isotropic medium for the generation of terahertz radiation in liquid jets which
predicts the results of experiments. We claim that it is necessary to take into account not only the
ionization energy of the medium, but also its molecular density and absorption coefficient to
obtain the maximum efficiency of terahertz generation. Comparing all selected liquids, acetone
shows the highest efficiency of terahertz generation due to the optimal ratio of all parameters
of the medium. We show that it is necessary to consider the correlation between the thickness
of the jet and the duration of the pump pulse to obtain the most efficient terahertz generation.
Quasi-quadratic dependence of the terahertz energy on the pump pulse energy is demonstrated.
We highlight the achievement of efficiency of more than 0.05%, which is comparable with the
same value in some solids and more than one magnitude higher than in the air. From the point of
view of applications, we believe that our demonstration opens new perspectives for the use of
terahertz in the various fields of science and everyday life.
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