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Fig.1 The photoconductive antenna generating terahertz wave
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Fig. 2 Optical rectification generating terahertz wave

6 #T 8H B SR £ B ZnTe ™ | LiNbO, ™
M GaP'”' Lk 2 DAST .DSTMS . OH1 %4 #l fb 4K,
ZnTe Fl GaP J& T8 2515 21 44, B o I8 S e 25 38 2o 3L
J6F 8k 206 F WO A AR = R R R, S BUR R
RZ5 5 Bl w38, B TR Bk 2% 4R O e A R
LiNDO, fib A DL g A1 26 M 2R 500w 5005 B L o 30k
B R SRR I N TR KR 2 e .
OG5 KR 22 I AE LINDO, A il 3 5 28 22 il 85 K,
T R R IR A A A7 DG S X, AR A T A sk
F, DAST™ [ DSTMS WS4 ML K7 21 40 FK 5 2%
W B AT S R T, I AR R BRI R 1R
58 2% 6 U5 A et 5 LRI A28 ek ) 9 R A X A
R, KRS AR T ZMATSR.

1714005-2



2505 F 17 H9/2023 £ 9 B/ EH¢

T i P LiINDO, i 4 rf 25 i % F K b 2% % 19 AH
7 2 L 7] 71, 2002 4, fa) 5F F il 5 K % (1) Hebling 45
P T AN ETECAR (TPEP) o S 22 1 6 Y 10 ok
AR K, A2 AW ARk A D T S R A R R B WA ARy
WA 5% A8, Q1D 3 T o (B4R I i 4 R T 0 A R
JE VT i 2518y
Vi, = U, COS (3)
S 2y by T U R A e R R TR Y I
it} 71y AT AR AT A [7] 0 30k 15 3 3

pump

SN

3 AR AT E A
Fig. 3 Titled-pulse-front pump technique

050 Ak U8 1T AR R DB L e B 45 A €8 0T R S B
G U A AR, DT AR A G AE A A 1L R
R A S AT A Y R b %% Uk T 4 5 ik 2 A 67 TG
Bie 254 o TRIE 9% 7 R BRI T OB Ry e B A A
PP B RO 2 45, BT LA A A5 T R K b 2% B
i o

ETWAEAmEAR,BHFARIFRET — R4
LiNbO, i 74 7= A w8 %00 Bk 2% 0 (AR 58 o 78 [ 2 o H -
B 5 WF 5% T 1 Stepanov 28R fE B8 500 ] | bk
Fi R 150 fs PO K R 780 nm MIOL E W E R T
) LINDO, & 4, 7= A= 7 R it R 240 nJ 19 Kk 2% % 5 4
S BB I 300 pd B B A R5OR B R o 0.05% . B
JPRAE BT 22 BE i Y eh A5 F o0 4R 800 nm R &
20 mJ | H B A F N 10 Hz 89306 5 1 LiINDO, 4
A T ke 10 W E{EH M 0.25 MV /em,
AE B W3R N 0.06 % B9 KBk 25 0% o k2 7 Bl 24 B
I 1% B 5T T 19 Stepanov 4 F FH BE &= b 28 mJ ik %iE
g 50 fs, Hr 9% K S 800 nm B IO % il LiNbO,
LR T R 30 pd AR T 0.1 1Y Kk

i 1t 4B 2% MgO %5 A] DLk #b LINDO, 5 1R 17 1 1956
P A2 0N A 5 5 B0 5 S o ) 5 o - B o
WF 5T BT 19 Stepanov 25 F] FH 8 B Ry 2.3 wl | 8 &2 4R
S 200 kHz (306 Bk ol 223 MgO 8 42 ¥k 5l 2% 1)
LiNbO, A, 3745 T RE 4 30 pJ A9 Kbk 25 0% , e /= 7%
e %A 0.0013% o ) F FI il & K 2% 9 Hebling %
e [A] 25 2570 5 280 MgO 8 2% W 22 0.6 %0 1Y LiNDO,
mm A BRAS T RE R R 400 pl B R BR2E B, HE TR
KR 3.4%0 . XU R B AR 1) MgO IF %A B 42
R 2L RE R . H AR B K 22 19 Hirori S8 I oL
WA A 780 nm  RE K 4 mT B BOE I MgO 8 4= ik

A 1.3% 1 LiNbO, i A4 |, 3 25 15 £k A 2% 8% 1) 06 R
ARG TN 1.2 MV /em BERFEBAE R 0.1%
B R B 25 3% . LINDO, &b R 78 = I X Kbk 2% % A
EM (1 THz B, U R ECR 17 em '), 3085 BR il
TR 25 U (R B B R R i AR B . O T R AIG  MARRR
5 2% % 1 48 M AT, T LOKE it R T LR Y IR R
H A R T O A D K RN Ik BE X A b 2% % A 7
A RCR A —E R,

2 [ 8R4 B T 2% B 19 Huang 257 LiINDO, & 14
B 77 K 8% PO 8 1030 nm i A 1.2 mJ |
Jik 5 h 680 fs 1% 42 1 LiINDO, f i, 4815 T fig & Ny
13.5 pJ W K k25 0% . BE R FE e R B L T 3.8%
2014 4%, £) 2F F] i 13 K s 28 00F 52 v o0 9 Falop 25 F
H At P R 1030 nm ik 98 A 785 fs Y i 3O 5
LINbO, f A, 3845 7 5 ik o g 5 4 0.4 mJ 9 Kk 2%
W o 2023 4F , Jb 3 L2 M K K4 B Wu S5 F) T BE =
214 mJ K R 800 nm Y FOE F R E1 8 91 K
LiNbO, fh & , 7= 4= T Mk sh gE & 0 1.4 mJ 5k N
6.3 MV /cm BE B B RR A 0.7% B KB 22 0% o B
T, i BRI A v B R 2 B TR O 2ok 2 LA E 5
JITH R B i A e Ik b 3O A W LINDO, f 14, 3k 13
TRk b BE B O 13.9 mJ 0 R B KR 2% 0% B (RE B
EEAOCR N 1.2%) , 3k 2 H AR B AR 7 A K
255 W e AR R4 Sk

050 AR I8 T B AR AR G i A D T LINDO, & 7R 4 037 2%
e %) 10 A1, {F PR Sk 5 0K 3R 6 B A R, & S 80™ 4k
B R 2% e RO R B AR 2% . 36 [ D L 2L R AE Y Jang
SRR R AE BN 4 T Kk SE R 25 fs (TRl 150 TW [
BR A OGRS B A K ALAR LINDO# A, 7= 4 Tk
B 0.19 mJ, UL R 1 THz A% 56 A 4 THz
) BA R B R b 2% 0 . 2021 4F MR T L ZBF SR RO Y
Nazarov 2 F| FH 8 3806 B4 25 LINDO#E F 7= 4 T
W T B T 6 THz Y KR 25 0% .

TE 7 ¥ ) i b oK bk 25 U8 Oy T, in &R
Guiramand %" H o0 I K O 1024 nm | 51 EZ 4R N
25 kHz  Jik #h BE B 400 pJ #9306 & W B 2% MgO 11
LiNbO, fib 14, [F] s FH B 466 5% S5 B0 A 437 DE E , 76 =2 3
3T I FR K 53 mW 35k R 0.31 MV /em ) K
5 2% I, BE R L R IR B T 1%,

P B BIF Y 32 R 7 A A e PR I R 2% 0 . X
22 JE )R 0 2% 08, B T R P W Bk SR B R O 2 1l ik
I RS R K, SR JE R L A3 BB AT — S ) ZE R
PR 4> 2 )5 TR T 5 0, BB A A9 2 LINDO, fi 4
A AT 7 A 22 TR R 2% bk b ) PR AR A 8 AT LG
YHE FH A7 DT BE i A A% Ak (PPLND) 4R k% 77 48 0 2019
AF i B R ARG Jolly 555 A S B 6 R 4K s A
P, FHAERE A 1.2 T UK TE A 260 ps L 3% 1 4 800 nm
H O A S PPLN f A, 7= A4 T e 4 0.6 mJ e 4l
R 0.361 THz 19 2 JH B KRBk 2% 0% . 2020 4%, & E 1

1714005-3



2505 F 17 H1/2023 £ 9 B/ EH:

15 LR R

2R AF ) Jang SR R R M 2 TURKFE R 25 (s 1Y
TW HOG 2% 5 31 K FLAE LiNbO, # F, [7) i F) F - #5415
BT Z Rk 2% ik, R R Oy 15 THz, i K g
O 0.71 ml, (8 G AR 294 0.04 % o

HHLAE DAST .DSTMS .OH1 % B A7 & s iy 3k
2R ME R BOM Kb 2% 15 5% . M HCT LINDO, 55 TE AL i
A A HIL AR ) R 2% i S D LA R e R v G
DA K ] i e 2R A A0 DT i S5 PR A A # . 2011 4F  H 1
14 % 5t R BF 58 B Y Vicario 257 F) FH fig & 4 2.5 mJT | ik
FE R 70 fs M LLAMEOE B DAST dhik , 3618 T
HLO AR Ry 2.1 THz AR SR )E N 1 MV/cm  # Y
S8 N 0.5 T W Kbk 2% 0%, F H 3 I G 48 AL AR 2 L fig
FHEHR R K 2% . 2012 4F 3 45 2 R BF 58 I £
Ruchert 2" F F 8 1 4 660 pJ 0 3 K 4 1350 nm
SO A OHL SR, SE B0 T faL 338 B R 440 kV /em
H I RN 1.5 THz 9 K 5 25 %, BE = 55 B3 R o0
1.5% . & AR BERE N 2 mI k58 R 70 fs  Ho
K R 1500 nm A9 BOE R W DSTMS fh ik, =4 7
DAFR R 0.15~5.5 THz 3758 R 1.5 MV /cm 1) K5 2%
P FEAE AL AR R A RN P A A K
25 AR A )8 — A B R R SE RN AN
5 WO 05 BAE G, T R ) i i KO CBE AT

T TR R RE R S i R AR (OPA) Hir i 1 306 ik v
e ATRUE I R EA RIS . R T ok ik R
/I ) L, AT DA o B A A AR OR 38 R AR T T
Vicario %" 224~ /B HL A AR TR B R A9 DSTMS fi
PR U #F — &2, R 356 T 8K = A 06 OPA R 4e 4
B et R 3 mI WK TE K 65 fs. A0 ik K 1500 nm Y i
I 4 B W PR S 09K R SF DSTMS 4 (PCS-
DSTMS) UL J /N H: DSTMS @& . 45 58 7R . PCS-
DSTMS 7= A il Kk 22 0% 7T AEAT AT & . e,
PCS-DSTMS fb M7= A4 T 5 bk o i 2 4 0.68 mJ LI
Yyl 36 MV /em 1 K #6223 . OPA % % it B0k
HER MR A ERERE W AESH TR
T A AL A A ROR 2% 0 . S8 T, Vicario % Bk
JH Cr:Mg,SiO, /) CPA REGE 74 iy 03K 1250 nm
e K fig & 4 30 mJ /Y & g O 28 PCS-DSTMS, 3¢
LT 0.1~5 THzJEH N 0.9 mT i 2% I i 11, e 4%
BRORIRBN T 3%, R WIEE B SRS 42 MV /cm,
mE 4 pr R . s, A5 51 21 DAST . DSTMS.,
OHT AR T A KR RE I, 1 =l diby A7 A= 0 AW 2% 0% )
S L4 518 0.1~10 THz.0.1~4 THz.0.1~3 THz,
W 338 4 8 6.2.18.9.9 MV /em, Hirf DSTMS /&
P K 2% 6 BE A RS/ T 300 pm ™

Cr:Mg,SiOg4
CPA laser

, Organic

crystal

Low pass
filter

THz
attenuator

7mm THz diagnostics

K4 PCS-DSTMS f = A Kbk az i

Fig.4 PCS-DSTMS crystals generating terahertz waves
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polarization directions'"”, where E, is the displacement current radiation spectrum, and E,. is the depletion current radiation
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Fig. 12 Terahertz radiation enhancement induced by drift current amplification in WSe,/Si heterojunctions'*".

(a)—(b) Time-domain

spectroscopy of terahertz pulses generated from WSe,/Si, Si, and monolayer WSe, upon excitation with different pump

photon energies; (¢) schematic illustration of the depletion field-accelerated charge transfer
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frequencies (P1 and P2 are the emission modes of the polaron); (¢) the sub-band structure of FAPbI,; (d) wavelength-dependent
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Abstract

Significance Terahertz (THz) radiation located between the optical and microwave frequency region is known as the “THz gap”
(0.1-10 THz). THz radiation has many unique characteristics, such as low photon energy, transmission of organic materials, and
high spectral resolution. These unique properties confirm that THz radiation has significant application value in multiple fields such as
information communication, biomedicine nondestructive testing, and scientific research. Traditional THz application is primarily
confined to the weak field passive detection linear region, while the transient strong field THz can be used to actively regulate the state
of matter. The high-field THz radiation source has strong application demand in nonlinear optics, quantum and condensed matter
physics, and many other fields. On one hand, as a unique means of manipulation, strong field THz waves can be used for the
coherent regulation of materials, such as that of the electrical and phonon states and phase transition induction. Meanwhile, it can also
be utilized as a special diagnostic means for transient spectroscopy diagnosis and single imaging. The pump-probe technique
corresponding to the strong field THz wave can be used to characterize ultrafast dynamic processes of energetic materials or plasmas
under extreme conditions.

An ultrafast laser provides a stable reliable excitation source for THz generation and detection. THz waves can be generated

using ultrafast laser pumping and various excitation media, such as photoconductive antennas, nonlinear crystals, metallic copper foil,
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air, and liquid water. With continuously increasing THz field strength, matter manipulation using high field THz and nonlinear
spectroscopy in the THz region has been recently promoted. Furthermore, it has been demonstrated that THz absorption
spectroscopy could assist in revealing excited state dynamics, and that THz emission spectroscopy could also be used to distinguish

the strong coupling of carriers, excitons, phonons, and other elementary excitations.

Progress In this study, THz sources based on an ultrafast laser are reviewed. Ultrafast laser-driven photoconductive antennas are a
traditional THz source widely used for THz time-domain spectroscopy (TDS) (Fig. 1). Recently, Darrow ez al. from Columbia
University, demonstrated that large aperture antenna (LAPCA) produces a much higher THz field than a traditional photoconductive
antenna. You e/ al. from Columbia University and Ropagnol ez a/. from the University of Quebec used different semiconductor
materials as the LAPCA substrate, both of which produce high-filed THz radiation. Ultrafast laser-driven optical rectification (OR)
(Fig. 2) and difference frequency generation (DFG) in nonlinear crystals are important methods for high-field THz generation. Hebling
et al. from the University of Pécs, proposed the tilted pulse front technique (TPFP) to fulfill the phase mismatch condition between
the infrared pump pulse and the generated THz pulse in lithium niobate (LN) crystal (Fig. 3). The energy conversion efficiency from
the pump to THz is further improved using cryogenic technology. Besides LN, organic crystals such as DAST, DSTMS, and OH1,
have also been used for THz generation via OR owing to their high nonlinear coefficients and collinear phase-matching. Using
DSTMS, Vicario et al. from Paul Scherer Institute, achieved an ultra-high THz energy of 0.9 mJ at a pumping wavelength of
1250 nm (Fig. 4). Liu ez al. from the Max Planck Institute for the Structure and Dynamics of Matter generated high power and
wideband tunable THz waves using DFG in DSTMS crystals (Fig. 5). Tunable THz is also generated from other crystals such as
GaSe et al. based on DFG technology. THz radiation is emitted from the intense laser-driven plasma. Cook er al. from the
University of Pennsylvania, first proposed that air plasma produced by a two-color laser field could generate THz radiation.
Koulouklidis ez a/. from the Institute of Electronic Structure and Laser of Greece, obtained a record value of 0.185 mJ THz pulse
energy, which corresponds to an electric field strength of 100 MV /cm based on a two-color field scheme (Fig. 6). For liquid plasma,
Jin ez al. from University of Rochester generated THz radiation from liquid water film driven by an ultrashort laser pulse (Fig. 7). The
development of high-field THz generation based on ultrahigh laser pumped various liquid media has been initiated. For solid plasma,
the working principle of high-filed THz radiation generated by solid target intense laser pumping is described (Fig. 8). Liao ez al. from
Shanghai Jiaotong University, acquired extreme THz radiation from metal copper foil targets pumped by ultra-short and ultra-intense
lasers. Liao ez al. identified that intense laser pumping of metal targets into various materials can produce strong THz radiation.

The THz wave 1s a novel and powerful tool for investigating the fundamental physics process of vibration rotation, spin
precession, and electron acceleration (Fig. 9). The application of strong-field THz waves in matter manipulation is concluded.
Furthermore, the application of time-resolved THz spectroscopy is introduced (Fig. 10). Topological insulators and semiconductors
pumped by the ultrafast laser may emit THz radiation which indicates the electron dynamics in materials. Broadband THz waves of
different polarization directions radiate from a topological insulator surface induced by femtosecond laser pulses (Fig. 11). In WSe,/Si
heterojunction, THz radiation is enhanced by drift current amplification (Fig. 12). A THz wave is generated by the laser-induced
polaron in FAPDI, (Fig. 13). Therefore, THz radiation can be used for both manipulation and detection of material dynamics.

Conclusions and Prospects Recent process regarding THz generation based on an ultrafast laser is reviewed, including the
working principle and existing problems. THz radiation applications in physical state regulation are summarized. THz radiation has
broad application prospects in the characterization and control of matter properties.

Key words laser technique; ultrafast laser; high-fied terahertz wave; matter manipulation
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