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Fig. 2 Spectro-encoding single-shot time-domain waveform measurement scheme. (a) Typical optical path design; (b) typical origin

spectral data measured by spectrometer; (¢) typical terahertz time-domain waveform
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Fig. 3 Spectro-encoding single-shot time-domain waveform measurement scheme based on spectral interferometry technique.

(a) Typical optical path design; (b) typical origin spectral data measured by spectrometer; (c) typical terahertz time-domain

T S AL A R 2R ) S 1 B T RN S A Ak 2 o
Vo A% 8 7 58 52 2% AR LI ) 3 % R 40 O A2 He i BR 1
G0 AT L5 R AR G g A O 6 T R B DR A O
Y B ] 3 3 B i), D 1T S 300 v Bsf ] 4 B B () 2 T Y
TR 2% s 358 0 T DN 4
23 ETZFHEBRMBARLBLRHE

BT 2% (6] Gt B 118 A 7 2 R 3880 T HL G SRR £ Ty
2 (LUR faj PR s (8] 4 b 7 22 ) iy B A BB 4N T« R TR
BEOG I GIE 23 (8] 4 A5 5 8L, 08 28 8] b AN 6] 47 3 0 R B
55 N [ B 200 B O b 22 5 AE EAE R, AT K Sk 2% Bsf
WUAF B g B AR AT e s B oA b o H TR 00 25 6] g
7 A A e g A R B B A B R

A e 2 25 1] 4 5 7 58 I SRR B T AT IR
BEOGREA ST 20 B G SR b DRI S BE B AS [R5 4 B 3k
FL S AR 1 B (B AN ], A2 380 AS ) B 220 19 6 2% 37 9 o
AT A 7 2% B [ A J5 0k 20 5 BI04 6 6 D6 B 1) 4 [R] 0 A

waveform

o SRRy 22 B HE A Ry an 1] 4 (a) (b)) R .
ORI 2% Ik i 5 R AR A O AR B P AT RO ER B R
ASHTEHOG AR T, 2850 HOG R 1 B BE R AE
FABL B8 R R G P A 1/ 43 R R i
B2 A5 T A AT S IR ER BT O fi Bk A ARG o A 2k 2 A )
G % 7 G SR AE R G IREOCA S A (o) R R G
R A (M) LA B A7 AR BIL B AR R R/ (w ) K S
XA N a BIERE G, R RAERT] LLRIR N
Wy

e tan e JU A L ARG A ) 4

C
R WOL IR GE R R BRI o RS BT
) T 1T 52 K 2% £ SRR 016 016 3R 8 1] R /N Y 52

uWWT:ﬁymmﬁmwwﬁﬁﬁﬁ%%ﬁﬁﬁ
SEBER S s ME . BT LU L B SR 2 3 4 i 5 7
S T A 2O REME 40 A (B2 BRI 408 B B Ry
2 I Bk b 2 e B T B 5 A B A 2 U 11 I 5

At =

1714001-3



2505 F 17 H1/2023 £ 9 B/ EH:

@
probe

EO QWP

lens WP
THz

EO: electro-optical crystal
QWP: quarter wave plate
WP: Wollaston prism

(¢) ' with THz without THz

camera

1.2
1.0F
0.8F
0.6
04F
02F
0 9
-0.2F
-04r
-0.6F . . . . . . .
-6 -4 -2 0 2 4 6 8§ 10
Time /ps

Signal intensity /arb. units

Pl 4 AR L2 s (8] G T 5 I S A0 0 6k U5 58 o () ML RS B BT 5 (b) 23 8] 25 A% 7% 7 1 5 (o) ATRILIND k) e 230 J i PRT 2 5 () e 2K 7

25 e

Fig. 4 Non-colinear spatial-encoding single-shot time-domain waveform measurement scheme. (a) Typical optical path design;

(b) schematic of spatial encoding; (c) typical origin image captured by camera; (d) typical terahertz time-domain waveform
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Fig. 5 Spatial-encoding single-shot time-domain waveform measurement scheme based on reflective echelon prism. (a) Typical optical

path design with time delay introduced by reflective echelon prism shown in inset; (b) typical origin image captured by camera;

(c) typical terahertz time-domain waveform
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Fig. 7 Multi-channel terahertz spectrometer. (a) Optical path layout; (b) typical measurement result
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Fig. 8 Single-shot terahertz autocorrelation measurement scheme”". (a) Optical path design; (b) geometric relationship of two terahertz

pulses on camera array; (c) terahertz background spot and typical autocorrelation signal spot; (d) terahertz spectra
N, o [0 FH I B e 8 AR S ASO6F R 2% 6 AT 1 DN A, 45 3 A9 i
BLSCI A g 30 0 = 2 in ) b 0 \
M2 B A LA o 75 B0 K 2 B 1 8 () L (d)
P RR R 22 DK v B e AR o FORAESE BT BB R R S HUESRABR TN A RS A B 1 5 SR A B Y
{1 B I 23 FE R E T R G I O (we)  FER/N U B ST O HL 5 OROBE % U R I 2 A4 21 A 45 Rt B
1 ¢ Bl o SE Y bR A AR I A] 53 B R O ~9 fs/pixel, A N
H = =770 M T HEND # K% .
DD YY mm(@/) T 0 9 A A 2 K o 14 0 1 S ~9.1°, X 14 A
2 ZEIRAR PRI ST 3k 46 THz, 38R 2509 0.34 THz,
. ‘ . D 6’ HH LE T4 26 B R O SRAE T 58, 7 SR B0 A0 B A
GHE, RGN R E 1Al LR R R T=2—si ()o .
JORE AR MITRIE HATAROR AT =200 Gt s S5 o LB 2 e B 0 5
. | ¢ 209 B I HLE T WAL B LB R R G
AR, RERIIRE D RN 0 = =—— ¢
LY A ) @ T 2Dsin(0’) [a] Hof TT LA S5 B 7 | e 20 3R R A 2 0
2 F 1RV RXE H T S0 A g3 LA B Ty
FATAE WO - [ A i S AE A FOROBR 220 A R0 BT B0 B R R 2% IR s e T N k5 58 AT LS B
F1 AL I RIS L

Table 1 Comparison of various single-shot detection schemes
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Abstract

Significance Terahertz (THz) radiation has emerged as a crucial tool in various research domains, including matter manipulation,
electron acceleration, and biological physics. The distinct properties of THz radiation are attributed to its unique frequency range
between the far infrared and microwave regions, which covers the vibrational and rotational frequency of numerous materials,
whereby THz radiation acts as an effective tool for resonant manipulation of such materials. Furthermore, the smaller wavelength of
THz radiation than microwaves and the short duration of pulsed terahertz sources result in high peak field strength, presenting an
enormous potential for nonlinear matter control and electron acceleration.

Terahertz spectroscopy serves as a fundamental component of terahertz application research. However, its unique frequency
range presents challenges in detecting terahertz spectrum, as traditional electronic and optical methods are not readily applicable.
Intuitively, terahertz energy can be measured with energy meters such as bolometers or pyroelectric detectors. Through the scanning
by the terahertz bandpass filter, the terahertz spectrum can be measured. The most prevalent technique for terahertz spectrum
detection is the scanning free-space electro-optical sampling method, which necessitates multiple shots to measure the terahertz time-
domain waveform. The frequency spectrum can be obtained with a Fourier transformation of the time-domain waveform. However,
for low repetition rate terahertz sources and irreversible processes, the scanning method is challenging to utilize, necessitating the

development of single-shot terahertz detection techniques.

Progress This study presents various single-shot terahertz time-domain waveform and frequency spectrum measurement
techniques. The first section discusses single-shot time-domain waveform measurement methods, where the fundamental concept is to
encode terahertz time-domain information into the properties of the probe laser, including spectral-encoding and spatial-encoding
methods. The chirped ultrafast laser pulse is utilized to map the time information of terahertz radiation onto the spectrum of the probe
laser, which is relatively easy to implement with minor modifications of standard scanning terahertz time-domain waveform
measurement techniques. However, the time resolution of this technique is limited by the chirped probe pulse duration due to the
uncertainty principle. To maintain time resolution at the transform limit of the probe laser, spectral interferometry techniques have
been introduced, but the setup, alignment, and data processing required for this approach are more complex than those for standard
spectral-encoding methods. Spatial-encoding methods represent another type of encoding, where terahertz time-domain information is
encoded into the spatial distribution of the probe laser beam. The first type of spatial-encoding method 1s non-collinear spatial
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encoding, which employs an oblique incident probe, and different parts of the beam arrive at the electro-optical crystal at different
moments. The setup of this method is relatively simple, and no complex alignment is required in the experiment. However, the time
resolution and time window of this approach are contingent on the incident angle and conflict with each other, necessitating careful
consideration of the incident angle. The terahertz focal spot may also impact the time window and introduce distortion in the time-
domain waveform. The second type of spatial-encoding method utilizes echelons, which have a stair-like shape, to introduce a time
interval between different parts of the probe beam. Reflective echelons are more appropriate for measuring terahertz pulses with short
pulse duration and may achieve higher time resolution than transmissive echelons. We conducted four types of single-shot terahertz
time-domain waveform measurements in our experiment, and their results are presented. However, the spectrum bandwidth using the
methods mentioned above may still be limited by the response of the electro-optical crystal and the pulse duration of the probe laser,
even if the time resolution is sufficiently high through careful design of the terahertz time-domain waveform measurement system.

The second section discusses single-shot terahertz frequency spectrum measurement methods. For terahertz radiation, such as
terahertz sources based on laser-solid density plasma interactions, whose frequencies can be up to 30 THz, our research team
developed two types of ultrawide bandwidth single-shot spectrometers. The first spectrometer employs multiple terahertz energy
detectors with varying terahertz bandpass filters. The terahertz beam is split using silicon wafers, enabling the measurement of the
terahertz spectrum in a single shot. This approach has a relatively simple optical design, but the spectrum bandwidth and resolution are
restricted by the bandpass filter. To achieve high spectrum resolution with wide spectrum bandwidth, we designed and experimentally

demonstrated a novel terahertz autocorrelator, which has ultrawide bandwidth with high frequency resolution.

Conclusions and Prospects This study provides an overview of several single-shot terahertz time-domain waveform and
frequency spectrum measurement methods developed at the Key Laboratory of Optical Physics in the Institute of Physics, Chinese
Academy of Sciences. The emphasis 1s placed on the design principles and characteristics of each method. These techniques are
particularly applicable to strong terahertz sources with low repetition rates and are expected to significantly contribute to the
characterization of terahertz radiation, an enhanced understanding of terahertz generation mechanisms, and the advancement of

terahertz application research.

Key words measurement; terahertz radiation; electro-optical sampling; autocorrelation measurement
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