Chinese Physical Society

M!l ﬂ Acta Physica Sinica

. Institute of Physics, CAS

E TR E R A SR RN E L

&M RAEZE PRI K% ETFA

Timing synchronization based on mode-locked fiber lasers with attosecond timing jitter

Qin Peng Song You-Jian Hu Ming-Lie Chai Lu Wang Qing-Yue

5| 5 & Citation: Acta Physica Sinica, 64, 224209 (2015) DOI: 10.7498/aps.64.224209

7 2% 1413 View online:  http://dx.doi.org/10.7498/aps.64.224209
23 N %¥ View table of contents: http://wulixb.iphy.ac.cn/CN/Y2015/V64/122

RSB EME

Artlcles you may be interested in

ANTRI NS Jikamr e FEE B P WA RO BalF o i AR A8 SR V8 i AR 44 52 W) PR BB READL I 7

Investigation on the influences of linear chirp with different input pulse intensities on BaF cross-polarized
wave generation

PP 22 H%.2015, 64(2): 020602  http://dx.doi.org/10.7498/aps.64.020602

FET BAAEGET 0 58 SORE A 8 ) B AT 70 F0i 2 T O e e ik v il

Cross-phase modulation typed frequency resolved optical gating measurement for ultra-short pulses using
a single mode fiber

PP 224%.2014, 63(24): 240601 http://dx.doi.org/10.7498/aps.63.240601

TCETBOG A I BT ik A i 0 9 S e 75 23 By
Intensity noise analysis of a fibre laser after passing through an optical mode cleaner
PP 22 H%.2014, 63(19): 194203  http://dx.doi.org/10.7498/aps.63.194203

TRAPHOL R < R B B ph TR
Shock temperature of femtosecond laser ablation of solid target
YE % 4.2013, 62(21): 210601  http://dx.doi.org/10.7498/aps.62.210601

H A 252845 R 1 e - 35 R PR 3 T A8 ik IR RE S AT A

Spin coherent-state transformation and analytical solutions of ground-state based on variational-method
for spin-Bose models

YE4.2013, 62(11): 114205  http://dx.doi.org/10.7498/aps.62.114205


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.64.224209
http://dx.doi.org/10.7498/aps.64.224209
http://wulixb.iphy.ac.cn/CN/Y2015/V64/I22
http://wulixb.iphy.ac.cn/CN/abstract/abstract62448.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62448.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62448.shtml
http://dx.doi.org/10.7498/aps.64.020602
http://wulixb.iphy.ac.cn/CN/abstract/abstract62257.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62257.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62257.shtml
http://dx.doi.org/10.7498/aps.63.240601
http://wulixb.iphy.ac.cn/CN/abstract/abstract61049.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract61049.shtml
http://dx.doi.org/10.7498/aps.63.194203
http://wulixb.iphy.ac.cn/CN/abstract/abstract56688.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract56688.shtml
http://dx.doi.org/10.7498/aps.62.210601
http://wulixb.iphy.ac.cn/CN/abstract/abstract53914.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract53914.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract53914.shtml
http://dx.doi.org/10.7498/aps.62.114205

) I8 ¥ 48  Acta Phys. Sin.

Vol. 64, No. 22 (2015) 224209

E TR ELsh S A SR AL S RS $h [E] 25

=M RAE#ET

HEA

KB IEA

(REERZAFE A EO6H T TREBE, Je RS BRARR A B A I E F s, R 300072)

(20154 5 A 24 HUH; 2015 4 6 A 30 HI R &0H )

JCEFHREOL SR A K T B, B FeAE e, Ho o AR R Rk ot e 81 A B I B AR E b, R SIS R K e
AR A R R G PR I b ) 20 ) R AT ) Rl (0 2 . AN S SO G 2 11 A 0 FLOIG T 1 25 2R AT
Wz, SEHL TP B LA BRRO LA 2 R RS N P15 S [RE, I Hal it 22 B RUTE, SR (i g
WEME AT TIE, 2HFRIER] T 13 as. @IUACTOCS I 3 )12 B AR BRI 24, 1E (1 He,
10 MHz] {73 XTI AFF2] T 109 as FIFRIN R ZE, XN H G B0 1T FIE S8 77 as.

KA LA BRO RS, WBHFED, WHE RS, LS AR

PACS: 42.50.Lc, 06.60.Jn, 06.30.Ft

1 5 =

FEAhIZ TR 12| s A A e 40 41 kAR T
£ OO e B R A S ST A, RGN %
0 5 2 18] v A P2 R B ] 20 — B AR
Mz —. AR ERIN SE588 A0, O T IRIEEEA R
G2 (PN 1) 23 2, 0 Z00KGS B 42 o) e o Jhk o AR Joik
AR 25 I TA), TR 2 FE R B D (fs,
1071% ) B EFAD (as, 10718 s) B B [H 25 1.
PP IO A 0 Bk e S AR I s B R R
91 FaE T, A8 IR B R 25 O T B AT R AR 34 DL,
Horp, BRS A BIUBTIEON o 58 A5 F A 1 i R 3
(timing jitter) FFtk, CL& R 4T £ [R5 55
[ ik 10, FL7E 2006 4, TS DU SR A 2 s
il 1) 77 V2 SE B TR A O £ B B IR RO
AR ED, AR IR b AR R A T
HL K 460 nm (YRGB AT K. 2008 4, B3
2 2 3@ = BB L AR, SEIL T B AR
FAWOCE A ks R R, JF Hosad o L
REAT I SRAF T KAk 40 73 AR € I B[R] 28, (H A2,
KT A WOGER G A RCRAR . BN B I L 454

DOI: 10.7498/aps.64.224209

S N AR BT SR e, HME LS BN B IS AR
ARHIBAT, TR PR ] T AR g i e 5] 2245 5
PR A R B8],

5 4% S8 (0 [ AR OGS A L, O AR B O 8
6 SR R v SR 2 B AR )
Mg /N, RGBT DRy I A ) 28 45 5 YRR B Bk 5 A T8
6 A 5 LN RAFIIS BEAS IZ AT, AT B A
THEE RGNS A, Tk, A6 A
JeAR A R A N B g i R, G AR O A I
[ $£3hK-F 24453 2 7 ROR R 6], I KPR E
Hi A BT BR A WO B K. 20114, KA
45 X 2T B O B I TR B B AT T &R
S, sl E T TAELEINT (soliton) H AH
8L (self-similar) FEIR AT (stretched pulse) IX =
BUBOIRAS T HOG A8 B 1B £E3), X506 47 B I
Dt I E) 2 30 0 e R 3R BEAT 1S A A R A
AT AR A O S I IR Y BRI A,
TEB MBI  N 73 71 3R45 T 175 as HI 70 as
FR v AR [R) B3, A0 X T 1) 0 10 kHz 248 2
AR 110160 SRR S 7 380t 38 1 5 A BR AR )
B R m TR A BOLE, X — T2 H T
EOCE R A UK, K B RS (amplified

* [ QRRIEE S (HES: 61205131, 11274239, 61227010, 61322502). [E 5 & 3L abwE 7t & it %I (bt 5 2011CB808101,
2010CB327604) FHIT 443 FE1H A K BRI (kS : TRT13033) %t Bhffi5 .

T B E/E#E. E-mail: yjsong@tju.edu.cn

© 2015 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

224209-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.224209
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 22 (2015) 224209

spontaneous emission, ASE) Mg/ KT8k E A Ok
F: A7 TH R W T A BRSO AR S P K B
FEL R TR E A BOLE BREABOEIE N AT L3R
310 fs PUR Bkeh 52 1), ASH]T-FRARBEOL &5 s 18]
Flzh ML DRULAEAH R BE 5 98 8, SRR BBt
A5 BB TE] 3l 7K ST AR ME I8 B 5 8K = A WOk 28 AH R
FIE . 2005 4F, Hudson 2 173 i 76 Ok 28 i Y
{5 FH HE G I i1l 8 (electro-optic modulator, EOM),
SEI T ek 230 kHz I B R B BUE A 98, ik —
B AR BB 28 1) & 7 AR PR B 8] 3} 3 $2 4t
7T LK

TSI ERE R [E D, AR B
AR AL HI (R F} 2, 3 75 S B e A I 20 A
Hg| NEAMIE RS DL IO 38 I 25 5 B ER)
T, & S i) B PRI 7 VA AE G A e e 1) 1 R
W G NARA I A A5 5 1 43 7% 4 BR 1) 7E 10 fs
g 81 M JE ¥k v Aff e A U ' 88 F [ )
AR ISR, B P 5 HOAH 9K (balanced
optical cross-correlation, BOC) J57% [ f{j BN, B
B 22 I oy HE R O A = BB AP R, R
DB BRI 28 I I 1) BL 30 J 3 2Rt e gt 1
AIfE. 2007 4F, Kim 55 U8 5By BOC R 4, 4l
Tk B )R V2 A B[] e 3R Y = 1 v B G 4
BUHOGER I (Rl $2h. 5L SR B RO AR T
EAREL, BOC TER 73 H g m T N E L, 1k
B 7460 as. )5, BOCHEM 7 PR R AW =,
FERE iz S B BRI 2% I 8] 4 2 I 5 R I
B RS BT,

ARIHFE TAENBE A B EOC 8 =
i FERT P [E)D, J8Id 5T 8 N EOM I e gz i, s
LT 400 kHz HI B A5 80E 9, I il BOC
RGENME TR ARERG S, WES PR SIE
13 as. I OLALEOE S I BIASLIRAS FI S 45 4 2% 1)
BiE B %, 76 (1 Hz, 10 MHz] [R5 X 18] A 528 T
109 as MIFRAREMBHRZE, X NG BOE R - F IR
[EELBI 7T as. EAEFE PIAN, AR SCHE T 98 8
FHFR R (>100 kHz i€ 7 58 ) F LG LFBOLER [A]
FRVRF T B i3 222 PR AIG 22/ T A PR 7K P

2 Eh)RHE

2.1 SHRECCRR R EE ED

BUARROUT, BRSSO &% 10 H 5 5 2 i sk b
T A58 18] B HE 7 AR L Bk ke 31 L AR O 23 5 B

BRI AR, FE 3 55/ T ASE M | s BRI AL
ARSI B R RS S — R A A AR A
RILFEIVERR, BUBEOGAR S bk e 51 0 I 45
B 5 EAR M AL BAR LG, 2 N BENL
2. IR BENLAR 22 75— 5 I (] 18] 5% N AR HE ZE /R
i [1 5 20,

FL2E 1993 4F, Haus Al Mecozzi 21 &4 % 981
BRI A% R 7S AR AT T R TT. 2004
4, Paschotta 22 X FiRk HiR 34T TR, B3] T
B 38 A BB G #8 I TR B AR A B XT
AHBBOC IR T F, IRl 2 32 BORYE T 25 ) i
W ASE B S e AEOL A I N B A R332
FAFEWATTI: R, BT ASE B AREAE,
SXTE R AR P A% ] 1 HE 2 6 Rk vt e 21 B AL b
AT, WIS 75 Rk e e A 1)k 37 B 7 2E BE AL 1)
AL, X T GNP AR AR 9 B4 RS A B TR
B30, AU A, T ASE MRS A7 LR, Rk Bt
N7 R T B Oy 2 R A BE AL AR Ak, AT & e ik v vp
ORI BENLEERS , 2k bR KT B Rl N £
AN N ZR ), L O B 2 B 2 AR BE AL I A2 4k
I 408 IO i bk o IR ST B B AL AR A, 1K
BT G NI TR BIRR A (B R S i a3l B
XHH IE BT () ikt e 51 R L TRl B1 3l ) D 22 1%
%% (power spectral density) A @I LA FRiA 45
iy [22].

1 h
Sac(f) ~ 0.5204 Y9 2

)2 B, T P

2

+(77) S0 (1)

(1) FC 28— T0U%) B B 24 & B () ) 3l 56 — I
b N TB) $2 40 & BT TR EL 2, Forr f o BL AR i
bR EE, v Ik OOeIE, B, iE
Wk BE R, g NIOGCRIE N8R, T ARk 5
BRI, 7 N K858 BE, Do AEOL A IS N
FHEEHEL Sy (f) Jlki i O 3R RS 1Y) Dl 28 1 2 L

(1) XATCLE H, FRAR B O 28 I (A £ 3l
B FEEARE LT LN A B, B EEs
TEFIBRCIRAS, (MO % i Iy B ik e R A, Uik
MRE R E S, I BRR B R SRRl s, Hk,
REAF RO TAEEI FEETPIRES, MK H
eh SR RS 5| ) 1) J2 R i TR) e s D140 15]

2.2 BOCH&E

JCEEARRA T E R — MR R R, RlEE
AT L4 s 358 A A5 5 ) ) /D S e A 46

224209-2


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 22 (2015) 224209

ARG 5 L FRIAR AL, AT SR FEL PRI 45 7 5 FJ R
i, SCHLE A TRl 2> FE R A SRR A 5 AL
FRIEA AT

ran) = [ T A+ ADRMAL (@)

Horr Ar For IS 5 [ AR SE I (H 2 A
(2) AT LU, ANBIE = 10 56 1 [ I 32 21 4E i
A7 FE 5 BRI, vk, SCA AR T
BOC (¥ | AR 190 A7 195 % A I F) AR OGS 72, I
HLAE e rh— % (K B0 5 22 18] 51N [ A2 9 B o 48
I AT VB NS5, PR RS LA OCAE 5 78 -F R
% AR DR, AT DR R S A SR R S B L
FHRAT S5 BRI, A5 TAH A 5 9 R g T
P OGS 5 Z R A SE I A, 56T B
REIBOC ARG W 1 o, X T AL KA A
P BRI B, AR SO AE S AR AR DU LIRSS
(AR A NI, 72 BT 5 P9 UG I A5 AR I 23 )
FRAFIIUE T, SR AT b A ST SRR
FIN.

W AaE1 A —

N
>REFICY

1 (MTIEH®) BOC #%
Fig. 1. (color online) BOC system.

2.3 ETBOCHBT#EH K5k R i

EZESNE

BOC F Gt He 10 fma I 18] 73 5 O SEHURE 1 1)
I Bl FE B SRt T RTRE. (HA2, B TOLEF B EOE &
(R ARG S PEAR G, UKD I 80} 3 AR AR, BBl
AEAEANE 5 B Al O I 1) S e ELREREAT IR Oy
TSR R, AR S AR S A O a
SEREARIA] < I B34 30 7K P B B O G 24 D9 i
[ 22, IR 0 T U0 & 21 I 18] 3} 3 Bh 43 2 Y
BHOCE B, %45 R AT TR B RO A
BRFEZGMIRCR. BT M GOt I E 30K F A1
i, UK EIR S RER VL 2, 5UAT LAAS 2 8 6 Al i
TGRS I R BT I A} 5l K P

3 EZWAG . LREREHMN
3.1 SLINHR%G
ARS8 R I FH AR DO 2% A FE 28 1 (iR e

(nonlinear polarization evolution) 8% KI5 45
BOCAEOLE, HEMmE 2 (a) Frs. H, b4
3 H 22 e KBRS RO 51 cm K
() BB R 2T 1) i, O AR I B R AEE N 152.3 MHz.
ZWOEAR IE NI T EOM, ik A in 45 ) A
UNSHENFTES TS SIS EE 2 i
R T EN A EOM AL, S5t 55 B0L A FE A
AHIE]. 3 R 57 e S RGBS K BE, S50
A5 110 5 SR [F) R4 ] %8 7E 152.3 MHz P, DAE
SR NEOG AT 80E. N TR S AR R
A I TA)BE B0 AT 52 T FEUSOE 2% BUBUR S AR €
Pk D01 S 3o 1 M P AR (TR, PR 5 0k S 1
Jias PN B B 45 1 7E —0.002 ps? 245, AR
HHET AN BT R 135 MR P PO S I 18] 1 3R I e ]
B RCR BRI T 5B BRI AR S &
WOt HE Yot — & TAEAE 976 nm [1IHZE Ot
22 50: 50 YL 70 R ARKIR L. £ H 250 mW 1)
2 /KFF, S BEOGE T LU AR E 1 IFI AL
TR, ke B 1P 38 Dh 0 80 mW, i
B FELI9 60 nm.  FIR ki 1 28 i s A ECRME
A DLH 4 22 2 iR 2 B 408 55 fs IS AR 25 T% ik o
Fr A0, 618 R 9 B A G il 42 2y ) 1] 2 () Al
Kl 2 (c) Fios.

G WG A 1 [F] 25 R0 A B i 22 0
AWK 2 (d) Brw. PG BEOGEs B ki
By W ARG 5 NPIR, — R ABOC £4t, H
TR I B R RO IR S 5 — BRI NFR AR
B H ARG R G, F RIS IE IR N Bk A i A i 22
RN 5 RS P R AE O
77 W 4% (polarized beam splitter) ZH p%, LA i 5
WHAMDETHZER 4. A BOC R4+, AL
1A 29 55 — SR A AL UL IE A B 92 0 (B-barium borate,
BBO), £ N 0.65 mm. PRANE ARG HI AT
A Ay — HUE E 0.45 mm )58 —25AH A7 ILRE BBO
mn A, TE P I [E) 2 1 SO ASEA BR  HT, BBOL
A BIE, W FAWENR T HME KRS
% S5 Wil 2 (d) Rl 4R, £ BOC %
H i 24 5 S N A AT B IXCTA) P, B R R 5 B AE
5 55N K 2 18] R RE B R IE LG R % X TE)
PR BOC RS TEX (], [RIFE, BR40 5058 HoAH

224209-3


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 22 (2015) 224209

R FR G i 2t AR N R 2 DX, Az T
FORAT 5 BT, A 5256 v B4 1A &0 HL R 5 il 25 4
LAEX T BB bR . & ERP R, /£
S B I R R R, R AR N A JER K L A e B
&R, HAEEUE BA T THRE R S AR R
* (noise equivalent power) 53 75 (1] F. BOC
B H4 A5 o e P 0 FD AR SRR v, A AT BAAE — E 1Y

L e SN G Sl N 2 <A NS T M VR =7
. BN BOC RS i S 5 2 A E IR
(proportional-integral) % il #% J5, £k €. o
FITBOR, HT#0 EOM SR B3 5 2, AT 15 FF
DO 5 () H A R AME PR & BOG 38 H ik
Z AT SE I AR B 2SBS0 8 2 TR] ) I A
[,

(a) (b) (©)
1.0 1 \ 1.0
% BEGLT\ | 2 0.8 o 208]
E / E
3 1/4F 5 067 H 7 0.6-
o Qo
&0.4 / 504
0.2 1 %( 0.2 A
'’ -
0 T y v 0 —— ——
1000 1040 1080 —600  —200 200 600)
1 /nm HERT /fs
@ Tl 4
= SRR . 3
wwse || @K g . 5h <o
b i PR | kmmx [ E
ﬁﬂ_{ Y = 8400 0 40!
IOEE ] Sk ] 2 ] e s
A y
0 e |, L
Jemmk  [TrYE o
Twd L oa
! ey o
FLAIR Sl |< ----------------------------------------------- Z400 0 400
SR /fs

K2 (MTIREQ) (a) i BT BE0uE; (b) R0 (R EOSid) MSHBotE (L OEL) KoB; (o) frllEous (B
SR MISH PO (LML) IRREE EHAEE; (d) 5T BOC MR £ R KRR I iR 22 00 B R 45

Fig. 2. (color online) (a) Laser system; (b) optical spectra of the laser under test (black solid line) and the reference

laser (red dashed line); (c) intensity auto-correlation of the laser under test (black solid line) and the reference laser

(red dashed line); (d) timing-synchronization and residual-timing-jitter-measurement system based on BOC.

SRR S HH

BAH R B P TS, JE A A B R o 2
(47 U Ee RO 7, W] LASRTS 400 kHz 14858 71 .
NTRARREE N RS PR, BT R y
B 21 55 2350 4y, UEB BOC 5 5 261435 43 1 4
A0 mV /s, T G BEOGE B 5 R I R 2 1)
R FE Je A BRI SR 43 ) W B 3 () H 2R
B STZE AR B TR FroR. W 3 (a) T LLE 3,
E [1 Hz, 10 kHz)] } [4 MHz, 10 MHz] {452 i [#
P, R TED ) 20 T 2R 4 25 R 11 2 4 SR A W AR
DFEFPRH]. 7E [1 Hz, 10 MHz) (HRTEEN, —
R TR 5 IS 50 N I B st (8] B1 35 294 13 as, X
N2 GE I 4 R AR, Al 3 (b) K £ R £k B

3.2

. BIRARERTE A, BRI iR 2 AR E A
109 as, WKl 3 (b) H B AR, H1Fk RE R
DL TIN) PR I 75 )5, 3 SR AR AR B B i 22 4
N 108 as. ARSI, PG EOEER OB KN
1030 nm /247, XN 3.43 fs G # . DL -2
LB, 752 B K IS E] (1 s) P, WOk DA
RIFRAR I iR ZE AT SR8 /N T o 2 — A R .
N T B8R B P B A I e 2 ) R I L S
P, S0 HR RIS & T B A 2R T B S PR N A
PR A EiR 2 G5 SR 4 (a) Bk, A 4 (a) ATEA
F i, £ 100 kHz, 2 MHz] 4R X 8] A, R A 2
AN AR R, 7 [1 Hz, 100 kHz] AR
X (A, P40 IS5 R T3, X & B T3
HMERI R G R AL B AT T AMEA LR, ] RS

224209-4


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 22 (2015) 224209

AT HUBR G 75 2 R 5 BRSNS A OB S b, AT
FE IR E A ARAIAS 7> 45 . fE 2 MHz DLk
AR X [8] P, 2 P AR A0 6 5 R e J e 2% 1 0
FEIVHEIR P IR W, BT BRI E AR R G
MR EEAT FT AR, P ARSI 2 T PR KT R AR
A5EAMEE. 1E [1 Hz, 10 MHz] FSEEH N, 2R

10°F (a)

10-6F

IR B D) I 8 / fs2- He !

1 10! 102 10° 10* 10° 106 107
B /He
3 (a) WOGHE BI D TR AR B iR 22 (PRESELR) K
PE PRI (K RILR); (b) B Bhik 22 (R ESEL)
B ZRRERIEL R (Kt mRIER) AR5 45
Fig. 3. (a) Residual timing jitter between the lasers while

HLy i)
i3l /as
g

timing synchronized (black solid line) and noise floor of
the photodiode (gray dash-dot line); (b) integrated resid-
ual timing jitter (black solid line) and noise floor (gray
dash-dot line).

IR AT R B/ £ Hz !

agaxinilil]
5l /as

1100 102 108 10 105 106 107

B4 (MTRM) (a) BN (REEL) 55 (DEEL)
BRI EIRZE; (b) A (B ESELR) SIS (A EEL) 7%
AR EIR 22 IR A (BB I 2R) 3R 41 Oy (X Rl 2k) 5
DL A 7 5

Fig. 4. (color online) (a) Residual timing jitter of the
in-loop (black solid line) and out-of-loop (red dashed
line) measurement; (b) integrated residual timing jit-
ter of the in-loop (black solid line) and out-of-loop
(red dashed line) measurement, and integrated noise
floor of the in-loop (gray dash-dot line) and out-of-loop

(pink dash-dot-dot line) measurement.
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Abstract

Mode-locked fiber lasers output ultra-short pulse trains with extremely high temporal stability, showing great
potential in systems that require precise timing synchronization, such as pump-probe experiments, high-speed analog-to-
digital conversion, large-scale timing distribution and coherent combination. Fiber lasers are usually simpler, less costly,
more efficient and more robust to the environment than solid state lasers, making them a better option for real-world
applications. With the attosecond temporal resolution of the balanced optical cross-correlation (BOC) method, timing
jitter of mode-locked fiber lasers has been carefully measured and optimized over the last decade. However, due to
the inherently large amplified spontaneous emission noise in the long gain fiber and broad pulse width inside the laser
cavity, the quantum-noise-limited timing jitter of mode-locked fiber lasers is still much higher than that of the solid state
lasers. In order to further optimize the timing synchronization of mode-locked fiber lasers, larger locking bandwidth
is required to suppress the low-frequency timing jitter, which contributes significantly to the total amount of residual
timing jitter. In this work, tight timing synchronization between two mode-locked Yb-fiber lasers is achieved via a
feedback loop built on an intra-cavity electro-optic phase modulator. Both lasers work in the stretched-pulse regime,
which has been proven to support the lowest quantum-noise-limited timing jitter of mode-locked fiber laser. The output
of the BOC system provides a timing error discriminator of 40 mV/fs, corresponding to 13 as resolution within the
integration bandwidth. When the pulse trains from both lasers are successfully synchronized, the residual timing jitter
can be measured with the same signal as that used for timing synchronization. Based on the residual timing jitter
measurement, the intra-cavity dynamics of the laser and the locking parameters of the feedback loop can be further
optimized and a tight synchronization with 400 kHz locking bandwidth is finally achieved. When integrated from 1 Hz
to 10 MHz, the residual timing error is as low as 109 as, corresponding to 77 as averaged timing jitter of each laser. A
parallel out-of-loop single-arm cross-correlation measurement is also performed to test the validity of the in-loop results,

and both measurements agree with each other.

Keywords: mode-locked fiber lasers, timing synchronization, timing jitter, balanced optical cross-

correlation
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