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Abstract: The time jitter of a femtosecond laser is the short-term deviation of the optical pulse position relative
to its ideal equally spaced pulse position. Femtosecond lasers emit uniformly spaced ultrashort pulse train. The
quantum-noise-limited timing jitter can be as low as few tens of attoseconds in millisecond time scale. This
unique property and its advanced applications constitute a new branch of ultrafast research, "Attosecond precision
ultrafast photonics". In this paper, the recent advances in femtosecond laser timing jitter research, high-precision
timing jitter characterization methods, and the ultralow timing jitter that can be achieved by different kinds of
femtosecond laser sources were reviewed. Finally, the application of low-jitter femtosecond lasers in the fields of
synchronization of large-scale scientific instruments, high-speed analog-to-digital conversion, absolute ranging
technology and coherent beam combination are introduced.
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Fig.l Timing jitter of mode-locked laser output (a) in time domain and (b) in frequency domain

TEREDOE A IR SRR T 2 N R, 4
5 R R I TR A48, 30 o S AR B Y v A R
P SEIAZ A o TERIE S S IR, o TR IR
PRARE B AEAE, LA 0 3R 15 5 10 2 a5 B A X T 2
SN B S — e R W22, w22 RN S0 5
SRR E RSB . AR IR 0 i) g, 38R A
AR RS AR A R P H R BOR RAE: IR
AR, TP AE — 2 IR s B] P, B () R A 1B R,
B RS K- st s . — e, T A5 5 R BB
YR ECH,

2

%< for) = (271r)2 Bt TkY;F
Kb ToR BT W R, ko3 B2k 2% it T4
XTEE , E e M HE NIR GBI BE 125 T eanrr N HE N FE

Y DA )R B, SIS IR AR X R Y, TR
e LR B & 58 S M S (ASE) B A £ W
il 1 B Ik b 4 2 Bt Sl A B 1R B0RT DA RN R
2,

9 (as,) = T
dt 6 Ep Teavmr

s o, Bk A A R A8 BN BBk s RE R vl
Y T R T = %ﬁ%lﬂwﬁﬁﬂil‘ﬂﬁ%&; o H
M gs . X T TAEEERT . WA 10 GHz
BB AE 5 SR L, To A 100 ps, kT ~ 0.025 eV; Xt T
TAEEZRT . PO KR 1040 nm 19 CFMEOLRS,
hv~12eV, 7,295 100 fs, AR & I N hE
5t 5 ik i B S8 R R ST [ R BOR B T [R] — R 2,
W A5 5 R I 8 R B BN O 4R 110°6% .

20201058-2



s Gk A2

% 12 47

www.irla.cn

AHER L, TCRM O A B RE R B B A 3 R
THARAE B oh SR o XA BLG AT AR R 72 D
PO AR I PN, Tk e BE S8 B Hh A TR i 0 ko
P, BLALIN TR] Y OG5 AR B TR B9 5 T X T
—E M A RS (ASE) M K-, Bk bt 4% BE A 48
5 AT LR AR ASE M7 5 2 6 JK nfr b 3820 A 4 4 00 78
A S T AR X M e g dml o7 5 ) R A A P )
A, A bk e 0 5 B S PR R AR IR o

2 EREENERE

21 ERXBFRNFEENEERE

BRI % 1 2 BB B0 78 B 3 3R A Bk S B
7 X AR I AL, R L ) A0 R A
(LM FE AR N, ANIE] 1(b) Fiom .

15 25 0 R A D0 AR 1 ek e e 1
RO AR 04 5 s B 3 AT LA e Ao e AR A e
WA R AT I o O FR I 2% T LR RO
e R G K b £k S5 AR B AR S, SRR
FHAR 5 43 B ASC ke A 00 985O #5520 000 2% 1 U S U8 1
(A3

X PP IT LSS R T ROR B, TE REMEOLER
IrRFsh R W R R T B2 OCEEEH . (RS
WFFERITR A, IR0 ik ) Joy PR M o o % - 7 28, KR
WG LK e bk o 5 B — BT R AP R R
W7, W 10 K24 (THz, 10" Hz) LA R 58, T
AT A ' FEL P 288 (9 SE AR AR 7E [ 75 6 2% (GHz,
10° Hz) AP, PRIt ' F 2 460 1 o0 5 S ] ol 4t 5 |
YN TR SR i Y U G s rd (R = IR [ 2 %
ML R, TREPEO A bk b ) R Bl — A
TE KR E W R G, 28 e — M B A 5 DR M s
AP, PRI 2 R X R G b G AR 85 L 5
A PTAC LA KA 2R IR B RS AT TR Y
BESR RGN 2t %) 5 J R R ARt K BE RS i
LR e AR 1 iR R R TS ) A 67 MR R A S R AL
e, PRGN 5 B ) 01 L A ok AR 2 T L A s A
FLMEFS

LA b A AN HETR i, L2 fT O F 400 2 ke D
i REROGER A BBl I o BERAZ B T i
A A BRI, 0 A 20 2 R A R R AR . PR, R
B RO A% B BL B i A5 R — A 10 fs

e U
2.2 ETFEFEEX (Balanced Optical Cross-corre-

lation, BOC) K 7E B £l hilll £

N T kAR RO & E I B R T i S
AR, FHIPA 627 BAR DGR 5 5 IR 30 19 J7 1 1
P IR M B o Xk A P G 2 R G
KA TOCK I AR . B T REREO B kAR
B BA TR i 1 5 I 5 50 R AR, a] LA & BOC J5 %
FA W RFMEE 2 B RD g 1 i (] 43 B . Rk, W7 DASE
IR R 1) P Sl e SR AR R B B A L,

BT BOC HyE I £Hsh il R G 2 B
TP TREP O AR G I B SR T RO #EAS B e g
MR, ZITER T 5 — 6 S 8Os s BoA AH
B AR E IR A9 REPBOG SRR A AR O
o P EORH OCAR S 0 7 A B T AN I AL R AR DG AE
s AR T A% A P R AR R 2 DA S A D I 1 R e
FIRRN o A 2 FIizs , BAT AAF S I (8] 2 38 1 1 52
i B (8 RAPEOE Bk oh & R A B E A G ER . Bk
LS e s U DGR B 2 3 |2 o oY N
TE 22 i e 25 14 ok e 28 3k o A B R T R R D 4 R
Az — ANk oA g 4 ik o 4 R , A a3 AR b A BE A
WE S 07 A o ARG AR Z S5 R D) — A,
A5 R 5 2 o XLEBE, I H B R — A A —
A AR o FEARAF 5 2 R0 55 ST P R AR 2
A, 722 B RIS 5 B P I A 1Y) g — R
SLERM P AR D 25 1) P R R 5 AR 2 A
R B T A Tk o 8 s T TR B A G, TGO ok o £ 3
W sl 51 1A A5 5 i P AR o 7 5 2 R . 7R
AN PRI R B R E R AT, PIAS AT ZE AR Ltk i A
Y B S R R [R], B AN [ DR AU 5, OF
HT PGS D L A A e A AN ] Y H B SR Y
P N0 85 1 i 4 7 S A S D 1 ) R A 174
A antEl 2 A4 BT s

G2 AR AR 5 1 D) R % % B (PSD) 2k %
TIE"C AN 28 A9 B AR 1 . BOC J5 ik il 45 (14
I} 20 Dy AR P B OB A IS, T B O
i 9 28 I} 2l 7K S AR AL BLZE B 1 9 2 A4 3 ST
BT, PR I 25 SR 2 gt mT DAAS B A o A8 X
L2 7 I 5l

) FH V85 516 2 ELAR DG H A I S ) 34 3 9 I 3

20201058-3



ISk A2

% 12 47

www.irla.cn

SM
(i} o

RF Analyzer

PI controller

FFT Analyzer

HWP

PBS DM PPKTP

Ya BOC
\ Balanced intensity|
detector (@u.)

DM

P 2 BT DG EAH R RO 2 N B S R 5

Fig.2 Balanced optical cross-correlation timing jitter measurement system
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Fig.3 Principle of time-domain timing jitter characterization method based on ASPOS, the ASOPS process (a) without LUT timing jitter (b) with LUT
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Tab.1 Representative progress of low timing jitter femtosecond laser

Laser source Integrated Integrated Fourier ~ Measurement Research

Classification Laser cavity parameter timing jitter frequency range method institute
lgi;ﬁizgl;gﬁio(lgggg?ﬁﬁe' 18 fs [1 kHz-10 MHz] PD MIT
3%3(31 Eg Sr/:gl\i/lr;lzo(lzigg;;ﬁ%de' 19 fs [10 kHz—40 MHz] PD MIT

bdoped s modelockngregme GOlOM 1745 (lkstomig  pp SR s

fiber laser lcl’iilsn Egsri‘gl;lz(’(gg’foﬁlﬁde' 2 £ [1 kHz—10 MHz] PD MIT

&*M§3§gi§i§ﬁﬁ§§“”“ 0.07 fs*  [10 kHz-40 MHz] BOC KAIST

SO'MHZ_%%TZ'E:E’(;%Vligﬂwmm 0.5 fs [10 kHz—40 MHz] BOC KAIST
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Continued Tab.1
Laser source Integrated Integrated Fourier ~ Measurement Research
Classification Laser cavity parameter timing jitter frequency range method institute
463-MHz MoS2-SA, soliton mode- Shanghai Jiao Tong
locking regime (2015)" 36 [1 kHz-1 MHz] PD University
80-MHz NPR, cavity dispersion
+0.002 ps? (2015 0.7 fs [10 kHz-10 MHz] BOC KAIST
129-MHz NPR with spectral filter, cavity 3.46 f 10 KHz-10 MH. BOC KAIST
dispersion-+0.008 ps2 (2015)" 46 fs (10 kHz-10 MHz]
75-MHz NALM, cavity dispersion 0.83 £ 10 5 L .
—0.003 ps?, soliton molecule (2018)! e 18 (10 Hz-2 MHz] BOC Tianjin University
36.56 MHz NALM, soliton mode-
locking regime (20190 7.3 fs [10 kHz-1 MHz] FDL KAIST
Xi'an Insti f
2.68 GHz SESAM, cavity dispersion Onties. “jt]‘,tme.o.
50152 (2019)) 82.5 s [300 Hz-30 MHZ] PD ptics and Precision
Mechanics of CAS
80-MHz NPR, stretched-pulse mode-
locking regime (2011)) 0.18 fs* [10 kHz—40 MHz] BOC KAIST
80-MHz NPR, soliton laser (2011)™"! 1.8 fs [10 kHz—40 MHz] BOC KAIST
80-MHz NPR, amplifier-similariton (2011)"* 29fs [10 kHz-40 MHz] BOC KAIST
Yb-doped 80-MHz, NPR with spectral filter, cavity o L
fiber Laser dispersion +0.008 ps2 (2014) 0.57 fs [10 kHz-10 MHz] BOC Tianjin University
10-MHz SESAM, all-PM, cavity dispersion - . .
046 ps? (201 6)[24]y P 5.9 [10 kHz—5 MHz] BOC Tianjin University
880 MHz NPR, stretched-pulse mode- . . .
locking regime (2018)” 10 fs [30 kHz—5 MHZz] BOC Peking University
690-MHz harmonic mode-locking NPR, soliton . R
mode-locking regime (2015) 6 ps [100 Hz—1 MHZz] PD Tsinghua University
Tm-doped 253 MHz SBR Tm/Ho fiber laser (2016)"") 20 fs [100 Hz-2 MHz] PD Boston University
fiber laser South China
1.5 GHz SESAM (2018)"* 940 fs [10 Hz-1 MHz] PD University of
Technology
80-MHz KLM Ti:sapphire laser (2012)1* 0.013 fs* [100 Hz—40 MHz] BOC MIT
Solid 100-MHz SESAM Cr:LiSAF laser (2012)%! 0.03 fs [10 kHz-50 MHz] BOC MIT
oli
laser 100-MHz, SESAM, Er:Yb-glass laser (2013)8 0.083 fs [10 kHz-50 MHz] BOC CSEM
500-MHz SESAM Er:Yb-glass laser (2015)*)  0.016fs  [10 kHz-250 MHz] OH U‘g;’fgrs;;yo"f
10 GHz SCOWA-based harmonically mode- University of Central
locked nested cavity laser (2018)"" 34fs (10 Hz,100 MHz] PD Florida
Semiconduct iversi
em‘f:;ruc " 21 GHz InAs/InP quantum dash laser (2018)! 400 fs [10 kHz,100 MHz] PD Um"erzgyrf ollege
19 GHz integrated heterogeneous silicon/III-V University of
colliding pulse mode-locked laser (2018)* 1-2ps [100 kHz,100 MHz] PD California
_ Optical 22 GHz silica microcomb (2020 2.6 fs* [10 kHz—3 MHz] FDL KAIST
Microresonator
T * TR IR BRI A B A2 1 4 B E* indicates the measured lowest timing jitter of lasers in this category
&2 BATCRRL SRR E R Eh
Tab.2 Timing jitter of commercial femtosecond laser
Laser source Integrated timing jitter Integrated Fourier frequency range Company
Figure 9 fiber laser <2fs [10 kHz—10 MHz] Menlo System
Figure 9 Er- fiber laser®” 0.04 fs [10 kHz-10 MHz] IMRA America
MENHIR-1550 <30fs [1 kHz-10 MHz] MenHir Photonics
ORIGAMI 5-40 <30 fs [1 kHz-10 MHz] NKT Photonics
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