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Single-Shot Time-domain Spectrum Detection for Terahertz Radiation
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Abstract With the development of high-power lasers, terahertz (THz) radiation driven by high-power lasers has
received extensive attention. However, it is difficult to measure the terahertz radiation produced by high-power laser
devices because of their low repetition rate. This can be solved by using a single-shot time-domain spectrum
detection technique. Using this technique, the electric field waveform information of terahertz radiation can be
obtained in a single measurement. In this study, we review the research progress with respect to the single-shot
time-domain spectrum detection for THz radiation. Based on frequency-time encoding and space-time encoding, we
introduce spectral encoding detection using a chirped pulse, space-time encoding detection, and other techniques. In
this review, the characteristics and parameters of each measurement technique are compared. Finally, we
summarize and discuss the future prospects of single-shot detection for THz radiation.
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Fig. 1 Experimental setup of spectrum detection with chirped pulse
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Fig. 2 Experimental results™!'?

. (a) Time-domain waveform obtained by conventional THz measurement based on pump-

probe technique; (b) time-domain waveform based on spectrum detection with chirped pulse; (c) frequency

spectrum obtained by conventional THz measurement based on pump-probe technique; (d) frequency spectrum

based on spectrum detection with chirped pulse
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Fig. 3 Experimental setup of spectral interference detection with chirped pulse

AR S 28 M) A IR A 8 32 UK bR 2% Fi 37 1) 1
H AR A L AR TR 4 TR R BUE B Ot
T A% SR R R BRSP4 Cad | (o) BTTR
I3 0 R AT R 2% FL A I R REAT R 2% i P
I O 9 AR SO SR BE 23T, BT TR AR BUid

JE 53 A AT LA R R N
T(w)=|Egn()|*+ |E,(w)]*+
EL(w)E . (w)expliwyt,) + c.c., (3)

A E o o IR ol 358 £ O BBk ob 35+ 3R
AN IE R s ey S WA KK b R K e 22 ) (] AE

Ricee N EL () E, (w) exp Clwoty) B E 4,
(3 A P2 LI BTk TR

W I T U SR e 2 Al B AR 4 3 B, T DL AR
FIAE 4b) (D P R s %, o 32 i £ oR
LU A3 o 0 e s 28 SCIE 2 0 0 e 2 ] Y
BE S 5 A B ] ZEIR ¢, SEEGHA] RLE ad ¢, Sk
FE IR [ 6T T P 4% 0 4 B I S v E AT A
TR N

FilTw]1=Cot)+C)+C " (—1), 4
K. Co Ry Huk B o i 728 4 B A 3 Rk K C

(a) with THz field (b) with THz field
& Z
£ bS]
L] DS
| MM, . /\V’\
750 800 850 -10 -5 0 5 10
Wavelength /nm Time /ps
(c) without THz field (d) without THz field
o 1]
g g
= =
li, =
Mh‘ﬁ, i SN
750 800 850 -10 -5 0 5 10
Wavelength /nm Time /ps

P4 BUEAEIIEE R . () A bR 2% i 37 1R FH I B AR 00 00 DI 3% T8 e 80 5 (o) A5 DKk 2% F 395 1 P I AR O 1) R Jsl 45 2R
(o) A A 24 v 370 1 T I (B A0 B8 S 3% 9 2 5 (D) 0 R 2% P, 37 176 T R O ) et 5 2R
Fig. 4 Simulated results. (a) Simulated spectral interference {ringes with THz field; (b) corresponding time-domain results with

THz field; (c) simulated spectral interference fringes without THz field; (d) corresponding time-domain results without THz field

0614009-4



H

i P

FC™ Ry il 5 YT 28 Al L 75 6 21 i 35 i) 26 3
X, HEEMERAM,.C)=]"2E, (O E, (r —
t)yde, XA E, (c—) Ry—5kop, By LLAT 3R Bl R
C()AE ., (), B A] 45 ik 5 44 b 0 00 s 3 o) 3 4
WA WK Jk e FiL 37 A B S Ak,

AR HEAT T K 4% F0L 3 R A B S A X6 B A
WA 41 S (140 78 A 7T LA B R 2% i S 14 R S I T

Bl 5 AR o8 Matlis 25570 7 FH WA Bk bk obol 3% +
P TINS5 v A5 1 K 2% 4 AT e s .y R
25 () g AR AR, S5 i, W BRI K ol /Y Bk SE R
2 s, BRIk b 0005 ik w22 T] (%) B ) ZE SR S 2.5 ps,
AT LAE S B OB K, 52 s S Bl AR B R (9 R )
K, P BV )y ik T AR A £ R AR IR

-0.5 0 0.5 1.0 15 2.0
Time /ps

0.3f(b)
0.2
0.1
: 0 Gl -
E_01 \//‘/
0.2
-1.0 -0.5 0 0.5 1.0 1.5 2.0
Time /ps

Electric field
intensity /(MV-cm™)

IS QUS| 7R 7RG 3 N i 25 A
()T ¥ & 80 32 B 09 K B 22 B 25 ik 8

(b) y=0 mmb 13 IE
Fig. 5 Timedomain waveforms obtained by spectral
interferometry with chirped pulse™ . (a) THz

spatiotemporal waveform extracted from

interference fringe; (b) waveform when y=0 mm

WA WK ik o ' i 0 4 0 ) E5F i) 4 B SRR T
F18) A B PR 4 B 3, AT s ) B RS0 Bk b i)
AR AR Bk SE . (R T A1 T S bk b i
FEERE T80, M K AE K T %6 3% 38 i 1o % i B 2%
P BRI 7 ™A% b 45 1] 52 96 25 R ORAIE R Bk o 5
WAL WK K o e £ 2 4R A 0 A D AR UE R A 19 AR B IR
FLRE TR A 0 4 Bk Ay OIS T
ZRBUAEN L SN VR K w5 T 9 R I R
ARS8 1 5 VR RS SE I R A S AV . B Sk 1
e W 3 0 0 RO et A e A R Y ) R OR R 2%

H, 37 3k 58 2 f P Y AR R S A AH A 28 3R K F 90,
PR 336 - A 4% R R A

TRYIR 27 1) 3 Th R 0042 R 2 2 o e B J
W WEK Jok o D' 1% T T vk R K T AL T O L R TR
W LY i T A R SE R A WA 6 () FiR . Hop S
BAERS M1 ~M3 S RO 8, L1~ 12 & H, EOC
HF(110)ZnTe fk. Si N EEF AHWP i {6 22 2
B BS1~BS2 R 43 3 ks OAPM 2y & i 4 ) 1
i, SPIDER iy FH F 1 # W 3 & 0 S 3 40 00 T8
AP g fw 4R . e dE R — e e 0 R T Ca-
BBO) i (A A A5 ZR I Jik wf v 1E 28 04 5 A 43 6 7™ A= B
[ ZER b, 5 A0 S AR L00 Tl fm 4% 7 1] 4 [ iy
o3t AN 2 2 BN AR A ] e R A 3K A O 1 Y 43
AR RS koo, Ak 2 AR R4 7 b i ik vk
117 575 — A5 Ho A 4 O ) 3 B 43 2 A R 3R 00 ik o
THE A T SR 5 R A T AR B0 A6 T
T AR U R R 2% L A DO

IR A 0 O TR 4 T O I B R L W T
O S B L RN T A R B S BRI R Y
Wi 428 T AR M L . A E T AR SRR D vk O I ik
HIfER LR T 5.2 5 (HOR SR OIS T
PRI LA 38 2o B FORH A7 14 5325 ok R B 6 2% Ik i fsf
BOGIE , T 5 R A SPIDER 24 35 B bk v i %) 14
RS R X S B0 SF- f F6

W SR FH AR THEAE A2 0L A 21 ) 48 1 1 By I o
AR AT 18 TR 2% o 5 P S RO 5 R A% e 3 T il iz -
PRI FL A 735 AR A5 1) POB $EAT X LE (& 7) L e LR
YR B 7 3 AT ARATAR 8 1 {5 M L. {2 BRI o
A — A SR B VR Y A 2% ok v 1 i B
Il i 1L 55 H e R AR L001 Tl i e ff1 o S 0%k 180711,
2018 4F , F4x Th40F 0 452 1L A0 2 70 3% 33k Ao 4% 00 92 A LA
et L MCHE R SE BGRB8 T . # o« BBO HITE
FL it A I P 07 5 B B 1) F O it AR =2 A AR 67 9
AR T o 3PP T 2500 2L B O 3 T 95 2
Y e B AR 5 e Le 4 s TR — 5
2.2 ZE (- E X R

I 2 () -FsF [0 X6F 7 f1 JEL % b W LA S B0 K i 2%
R T A B R AR 3 S ERIM Ty R R 2% i 3 1Y) B
(i) gty e S5 380 22 ) b L 35 A TG U B A K O &
4i. 2000 4, Shan S 1 U T 4 8] A 4RI
BB I ik b R A 8 2% Jok o L — 2 ) B A A LG
fm A b 38 S P IOk R TR 7 AR 1 B TR] 22 Sk 0 K b
22,790, v Ik 1 W WK VK i O T S B v R ] G B R a2
PR A B

0614009-5



(@)

SPIDER

probe pulse . 1 M2

M1

THz pulse OAPM

Pl 6 S EOoR BRI,

®

spectrometer

SPIDER

probe pulse

a-BBO &1 c‘:n EOC

- L1
f Si
M1

THz pulse OAPM

() B L BB IE T3 10 52 00256 5 5 (b) L OGS T W iy e 0 4k

Fig. 6 Diagrams of experimental setup"'* . (a) Experimental setup of non-common-path spectral interference;

(b) experimental setup of common-path spectral interference

pump-probe technique
2
common-path spectral interference
_2 _,\N\/\

-6 -4 -2 0 2 4 6
Time delay /ps

THz field intensity /arb. units
e

B 7 WIRhIE 7 KA 00 A 4% i I e e
Fig. 7 THz time-domain waveforms obtained

by two pumping methods!®

spectrometer

SPIDER
_av o half-wave plate

[ Ml a-BBO
S U L2
M- .. >
a-BBO L1 HHG
Si
M2

THz pulse

probe pulse

OAPM

8 kT Y 3 B O T L g e T
Fig. 8 Experimental setup of improved

common-path spectral interference"”

2003 4E, Jamison ZP R T RIS IR T oG,
BT IS T K R 2% Ik o A3 18] 4y A . 2008
iF, Kawada 8650 $2 T WURHIK sp i i vk nl 5 R/
R —Fh L 2R 10 2 18] 2 B 4 00 ofF ) — A i B 0
Jok bR I & A B R, 2011 4F, Kawada 280" SCF

35 M S BE T K i AR AR AR T B R A N )
B, 2007 4F L Kim 855 52 T XUB B 2 & AT
—Xof 4 A B B O A TT A G A 3 S Y O 1 R
ik < 32887 RV 22 S5 I T ) B B <1 Jikorh R 2R AT
R IR 22 Ik w0 , AT DA AR A5 A A T[] 43 B
BOR B IR BT DR R fE MR LE. 2011 4R,
Katayama %6 48 1 T 5B B 0 £ 37 AR, DA T B AR
TSR R R B, 2016 4R, Jin DY R
FH Rk OB b R AT 1 R 2 8 S5 00 B R AR
2.2.1 =18 4 AR M
2 () G T TR SRR S Al e 28 ik
SCH RS E AN 9 B o AR DN DK b A0 R 2% bk v LA —
SE JE S G AE DG AR T Ak e 0 R A —
SE PRI T 22 004 0 Jk o B ) 50 2% 1 S [ 6 1Y
SRS IO 2 A TR] I 22 B R 2% R . 28 OB AR
I AT DA R 2% H 3 £ 8 — U 3 92 S 7R 2 K
R deE . B CCD MM R B E 5. fEA . E
X 2% WL SV T S 3 0o X6 L D' 3 4 A1 #8224, AT LA
o B A 2% 8 55 00 IR BGRE
7 ] - () 36 07 5 28 5 4R 00 ok o 40 RE A S5 1) A
oA K,
t=xtanf/c,, (5)
Aoz B AEPR; e, HEE P RDEE™ . B
IF ) 7 F1 A BT 00 koo ) G BE AR WA
ML 0, BENTZ IR B K 5N
At =Wtan0/c, (6)
Pl 10 24 Shan %5 I 115 31 (4 52 36 45 2R , B [H]
T H 5 ps, BEE 4F BE R K (29 fs)/d o d S
JGm R B ERE . FER 10 vy B gl ek A 18] 2
RIS BB SR OE . T 7 9 52 40 R TG ek T

0614009-6



i ot

probe

THz pulse

0 2 ] 1] 4 LR I 5250 5 1
Fig. 9 Experimental setup of space-time encoding detection
T IE - PRI B A 2 2 UORE AR A B SE B 25 R . X
FoRT DA o 2 1] G 5 2R 0 7 o EL A 35 v 1Y) It ) 43
PR, HAT A AT (R R L

single shot

2 1t

S0 /
5

Z-1F

92}

=

& ] A

5 time scan
=

=T Na

o R,

E o - TN
5]

g \/

[<%] 3 i

N -1 2 ‘,-"‘

S >

E

1

1 1 1 1
0 05 10 15 20 25 30
Time /ps

P10 A A 2 () - ) g A% 4 0 A5 3 0 O b 22 I sk I
TSI i i 2k S R B % - B 0 & 45 2R

T R R R AR T YA SRR R S

BT HE R AR RS 5

Fig. 10 THz time-domain waveforms obtained by space-
time encoding detection”® (the top line is the

result of single-shot measurement, the bottom

dotted line is the result of averaging single-shot

data, and the solid line is the result of

traditional method based on pump-probe
technique)
25 () s ) ) ST 26 2B L A 7 L, B[R] 23 R

QU] LA B Ji 58 57 28 90 K o A o L o A 46 i BR Bk
Fa o E R A AR — B )Ry I i e R
o 4% Jok vh 28 SUTE S AR HUG R R L B R AR DL
BV R A RE B S B R U R W TUE TR
T 4 Jk w14 2 [ 42028 3 A7 BRI K v A — A~
AT FRL DI i AR SR AT 8 TR Y S A 4% 50 WL IR 3K
O B 2 THT 75 U] by 7 O T2 ) ) A 28 50 1, KA 2% ik

s A I AN B A M S A BRI B e R e O A
B, R S 0 2 A DX g 4 00 RSP A

Kawada 55 5 H (9 0504}k b i 45 75 T LU PR
Jo— P L2 1 s [ G B A 0y v HC ) e D B 4 ]
11 . T 800 Bk vb i Bk 98 . 0 Sk 88000 56 A S
BN AT 9 A o0 IR B BE 9 H 559 B
Pr o A1y S B I0 ok o D T A6 ARE ) AR B e R B B
AT A o B R — > e B A R 0 ok o & A Bl
AT e R S R SRR AN A A, DA At G fk e i
W R A AR o S5 AR AN TET R A I R TR 2 [ TR R — Y
Jeffy o PR ok v 55 KR 2% bk w3 [ 4 AR HROG
A B o AN TR B 200 B O bk 2% P 37 45 B — Ok 1 i i s
EBRD K b, fJ5 R CCD MHPLIERES . 1
A TG K 2% L SV R 3 5 % B b 43 A Y A2 Ak
e H B o 2 % 5 1 o SR J AT ok o i 9 9k
I 1] 43 % 58 ) DAGK 3] Jr o miy R 00 ok v 1 25 4o A FR ik
B o AH R B E) 7 A PR

THz pulse
_\/\/\/\,. pericle detector
beam sphtter array
J

) probe pulse
2 with tilted pulse front

probe pulse

BT R Jok b i i 3 B i ) e
Fig. 11 Principle of single-shot measurement

using pulse-front tilting method™"!

12 B Kawada S5 Fi AT Fh 7 i 345

S 2 R o S 2R O B e T BOA B) AY OROR 24 4R
g 100 — tilted pulse front
s -- conventional
-% sampling method
B
1]
g
k=i
=
(5}
o
Q
=)
5]
£ -100
) 0 05 10 15 20 25
Time /ps
& 12 ) P 0 458 77 A AR ik i 1 i 3R AR Y
TR %% ok 3 TR

Fig. 12 Time-domain waveform of THz pulse measured by

using pulse-front tilting method with prism®”

0614009-7



th i

i ot

P BT | R e A B R T il is - £ R 4 AR
B 0 R 2550 S B ST . BT LA A ke B S R
PR b Ak T 9 12 T AR A AR e B B 1] 43 BE A A
W LY R ETRE HHA 2.6 ps,

R T ARAR K A, Kawada 5550 48 H
I 35 5 A S B0k o U AR . AH b T R R R S
IR P o T AAR) T 3 SR O A S5 0k v i 9 AR
(A AT LS T e 8L, I B nT DL SE 30T K B
[ O, 7F Kawada SFRYSC5 P, B R 6 03838 T
23.8 ps, I HARFFAR i 09 15 ] 53 3 %2

AH LE T 28 S 25 (0] 40 B 5 v 5 3 A 2k 1 23 ]
2 4 ) P L2 A 40 ik ek AR A 6 2% Ik b 7 FL Y
A rp VR B s R0, LT DA o 5 sl B ok O
S B () 6 10 A T 0 3R
2.2.2 =Rk EAnkikx

TR U A DG 3 R A A ) R R Y i
Sk A LA WK K o B B Y R OB 2% R I (E R I T T
(S g6 ke BN R 13 prost . Hoh QWP Ry 1/4
h L, P1~P2 Rk i, CL AW &S, 11 ~13 K™
BELBST AR A ML~M3 Jg S 985, 78 W IR
DTk o ity 5 LA — 6 bk b, o DA — 5 R T A TE
— 3 BBO fh R L 00 bk A 59 AS [ 0 26 B8 40 25 43
fi 7€ BBO SR AN B . fE4A JC K24 51k
FH S 388 3 6 0 7 A IR 1 8 R A AR Ak L T LA
BRAT Ao 24 58 55 1) 5] S8 0

chirped probe & M1

p1[A]
flc« D > ZnTe
THz pulse | N QWF 2 M2
—— % o e o]
- v o u
BS1 f2
M3
L oL
short pulsew il% BBO
p M

13 I R AR ik A 2 (8] - () 24 ) 000 52 56 2% 1 &l
Fig. 13 Experimental setup of space-time encoding

detection with second harmonic
YRR U AR 2 ) A 5 R A A T LSRR
o
S(I):J I, ().t +7)dr, (7

2 s T, S WA R VK o 9 D5 5 1, O Je ok b 9 KR

B 1, & ko, i DGR B 43 A A) DL
IR S (xra=1., (¢) , BI] 3R 7 Ay W Wik ik b 119 ' ik i
IR AR Ak e 1 B I (R B O At = 20sin @/
co Hot o HFOLHRAE BBO Sk EEAMTEIE .
SR HEI 5 A B R I S £

Kl 14 A Jamison % 13 8] i SE 80 25 . 1
B A M AR IR 0GR IR OGS AR S AL T
3 -FRI B AR 1 T 3% R K Uk e ' % g A O vk AR AR
R A 2% B SR 2 . X EE AT DL L Uk D R
IR v IR T W WK ik v e i 4 A B[R] G B R AZ BR
B ARAFHAR = A B ] 43 B AR 3 T AL e B T
T8 -FRIM B AR Ty 1 A0 3 1 52 50 45

420 fs second-harmonic
*—cross-correlation method
405 fs
— |—
pump-probe technique

spectral encoding
with chirped pulse

THz signal /arb. units

Time /ps

P14 U I A G R R A A DK 2% i 3 e T

Fig. 14 THz time-domain waveform obtained by

second-harmonic cross-correlation method"’

TR I R Ok A IS TR 43 R AT Lk B i v
A0 Pk v ) R EEL A AR R bk e, 5 S ) g ik
FHEE BTG EE IS T Kk 4% ok b 1) 2 [0) 62 2% 43
i, AR B RIFEAAAE — 22 0] . i 78 BBO
UNIEEE N QUIRSIE /1Y ST i ey 1 I s e i o e
0] 23 A AN ) P SRR A B B 10 s i ek =
YOI I 5 B4 1R (0 B o BRI D' B i 5 24 4 A
T o RS, R A 7 A SRR A AT S BCRR
FRAFEREAR , PR 52 56 e 5 2 A 28 SR R () 5 01
Z AV s BT 51T 88 SR bk v 5 A —
PRIk vh 85 78 BBO A bk 7™ A4 —UE I, O B%
BRI A A W s A A, AR g S B A
2.2.3 WHHiE

XU AR (0 B4 5] 15 B2 & ) — it
R T ) A s Ol 27 0 e R 0 ok o < 247 Ry i 2 A st
[ [ R ) F 6 3R . 2 S R 28 5 PR A B b ot 1 1
1 S TR B A6 T A A 235 ] HR R 8 I AL 0 A g 4
HEHR AR S RF 2O, T
T T 25 1 3 B 19 ) B AN ), S Tl 7ol

0614009-8



th i

#

e
o~

WX A AN [ B I (8] SE GR i []-25 A R A T — A
XL E W 16 B, Horh QWP Jy 1/4 3R,
P1~P2 ik A . f1~12 B E . BST o d F .
283 WU At 1 R0 G R e 3 B R AR B O
b AEZ B RO S 2l 5 — A E YR i
=AYk CCD LR IE S

output
multibeamlets

P15 U Aef vk JA 7R o R
Fig. 15 Principle diagram of dual echelons

probe H

[32]

dual echelons

i

1

fl< = ZnTe QWP - CCD
THz pulse N [
E— :l:R:
BS1 v

P16 3T U b ) B 0 S o 2 A

Fig. 16 Experimental setup of single-shot

detection using dual echelons
XU B V5 B IRF 1] 73 9 30 B T B o o AR AR 4T B
BB J5E E B A T 5 R, al ASROR O g An /ey, Horh
g AR B 6 ] 9 JEEBEE L A R B Bl A R T 25 K
M BT R 22 (E . BRI ) E AT LR
At=mHAn/co o m B9 K, H 4 B

) f KRR

B 17 R Kim 2552 ) B XU #3245 31 1 52 56
2 WA A A T 10 ps DL B[R] 43 B2 5A F)
T 25 {s,

XLy B 95 B U I 152 A AT AR AT AR 4 s 1] 7
1B RGBS T 23 B 3 O B g o L T LRI - 43¢
I 2R R R L (BB A A — e R, N 17
AT LAE H S LB 12 B Y R 3R AT 1 Kbk 2% 4
SF ISR P A — RE B WAL T K o e R R IR T

—

single-shot

{ \ multishot scan
0 5 10

Time /ps

(=]

|
—

THz field intensity /arb. units

L7 XU 6 vk 1) S B 45 2R ) R e 6 T hlg 4R
HARITHE CF) (i 5250 4% S 2
Fig. 17 Experimental results of dual echelons (top) and
traditional method based on pump-probe

detection technique (bottom)"?

B ST 1 I T A BT A B L B 2
TCAR A I T R M BE 55K, B A A — 2 FH B
SR R A o D92 5 A7 A IR SRR A ORIV
AR MELR IR E 35 590520 U B 32 1 25 8] 43 R 2
Z 335 5 BB TR BT R AR O R SR 22 I E W
SO 3R e R T A I ) TS () B R
Z AT, B [R) 6 11 0F BE 1 BB Je 44 1 T2 B i 3 U5
FR A 0 T A 25 BB I S UR L (AR A (] 4y PR T
Ret o 8 TT 52 M) A 7 2% 6 S5 B 380 9% 17 o ™

FE T B B 5, Katayama 25659 $2 1T 5B B
B B A, DT AR T 6 % 1) 52 2% B N 22 4 k3,
K18 itk . D BB e 10 58 B oo AR TN A G
SN BB TTAE BRI ff L B R BEIOE DB BB ST B
SHEU .0 A B BEIRHEN S RMMAE. [
i BBO @R HT Y &5 AR L £, BBO Sk G 1Y
BRI . AR B BRI B RS T —Fb
i B VP B FROG 26 B 5 X6 48 S bk ol 1) 5 1
7T ma,

probe entrance slit

D)

D=10 mm S f g S

time axis

P18 B B A J ]
Fig. 18 Schematic of single-echelon technique
2016 4F, Jin A& F R 5T W B AT T K
9 2% K i 14 B R R B S XU A T B A0 18] 19 B
7, Hoth echelon 1 F1 echelon 2 & 45 il B4 By B6 D6 27
JUF . B aE A R K b e P B T A 1) S S A Al
A I [ B 3R ) 7 TR A1) % ) ) T Y 56 B
AT B I 2% R SR o B S XU A 1 [ A

[33]

0614009-9



th i

i ot

S IR WK K ' i g A R ] 23 B R 2 BR A Bk
FO RN 0 37.7 ps, ] 73 R B 2 T 94.3 fs,

echelon 1

'mwtbeam

echelon 2

beamlets

P19 B2 S OB Jit 2 P

Fig. 19 Schematic of reflective dual echelons

2.3 LIAMELUAEML

FIIFH 2151 S5 SOMBILAL AT LS 30K 6 2% 4 559 1) B
KRR, 2T A0 S SO P RT LSS 30 7 D 1 % 1 R PR 4
DU, & B8 D 1 e 7 B e 7 ' R, BT A A9 A ) 3 o X T
PR /NF 1.5 pm YR BEDE REE G, HHA
AH B AR L A A B AR, AT DL A i K A A 3
CLAMPE B L S e R AR R B AR S AR AL
AIHL D & 6 R, v LS X K R 2% Bk e il B vk
IR

&l 20 A I FH 2% SCARBILER DU K 65 2% 0 565 B 3l I8
TE B A B S o MCP S Z B M. e R i
[E] 41 s o0 Sy 25 ] VB 8 7 ) ) AR bR A 2 AR B
2 7, 3 VR ) Ao 0 I K o R 31 2% SOMIPILAS 6
B LB, 257 R . XL F 2 E MCP
J5 ) o ] B 4 A AR s R A — NS 2 Y W AP
S I U B s e VR I AN P B A N )

[34]

2077 G WL 2 4 A 22 O B b A A TR A
S BE e P R S BUE STIBIER TUENEA N IS 3 DN
TR B E AR & B 9O BR v A — AT
MR . DOLBE AR E T — 4> CCD MBLEE LS =
FHAL i 25 TR HLR S BLAY

trigger
signal ¢

probe beam

sweep

circuit | electrode

~ phosphor

accelerating: MCP screen

THz pulses mesh

photocathode

el 20 b 2 A SOMBLIN A Jt 8t

Fig. 20 Measurement principle of THz streak camera

1999 4F Jiang 45 F HI A 2% 4% SOMHLSE 3L
TR 255 G B A AR o S R D 1% 11 ] 43
R T 25 SO BIL Y I 18] 53 B 55, 7 2% SO AL G 23
HERAT LA B 200 fs, A XS T 08 0K Bk ol o 15 2 65
SRR 5 TEARGF Hu A 5 TR ] 23 B R L 2009 4
Frithling %57 4 T 8 X 41 28 4 SOMIHL Y 3 % 5
W7 ik g I ] 3 R AR e B TR AR R AR
T3R5k 11 ) 43
2.4 B

221 g T L A 2% 8 S R D vk 1 B i)
o3 PEAS I B LA R R A BE % R AT 4R
(RS ST S I I ] 43 B R K S A5 LA
1 1 I B ) DR 2% 4 S B R R D T 26 0 R AR R B
e E

[36]

£ BHRHL

Table 1 Comparison of parameters

[9]

Method Time resolution Time window Balanced detection
Method in Ref.[11] NZ Ten Yes
Method in Ref.[15] ) Teh Yes
Method in Ref.[16] 70 Ten Difficult
Method in Ref.[28] 7o Wtan /¢, Difficult
Method in Ref.[29] To 20sin /¢ Difficult
Method in Ref.[32] gln/co mHAn/c, Yes

L5 LT L WA K J e Ol 3 g R — AR G g
S N 7 15 AFLRE IR [ 9 R 52 R T R[] A
Hale WK b o't 3 T R R AR R B R T (] 43
P AHROGI I A HIFDE BB 2 S8 555
M AR AR MR L AR 22 s A U Y SR O 3 T IR
WAL TG 4R R TR MR L R AR A

i R 4 K B 2% Bk b A . HLAR XE R P i R
PR i) G 5 i R U I LA G i v iR
T WA BRI of 3 2 A s 1) 20 B AR 52 BB Bk FL
ARAFAE A 2% Ik b 23 18] 23413 B9 A8 1 53 1k 2 R 4 B i)
Sl A [ A0, AR X 7 2 P T A DR M O 592 - i R
LU AR Sk R IRIDE R A . W

0614009-10



th i

M

ot

I A 2k BRI B 2 AR T LA ARAT AR g A I ) o B R
P 1) 7 1 mT L3S B L A B A (HR 36 i B 6 o0
F B0 AN A K H B ™ A 2 A g B R A 2 %
B RB TC1F 77 A IR 22 SO R R B,

3 4ERiE

ERIR T BEAT ROb 2% Ik o B I A 10 B S R B
PG R 2% 4 S B A R DN B4 AR S T 5 T A g
JB o R 2% 4 S I 0O % B R I T B A R
(1) %f 57 R0 225 [ - RF ) %ok 37 94 e JEL %, RIDRE K 6 2% FRL )
(1 s TR {5 S5 68 Rz 8] 00 4 8 2 i) >R 52 B X A 2%
ok b 68 BRI A AN T 1) AR A R 2 AR
A 2 SRS ) B I e B AR R T AR [ X L A
W WK K 1 ' 1 2 B W R Ik of S 1% 9 4R 4 5 R T
2% (] - ] 0T 07 A7 2 [8] 20 5 420 . — Y38 30 L AH G
TE MBI B IE TR 25 . 53 B, 21 5h 28 SORE BILAL AT LA
FH SR BEAT A 2% 8 S5 9 B A N

W 3 i O BRI R K 2 R T
RE B 1 R 2% IR RO 2% L 3 B L A MR L 2 T AR
DR T IR AR AT 7 A A R 2% R A Y I
TG 3 T 2 — b R OGBS S B
FAYCIN BB o [A) I, At R AT R AR GIE AT 5
4 s [] 73 3 R LA % K Bl 25 3 I A0 A v 1) £ MR L
TE BT Y B U It AR T W K K e ol 3% G B O %
852 g a7 B (ELR I () 23 B R A2 R T AR ] A 5
W WK bk b 56 % 3 5 vk T A 0B i I TE] o R fE
S G S Ak O S B 5 s [R] 2 ) R A O
U5 52 B 23 (8] AN 29 20 1k 2 W 81 05F S ) 2 ) e X
S B 5 BB 1 0 — o LA B PRI O vk L ER A2
BT B0 TR A R i A o
JCI A $E T LA K of H K Bl B b 2% 8 A 7 AR
B TR AN FE AR5 HE Bl A 2% 6 29 B0 4 00 5 R
Ak — 2 KR

Z % x M

[1] Lai HB, He M X, Tian T, et al. Porosity of tablets
based on terahertz spectroscopy [J]. Acta Optica
Sinica, 2018, 38(6): 0630001.

WM, TBTEE, HE, 5. AT OB 220635 19 [ {4
Jr LB A A 5 (). 6% 4= R, 2018, 38(6):
0630001.

[2] Wang Y Y, Chen L Y, Xu D G, et al. Three-
dimensional reconstruction of rat brain trauma based
on terahertz imaging[J]. Acta Optica Sinica, 2019,
39(3): 0317002.

(3]

(4]

(6]

7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

0614009-11

T 5, BRFRT, HRAEN, 5. 3T O 2% I SR 1
U QO = 4w A [J]. ek, 2019, 39(3):
0317002.

Chu Y X, Gan Z B, Liang X Y, et al. High-energy
large-aperture Ti: sapphire amplifier for 5 PW laser
pulses[J]. Optics Letters, 2015, 40 (21): 5011-
5014.

LiY T, Li C, Zhou M L, et al. Strong terahertz
radiation {rom relativistic laser interaction with solid
density plasmas[]J]. Applied Physics Letters, 2012,
100(25): 254101.

Liao G Q, Li Y T, Li C, et al. Bursts of terahertz
irradiated by
Physical

radiation from large-scale plasmas
relativistic picosecond laser pulses [J].
Review Letters, 2015, 114(25): 255001.

Liao G Q, LiY T, Zhang Y H, et al. Demonstration
of coherent

radiation from

Physical

terahertz transition
interactions [ ] ].
Review Letters, 2016, 116(20): 205003.

Auston D H, Nuss M C. Electrooptical generation

relativistic laser-solid

and detection of femtosecond electrical transients[]].
IEEE Journal of Quantum Electronics, 1988, 24(2):
184-197.

LiC, Liao G Q, Li Y T. Non-scanning systems for
far-infrared radiation detection from laser-induced
plasmas [ J]. High Power Laser Science and
Engineering, 2015, 3: el5.

Teo S M, Ofori-Okai B K, Werley C A, et al.
Single-shot THz detection techniques optimized for
multidimensional THz spectroscopy [J]. Review of
Scientific Instruments, 2015, 86(5): 051301.

Gallot G, Grischkowsky D. Electro-optic detection of
terahertz radiation[J]. Journal of the Optical Society
of America B, 1999, 16(8): 1204-1212.

Jiang Z P, Zhang X C. Electro-optic measurement of
THz field pulses with a chirped optical beam []J].
Applied Physics Letters, 1998, 72(16): 1945-1947.
Sun F G, Jiang Z P, Zhang X C. Analysis of
terahertz pulse measurement with a chirped probe
beam [J]. Applied Physics Letters, 1998, 73 (16):
2233-2235.

Yellampalle B, Kim K Y, Rodriguez G, et al.
Algorithm  for high-resolution single-shot THz
measurement using in-line spectral interferometry
with chirped pulses [J]. Applied Physics Letters,
2005, 87(21): 211109.

Schmidhammer U, de Waele V, Marques ] R, et al.
Single shot 0.01-10 THz
electromagnetic fields[J]. Applied Physics B, 2009,
94(1): 95-101.

Matlis N H, Plateau G R, van Tilborg J, et al.

linear detection of



th i

M

ot

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Single-shot  spatiotemporal measurements  of
ultrashort THz waveforms using temporal electric-
field cross correlation [J]. Journal of the Optical
Society of America B, 2011, 28(1): 23-27.

Zheng S Q, Pan X J, Cai Y, et al. Common-path
spectral interferometry for single-shot terahertz
electro-optics detection[J]. Optics Letters, 2017, 42
(21): 4263-4266.

Zheng S Q, Lin Q G, Cai Y,

common-path spectral interferometer for single-shot

et al. Improved
terahertz detection[J]. Photonics Research, 2018, 6
(3): 177-181.

Peng Y H, Jiang Z P, Riordan J A, et al. Ultrafast
electro-optic sensors and magneto-optic sensors for
THz beams [J]. Proceedings of SPIE, 1998, 3277:
198-207.

Jiang Z P, Sun F G, Chen Q, et al. Electro-optic
sampling near zero optical transmission point [J].
Applied Physics Letters, 1999, 74(9): 1191-1193.
Fletcher ] R. Distortion and uncertainty in chirped
pulse THz spectrometers[J]. Optics Express, 2002,
10(24): 1425-1430.

Peng X Y, Willi O, Chen M, et al. Optimal chirped
probe pulse length for terahertz pulse measurement
[J]. Optics Express, 2008, 16(16): 12342-12349.
Lin Q G, Pan X J, Zheng S Q, et al. Crossed and
balanced single-shot electro-optic measurement for
terahertz pulses [J]. Chinese Journal of Lasers,
2017, 44(1): 0114001.

RPN, WAL, FRAKER, A5 KBk 2% ik b i 1E 22
My B & LT, o E Ok, 2017, 44 (1)
0114001.

Gabor D. A new microscopic principle[J]. Nature,
1948, 161(4098): 777-778.

Geindre ] P, Audebert P, Rebibo S, er al. Single-
shot spectral interferometry with chirped pulses[J].
Optics Letters, 2001, 26(20): 1612-1614.
Kim K Y, Yellampalle B, Rodriguez G,
Single-shot,

et al.
high-resolution,

Applied Physics

interferometric,
terahertz field diagnostic [ J].
Letters, 2006, 88(4): 041123.

Kim K Y, Alexeev I, Milchberg H M. Single-shot

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

0614009-12

supercontinuum spectral interferometry [J]. Applied
Physics Letters, 2002, 81(22): 4124-4126.

Sharma G, Singh K, Al-Naib I, et al. Terahertz
detection using spectral domain interferometry [J].
Optics Letters, 2012,37(20): 4338-4340.

Shan J, Weling A S, Knoesel E, et al. Single-shot
measurement of terahertz electromagnetic pulses by
use of electro-optic sampling [J]. Optics Letters,
2000, 25(6): 426-428.

Jamison S P, Shen J L, Macl.eod A M, et al. High-
temporal-resolution,
terahertz pulses[J]. Optics Letters, 2003, 28(18):
1710-1712.

Kawada Y, Yasuda T, Takahashi H, er al. Real-

time measurement of temporal

single-shot characterization of

waveforms of a
terahertz pulse using a probe pulse with a tilted pulse
front[J]. Optics Letters, 2008, 33(2): 180-182.
Kawada Y, Yasuda T, Nakanishi A, et al. Single-
shot terahertz spectroscopy using pulse-front tilting of
an ultra-short probe pulse[J]. Optics Express, 2011,
19(12): 11228-11235.

Kim K'Y, Yellampalle B, Taylor A J, et al. Single-
shot characterization via two-

terahertz pulse

dimensional electro-optic imaging with dual echelons
[J]. Optics Letters, 2007, 32(14): 1968-1970.
Katayama I, Sakaibara H, Takeda J. Real-time time-
frequency imaging of ultrashort laser pulses using an
echelon mirror [J]. Japanese Journal of Applied
Physics, 2011, 50(10R): 102701.

Jin Z, Wada A, Shin H,

terahertz time-domain spectroscopy instrument for

et al. A single-shot

system [J]. Journal of Physics:

Conference Series, 2016, 688: 012040.

intense laser
Drabbels M, Noordam L D. Infrared imaging camera
based on a Rydberg atom photodetector[J]. Applied
Physics Letters, 1999, 74(13): 1797-1799.

Jiang Z P, Sun F G, Zhang X C. Terahertz pulse
measurement with an optical streak camera []J].
Optics Letters, 1999, 24(17): 1245-1247.

Frithling U, Wieland M, Gensch M, et al. Single-
shot terahertz-field-driven X-ray streak camera [J].

Nature Photonics, 2009, 3(9): 523-528.



