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Fig. 1 Experimental setup for THz wave generation by
tightly focusing the optical laser beam into a wire-

guided gravity-driven free-flowing water film
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Fig. 2 Measurement results of the THz fields when the water film is at different places along the direction of laser
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. (a) THz waveforms when the water film is at different places( A before the focal point, B near the

focal point, C after the focal point, D without water film); (b) THz waveforms when the water film is moved near

the focal point; (¢) comparison in the frequency domain
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Fig. 3 Normalized THz energy with different laser pulses
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. (a) Pulse duration; (b) polarization; (c) pulse energy
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Fig. 4 Two kinds of water films with different structures

designed by Zhang Xicheng’s team. (a) Wire-guided

gravity-driven free-flowing water film; (b) water

film created by a flat liquid nozzle™
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Fig. 5 Experimental setup for THz wave generation from a water film under two-color laser’s excitation

AR T ok e 1 590 516 7 £ b 2% I 28 SR
KE L CUFEMOCH Ik TE R 50 fs BF, W 6T 5 4
PR A 8 2 904 B R 243 2 B (5 016 T 587 A ) DR 2% D
SR 10 A, E iy T B AL B9 A [ JER TR AR
IR S5 25 AT B B XU s U S IR 7 SR 2 1)
AR BT 5 T AFE 300 fs 2808 T XSG TT 5857 AR 1Y
R 2% 5 B e Dy A IR AR = T 11,
XX A U4 T RO 5 AR RO 18] A7 78 (8 A 24920 Wi gk
X 88 G D Tk B 2% A TR AR ROIE 7 A BB T L
HOWEOCRE SR LB ALY . BRICLLSE 3 3 A5 B0 2
[E3) B9 R A7 22 68 9 1) 2 2 Xk oK f 2% e B B ) A
i o511 0 A XS 51 fok o B k-5 77 A 1) KA 2% 4 B RE
WK R LEUNE 6 s, RIS AT Kb 2%
P BE it 5 X016 ok b B ik B R YOG AR L i I 7
J W S B R R B B S AR

Tt ©  Golay-Unmodulated <E2 ){
- ® Golay-Modulated P/
508 o EOS
$ ¥
506} Y 1
2 /
o=
g 04 A o L
- ool 4 L5 T «E

e - A #
ot -8-’—1?— o ——?/

0 100 200 300 400 500
Laser pulse energy Ep (ud)
PEL 6 DA v 7 A ) DK 22 0 RE 55 06 K e
(45 o F1 200) AEHE (Y 56 F2 1l 22
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Fig. 8 Experimental setup for THz wave generation

using a water line, the inset means the geometric
diagram of the laser interacted with the water
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Fig. 9 Effect of the diameter of water line on THz wave generation from a water line™®” .

(a) Best pulse duration of the pump beam; (b) THz wave energy
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Fig. 11 Geometric diagram of the pump laser interacted with the water line, while Ax means the distance between

laser propagation axis and the center point O of water line®” . (a) Ax=0;(b) Ax#0
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Tianjin University, Tianjin 300072, China

Abstract

Significance Terahertz (THz) wave, whose frequency range lying between the infrared wave and microwave, is a
section of the electromagnetic spectrum with unique features. Broadly, the THz frequency range covers the spectral
region from 0.1 to 30 THz, but researchers universally define 0.1-10 THz as the THz band. Owing to the lack of
suitable THz radiation sources and detectors, THz wave, once known as " THz Gap" for ages, became the last
segment of the entire electromagnetic spectrum to be fully explored. Nevertheless, the ultrafast optoelectronics
technology and microscale semiconductor technology, which received rapid development in the 1980s, made
emerging from the previous dilemma possible for researchers in this field. Since then, THz technology has been
widely used in scientific research and practical application, such as medical treatment, nondestructive testing,
national defense, safety inspection, and communication.

Among various branches of THz technologies, THz photonics undoubtedly earns a place in the current hotspots
of the field. However, recently, studies on THz photonics focused more on the linear response of material rather
than the nonlinear response, and the absence of suitable THz radiation sources with strong field strength might be to
blame for this study status. In China, the 973 Program and several other projects associated with fundamental study
supported the study of THz photonics well, unfortunately, the related study work is still focused on linear THz
systems. Thus, exploiting the technology for building a more suitable THz radiation source system with stronger THz
field strength, along with its optimization, is an essential prerequisite for further expanding the practical area of THz
waves.

As the most common liquid in life, water plays an important role in academic research. However, water has not
been considered an appropriate THz radiation source for a long time owing to its strong absorption in the THz
frequency range. While recently, some groups have experimentally confirmed the feasibility of THz wave generation
from water under the excitation of a femtosecond laser, and several theoretical models are proposed for the
mechanism of the generation processes. Thus, summarizing the current research progress in this field for the study
of THz wave generation from water and other liquids is significant.

Progress Under the efforts of professor Zhang Xicheng and his team, a thin water film (~ 170 pm) under
femtosecond laser’s excitation was historically used for THz wave generation in 2017 (Fig. 1). This water film,
which has a gravity-driven free-flowing structure, can be better for mitigating the inevitable absorption of THz waves
caused by water. Under the identical experimental condition, the electric field of THz wave generated from the thin
water film is 1. 8 times stronger than the case of the air plasma. Besides, compared with air plasma, a great
difference in THz generation is that liquid water prefers a laser pulse with a longer pulse duration ( ~600 fs) rather
than a traditional femtosecond pulse (~50 fs) (Fig. 3). Further, the improvement of the THz electric field with a
dual-color laser scheme in water is not able to be as high as that in air. The different photoionization mechanisms
between water and air might be responsible for these discrepancies.
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To weaken the total internal reflection at the flat water-air interface in water film, a water line was used for
solving this problem. In 2018, strong THz radiation generated from a water line of 200-um diameter under the
femtosecond laser’s excitation was first reported in the experiment (Fig. 8). Strong THz radiation can be detected
only when the pump laser propagation axis deviates from the center of the waterline owing to the ponderomotive
force-induced photocurrent with the symmetry broken at the air-water interface. As for its preference, just like the
results of water film, subpicosecond laser pulses behave better in water lines when compared with a short temporal
laser pulse. Notably, the overall distribution of THz radiation generated by water lines with different diameters may
not be different in space, so the optimal radiation angle for THz generation from a water line is all about 60°
(Fig. 10).

Although the phenomenon is similar to air, the explanation for the mechanism of THz generation from water is
still under study. While other kinds of nonlinear effects existed during the photoionization process in water and the
different ionization mechanisms of these two matters may partially account for this mystery. Currently, the
theoretical models to explain the phenomenon of THz generation from water include the dipole array model,
ponderomotive-force-induced photocurrent model, unidirectional pulse propagation equation model, and radiation
field dynamics model.

Conclusions and Prospect The study on THz generation from liquid water would be beneficial for researchers to
better understand the interaction between water and intense lasers, and it serves a significant role in the further
study of potential THz radiation sources. Based on these reasons, research progresses on THz generation from liquid
water recently, are reviewed in this article, which includes experimental schemes for two liquid water sources, the
factors related to the improvement of the generated THz energy, as well as the design ideas for relevant theoretical
models. Finally, the prospect of this field based on our understanding and the current study achievements is
proposed.

Key words terahertz technology; nonlinear optics; liquid water; photoionization; terahertz wave generation;
femtosecond laser
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