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Abstract

optical-loop mirror and nonlinear amplifying-loop mirror (NALM) mode-locking technologies. The developing

To improve the environmental stability and self-starting ability, researchers have developed the nonlinear

process of these technologies can be summarized as the following three phases: non-polarization-maintaining (PM)
structures with polarization controllers, PM figure-of-8 cavity structures with dual-gain, and PM figure-of-9 cavity
structures with a phase shifter. Among these, the newly invented figure-of-9 NALM mode-locked fiber laser is
particularly advantageous owing to its easy self-starting ability, long-term stability, concise structure, and cost-

effectiveness. Such a mode-locked fiber laser is increasingly employed in applications such as optical frequency

combs, generation of THz radiation, and advanced material micromachining.
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Fig. 2 Schematics of figure-of-8 and figure-of-9 cavities.

(a) Schematic of figure-of-8 mode-locked fiber laser;

(b) schematic of figure-of-9 mode-locked fiber laser; (c¢) calculated round trip transmission through NOLM/

NALM device as function of nonlinear phase difference in loop (corresponding to figure-of-8 cavity); (d) calculated

round trip reflection through NOLM/NALM device as function of nonlinear phase difference in loop (corresponding

to figure-of-9 cavity)
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(a) Spectrum; (b) pulse train; (c¢) frequency spectrum; (d) autocorrelation signal
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Fig. 7 PM figure-of-9 mode-locked fiber laser. (a) Experimental setup; (b) principle diagram of phase shifter

5.2 1030 nm S EEMENFEHE

2018 4FJiS, Liu ZE57 A 5.1 747 T 38 45+ 1) 3 il
B NG 57 Send |51 F 3 S ot S - S e o 1257 g
Kl 8 B IZWOL AR I SL 0 e K], Horp PBS AR ik

SrRAs MR E ., ZEBRABOHM A EE
A=A H— B N T A DR R R — BER
JE2990 mm B EICLT . o8 TSR] BE 4 A I KL 1
B A AR R 2 E L . B X BOLLE & il i e

output 2

gratings

Pl 8 5% A U s UG £ O 28 1 5 6 4 o e T

Fig. 8 Experimental setup for compact figure-of-9 mode-locked fiber laser

[37]

0508013-7



th i

i ot

CHPR AR R 22 mm) AT {8 BB ZF (1938 W /N T
1%, HZ 8T — e RS2 B S TR E & i
PF——e o3 S A HE B 4 B ] DUVE R 3 25 06 2F Jihis
65 HAh A (B 25 AR A BE R 0, L s
4 N AR 7 Ml B 2 (— SRR G 5 — 4> 1/6
WA 5 g8 (— X ARG 78R 2 8] 2
ke LB, 5 26 AR Y I AR BT F K 4
TR, ZBEOERS T LU 1030 nm ot K Ak sz
PR B S R 700 MHz [ [ 3 s, e i i 2l
A3k 150 mW , i Ik v 58 B g 215 fs, LR 1Y
it A0 B — B AR R G 2R (H X B R OB AR S T
HEE 2 B TAEARRSL, [ %G8 5 1E 3 0
TG R X iR E MR (RIND S5 ARG M S, 7E
10 Hz~10 MHz W45 536 [l P9 . RIN {H450.015 % 5
1E 100 kHz~10 MHz [ 55 5 5 [ A L AT A0 M 7 33 2%
JEAE — 150 dBc/Hz it %%, B4 i 45 1 1 380 B 30 ok
21 fs, XS R B R M EE MR T BT NPR 181
BOGCL RO ERE S — D E K., RS
MR OGRS AR A BN T Yb OLE ot
it (14 ot - U
5.3 1550 nm BHER N FRHIR

2017 4 A TR A2 3 5 % P 7 Ca) R 2B B 25 4 1Y
WO BT S B LR KT ARk A 5 (o

|
]
S

@

3 dB bandwidth: 85.1 nm

Spectral intensity /dB

-80 - - -
1450 1500 1550 1600 1650
Wavelength /nm

L)

—-60+

_80L span: 100 kHz
_100. RBW:10Hz
-1201
-140
-160
-180

Laser emission /dB

8530 85.32 8534 85.36 85.38
Frequency /MHz

B AE) S T BB H R 3h 1Y 50 fs R E gL
TR, BRI ZE AR R B A S B,
WOL & Y f Rt ik b 2 A8k 13,6 m W, 51 42 0
b 85.3 MHz, % (9 Jk #ffiE 44 0.16 nJ, RS
TR T b oG 5 B a9 Ca) TR . OB EE Y
3dB# FE M 85.1 nm. & 35 ¥ & 1518. 0 ~
1603.1 nm, 7£ 1550 nm B, 85.1 nm 7 Fi XF W f)
XU T FE AR Wk oh 09 Fe da B BR Oy 29.7 fs, ZORE
T B Tk b R A 9 (o) s . A5 A e e
A R 11,73 ns, X (9 35 &2 45 % k 85.3 MHz,
RS TT B kb A B9 (o) B R . AE
85.3 MHz FE AT Ab A — 4~ 100 dB {75 B L i) i,
TEIA T3z Bk o B s i i sl R e M . OB AT RS
A A K R E 1550 nm BfF 3T B A AR A IE (K.
JUT LART DL B 450 4235 S KB ) PMI1550 JGEF 047 ik
R4 MR ZE R R R ATHD . K4
52 1A HR Tk b R OG5 SR an L 9 (D T, M
9Cd) "] LLA Y, B HE I AS By Bk oebogy ok i 4w
(FWHM) Ny 77 fs, 53U iE B ARG 15 547, BF
DAL S ok S5 BE N R 77 f£s/1.543="50 fs, % i f4
ik g B IR N 3.2 kW, 2 I AT 325 7K 45 2 PR
Jok b 8 BEAE 29.7 fs R W] figJ2& i SPM 51 & i1
2 M WA WK TG T AR G b e b 5%

(o

-100 -50 0 50 100
Time /ns

—measurement
----sech fitting

@

FWHM: 77 fs
[ 7 =50fs

pulse

£
=

Intensity /arb. units
(=]
-

e
o

S

-400 -200 0 200 400
Time /fs

F 9 4w JLFHE 1550 nm KRPEOG ARG Bk . () GIER (W) Bk FE 515 (O SRIE K (D A £ 1E S

Fig. 9 Output characterization of PM figure-of-9 1550 nm femtosecond fiber laser.

(a) Spectrum; (b) pulse train; (c¢) frequency spectrum; (d) autocorrelation signal
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