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Fig. 1. Schematic representation of a TG-FROG system.
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Fig. 2. Diagram representation of FROG iterative algorithm.

> AN

White light o)

500—950 nm H
“ S Wps v 4

(a)

White light ‘ k
500—950 nm ‘

L

(c)

White light ‘ k
500—950 nm ‘

3

At <0

WETHEORERE (S, WHEE; WPs, JRE5XT; CMs, WG4, PZT, [SHEBETHA)

Fig. 3. Schematic representation of a two-color interferometer. S, dichroic mirror; WPs, wedges; CMs, chirped

mirrors; PZT: piezo-transducer.

214202-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % R Acta Phys. Sin. Vol. 67, No. 21 (2018) 214202

KO B (1 R, A A I K K b SE BT, BRI XS A
At > 0, W 3 (b) Fir. TG-FROG il & 45 3 4
Kl 4 Ffrow.

W3 (a) Bros. #E— 2R HPZT K% 8757 5K
KOGk (R, A0 A B K Ik b 72 S5, BIAE X 4 I
At < 0, W 3 (b) Fras. [FIAEFFH PZT 340 5%

Orignal trace Retrieved trace

1000 1000

£ 800 £ 800
= ]
~ ~
e e
60 50
=] = g
< 600 < 600
: :
5] 3
E E
400 400
—50 0 50 —50 0 50
Delay /fs Delay /fs
Spectral field Electric field
1.0f ' ' ' ’ 1of \ '
P — Retrieved =z
2 — Original /- ‘g
5 ‘o - =) -
e} an” l £ o £
& e do @ 3 {o ¢
R IR z S 05¢) 2
= o = = =
g w Z r
£ =
O —— : —5 0 -5
400 500 600 700 800 900 1000 —50 50
Wavelength/nm (a) Delay/fs
Orignal trace Retrieved trace
1000 1000
g 800 £ 800
] =
~ ~
< <
) ]
50 50
=) =]
Q.? U)
T; 600 ’?; 600
3 3
E E
400 400
—50 0 50 —50 0 50
Delay /fs Delay /fs
Spectral field Electric field
T T T 5 T 5
1.0f 1.0f
— Retrieved
2 — Original 2
! £
3 </ 5 -
g SN E s 3
o ~ o =
E 05t 10 ¢ Z 05} 19 ¢
> < = <
b~ = h=1 <=
Z ~ Z ~
£ =
0 - —5 0 —5
400 500 600 700 800 900 1000 —50 50
Wavelength /nm (b) Delay /fs

K4 TG-FROG 45 5%

(a) Kk 5 9.8 fs; (b) JEPIKE 6.7 fs

Fig. 4. TG-FROG measurement for longer wavelength pulse duration 9.8 fs (a) and shorter wavelength pulse
duration 6.7 fs (b).

214202-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 21 (2018) 214202

3 MEgR

AR S 06 38 T AR A AR R RO B A B 2
(PZT) R =15 79 5 Jok o 2 B] R AR XS 2B 3R (A7), 24
WA bk 5E A EE A I (5 (b) Fiow), B TG-FROG
SN A 2 1 FE A R L 2% A — A, B IR
fik b 2Z I MG A IR (AT = 0). LA i, 4k
B A PZT AL & (L), XN AT = 2L/C, C
NG, 2 S R AR o R I KR B,
L = —17 pm, XM AT = —113.33 fs. JLEF

FROG 52 bR il &5~ —113.00 fs, W1 5 (a) TR,
P AHZE 0.33 fs. N 1035 X4 ANk iR I /S 5%
AR, SER LB S S O R A T AR o)
M55 e, A PZT AL & L = 10 pm
i, XM AT = 66.67 fs, BLE ) FROG SZBRi &
B4 66.90 fs, Gl 5 (e) B, M AHZE 0.23 fs. idE
— B> LW A, L =3 um 5
L = 4 ym, FROG SEFRIN EAH a1 5 (c) FAEL5 (d)
Fian, AT 43518 20.00 fs526.70 fs. SZ46 & {H
BRI R AT i EERFA (A3 1 FA)).

1000
g
g
~
=
® 750
g f
s Z
E i

500

—150 0 150 —150 0 150 —150 0 150 —150 0 150 —150 0 150

1.0
wn
=
=]
5
g
< 051130 fs 0 fs 20 fs 26.7 fs 66.9 fs
£ / /
g
g
=
= 0

—150 0 150 —150 0 150 —150 0 150 —150 0 150 —150 0 150

Delay /fs Delay /fs Delay /fs Delay /fs Delay /fs

5 TG-FROG 832 B LK s i vz 4445 1
Fig. 5. Trace and temporal intensity of pulses retrieved by TG-FROG.

R1OREERRT

Table 1. Comparison of experimental results.

L/um AT /fs FROG Wl &AH /fs
—17.00 —113.33 —113.0
—5.21 —34.73 —34.3
—2.94 —19.60 —-19.3

3.00 19.98 20.0

4.00 26.67 26.7

7.02 46.80 46.7

10.00 66.67 66.9

S PN LT QU RS = o0 a1 < e
fik b g A H B, (XK EE FROG )1
2 P 2 e e B DX 2 K % X N ) 3 o
fL4%. BRI AR T Fe b Ar (A R0 & Y KT
P ik o - B I SR b R 2 AL A S v i

(1) = A B PZT 24 5 8 4[5 PT A ] /) P-620.1CD-
Linearity, & /FF ¥4 5% & 70 #8205 B 0 AL T
0.2/0.1 nm, BI AT 73 HFKE IR T 2 as. Bk, B
PZT {7 % & A #f 52 J BT 7 ok 1% 22 3 7 T TG-
FROG il 2 2% B A48 1l 1 22

4 #

AR T 3T TG-FROG % B R & £ %
WO Rk 2 18] AR ZE BT (FHXSARAL) BT 5. S5
HHK B2 T AR PR 38R 3 482 56 4 43 RS 49 9l ST TR
459 6.7 /19.8 fs i, 18T TG-FROG %% B il & 7
Jik 3 2 1) A A X A IR, L 2 45 SR RE I PZT AL
& B BT 6E I 180 5 SR B FE AT . T o n] Pk
TR T L300 2 79 SR e P R X AE SR AN T S A B K R
(R R E R i A Y e e AW vl L5 0
JEIA B PP ), el iE T B A AR 1

214202-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 21 (2018) 214202

T WK RS A (IR 2200 a5 B4, BT RA
AT RAHE ™ 21 A 3 - 55 285 ' ) Bk o )
FoAR OS] 73 B Ik o A T B eI 4
AT 1 27 (190 0 i i) s 2% 1200 25 4R S 4430 #0 FL
AT VA 1A L 5

SE 3

(1]

2]

(5]

(6]

Hassan M T, Luu T T, Moulet A, Raskazovskaya O,
Zhokhov P, Garg M, Karpowicz N, Zheltikov A M, Per-
vak V, Krausz F, Goulielmakis E 2016 Nature 530 66
Huang S W, Cirmi G, Moses J, Hong K H, Bhardwaj
S, Birge J R, Chen L J, Li E, Eggleton B J, Cerullo G,
Kartner F X 2011 Nat. Photon. 5 475

Manzoni C, Mucke O D, Cirmi G, Fang S, Moses J,
Huang S W, Hong K H, Cerullo G, Kartner F X 2015
Laser Photon. Rev. 9 129

Mucke O D, Fang S B, Cirmi G, Maria Rossi G, Chia S
H, Ye H, Yang Y D, Mainz R, Manzoni C, Farinello P,
Cerullo G, Kartner F X 2015 IFEE J. Sel. Top. Quan-
tum Eletron. Electron. 21 8700712

Fang S, Cirmi G, Chia S, Mucke O D, Kartner F X,
Manzoni C, Farinello P, Cerullo G 2013 Conference on
Lasers and Electro-Optics Pacific Rim (OSA) Kyoto,
Japan, June 30-July 4, 2013 pWB3_1

Schmid B E, Thire N, Boivin M, Laramee A, Poitras
F, Lebrun G, Ozaki T, Ibrahim H, Legare F 2014 Nat.
Commun. 5 3643

Krogen P, Suchowski H, Liang H, Flemens N, Hong K
H, Kartner F X, Moses J 2017 Nat. Photon. 11 222

(8]

(9]

[10]

[13]

[14]

(15]

214202-6

Fang S, Tanigawa T, Ishikawa K L, Karasawa N, Ya-
mashita M 2011 J. Opt. Soc. Am. B 28 1

Wei P F, Miao J, Zeng Z N, Li C, Ge X C, Li R X, Xu
7Z 7 2013 Phys. Rev. Lett. 110 233903

Takahashi E J, Lan P, Mucke O D, Nabekawa Y, Mi-
dorikawa K 2013 Nat. Commun. 4 2691

Jin C, Wang G, Wei H, Le A T, Lin C D 2014 Nat.
Commun. 5 4003

Hassan M T, Wirth A, Grguras I, Moulet A, Luu T T,
Gagnon J, Pervak V, Goulielmakis E 2012 Rev. Sci. In-
strum. 83 111301

Schibli T R, Kim J, Kuzucu O, Gopinath J T, Tandon S
N, Petrich G S, Kolodziejski L A, Fujimoto J G, Ippen
E P, Kaertner F X 2003 Opt. Lett. 28 947

Manzoni C, Huang S W, Cirmi G, Farinello P, Moses J,
Kartner F X, Cerullo G 2012 Opt. Lett. 37 1880

Fang S, Mainz R, Rossi G M, Yang Y, Cirmi G, Chia
S, Manzoni C, Cerullo G, Mucke O D, Kartner F
X 2015 FEuropean Conference on Lasers and Electro-
Optics-European Quantum FElectronics Conference Mu-
nich, Germany, June 21-25, 2015 pCG_P_4

Sweetser J N, Fittinghoff D N, Trebino R 1997 Opt. Lett.
22 519

Trebino R, DeLong K W, Fittinghoff D N, Sweetser J N,
Krumbugel M A, Richman B A 1997 Rev. Sci. Instrum.
68 3277

Liu J, Li F J, Jiang Y L, Li C, Leng Y X, Kobayashi T,
Li R X, Xu Z Z 2012 Opt. Lett. 37 4829

Zhu W D, Wang R, Zhang C F, Wang G D, Liu Y L,
Zhao W, Dai X C, Wang X Y, Cerullo G, Cundiff S,
Xiao M 2017 Opt. Express 25 21115

Fridman M, Farsi A, Okawachi Y, Gaeta A L 2012 Na-
ture 481 62


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1038/nature16528
http://dx.doi.org/10.1038/nphoton.2011.140
http://dx.doi.org/10.1002/lpor.201400181
http://dx.doi.org/10.1002/lpor.201400181
http://dx.doi.org/10.1109/JSTQE.2015.2426653
http://dx.doi.org/10.1109/JSTQE.2015.2426653
https://www.osapublishing.org/abstract.cfm?uri=cleopr-2013-WB3_1&origin=search
https://www.osapublishing.org/abstract.cfm?uri=cleopr-2013-WB3_1&origin=search
https://www.osapublishing.org/abstract.cfm?uri=cleopr-2013-WB3_1&origin=search
http://dx.doi.org/10.1038/ncomms4643
http://dx.doi.org/10.1038/ncomms4643
http://dx.doi.org/10.1038/nphoton.2017.34
http://dx.doi.org/10.1364/JOSAB.28.000001
http://dx.doi.org/10.1103/PhysRevLett.110.233903
http://dx.doi.org/10.1038/ncomms3691
http://dx.doi.org/10.1038/ncomms5003
http://dx.doi.org/10.1038/ncomms5003
http://dx.doi.org/10.1063/1.4758310
http://dx.doi.org/10.1063/1.4758310
http://dx.doi.org/10.1364/OL.28.000947
http://dx.doi.org/10.1364/OL.37.001880
https://www.osapublishing.org/abstract.cfm?uri=cleo_europe-2015-CG_P_4&origin=search
https://www.osapublishing.org/abstract.cfm?uri=cleo_europe-2015-CG_P_4&origin=search
https://www.osapublishing.org/abstract.cfm?uri=cleo_europe-2015-CG_P_4&origin=search
http://dx.doi.org/10.1364/OL.22.000519
http://dx.doi.org/10.1364/OL.22.000519
http://dx.doi.org/10.1063/1.1148286
http://dx.doi.org/10.1063/1.1148286
http://dx.doi.org/10.1364/OL.37.004829
https://www.osapublishing.org/oe/abstract.cfm?uri=oe-25-18-21115
https://www.nature.com/articles/nature10695
https://www.nature.com/articles/nature10695

) I8 % 4 Acta Phys. Sin. Vol. 67, No. 21 (2018) 214202

Attosecond relative delay measurement using
transient-grating frequency-resolved optical grating”

Huang Pei??)  Fang Shao-Bo?! Huang Hang-Dong? Zhao Kun? Teng Hao?
Hou Xun? Wei Zhi-Yi?3*

1) (State Key Laboratory of Transient Optics and Photonics, Xi’an Institute of Optics and Precision Mechanics of
Chinese Academy of Sciences, Xi’an 710119, China)
2) (Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences,
Beijing 100190, China)
3) (University of Chinese Academy of Sciences, Beijing 100049, China)
( Received 21 August 2018; revised manuscript received 31 August 2018 )

Abstract

The accurate and precise controlling of the attosecond time delay between the sub-pulses within a hundredth
of an optical cycle is the key ingredient for the sophisticated custom-tailored coherent waveform synthesizer. The
attosecond delay control technique commonly experiences the “complete” characterization of the ultrashort sub-cycle
pulses, which includes the spatiotemporal pulse characterization of the synthesized waveform and the attosecond relative
delay between the parent pulses. In this work, the relative time delay between spectrally separated ultrashort parent
pulses is characterized in an interferometer scheme with a background-free transient-grating frequency-resolved optical
grating (TG-FROG). The TG-FROG geometry accurately measures the full time-dependent intensity and phase of
ultrashort laser pulses in a wide range of regime (from ultraviolet to infrared) and offers significant advantages over other
nonlinear-optical processes geometries (i.e., the polarization-gate-FROG, the self-diffraction-FROG, the second-harmonic
generation-FROG and the third-harmonic-generation-FROG). The attosecond measurement accuracy is achieved for the
first time, to the best of our knowledge. In this experiment, the output of a carrier-envelope-phase-stable Ti:sapphire
amplifier (sub-30-fs, over-1-mJ, 1 kHz) is spectrally broadened in a neon-filled hollow-core fiber with an inner diameter of
250 pm. The transmission through the pressure-gradient hollow-core fiber results in an mJ-level octave-spanning white-
light supercontinuum, supporting a sub-3-fs Fourier transform-limited pulse. The supercontinuum is spectrally divided
into two parent pulses by using a dichroic mirror. The sub-pulses are individually compressed by the custom-designed
double-chirped mirrors and wedge pairs. The short and long wavelength pulses are separately compressed in few-cycle
regime, yielding pulses with 6.7 fs and 9.8 fs, respectively. This technique overcomes the bottlenecks in the traditional
delay measurement and should be applicable for many ultra-broadband pulse characterizations with extremely simple and
alignment-free delay control device used. Furthermore, this new method will be easily adapted for the ultra-broadband
two-dimensional electronic spectroscopy, the advanced temporal cloaking, and the field of sub-cycle arbitrary coherent
waveform synthesizer for controlling strong-field interactions in atoms, molecules, solids, and nanostructures. We foresee
that in the near future this novel technology will be very attractive for various applications in the next-generation light

sources such as the Synergetic Extreme Condition User Facility in Beijing, China.

Keywords: sub-cycle waveform, coherent synthesis, relative delay, transient-grating frequency-resolved
optical grating
PACS: 42.25.Kb, 42.30.Rx, 42.65.Re, 78.47.jj DOI: 10.7498 /aps.67.20181570
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