| B 48 % & 5H/2021 &£ 3 B/ REME

faoe WA B s B RN = M B S A IR 2 oe 3%

AEA RE AR AR, R
U R 2 e A A A R 2 B 5 B B S WAL 55 BT T A 1 S MR R s NI R, B AR 2300315
P EEEBE K2, dEED 1000495
SRR AR R, BB AR 230026

ME AT S IARE PSR R R I RS R B EDLA HOL S . A G OE R BT b L Sl BE 1 iR
BSR4l M DG A0 52 5 I 2 B A 3 58 AT BRI B . X 238 8l 3o 2 P et 2 U o SR04 SR TBOIR J8E M 22, T X 52 5 s
I R OGRS Bl (FSROY JEAT S0, 075 5245 HEHOL A% 7T SE RS UE #0328 H] Vernier RN K A 28010 ) R AR, JE 5 32 3801 4% W1
SEHE 14 h LB TC B Y R E B AR A 208 e L i O 1R R FE R ik 80 dBL ZRTEAE & 400 Hazo MEAL, 36T U HE
TR A B EOC LT WO A8 A5 B M Is 5 T 9880 B A SR EE DR 7 ORI 50 MR R L 0 A 5 R R WL O AR A
1 mHz~1 MHz S50 Bt P (4 58 32 W 75 R0 R W 75 K 76 1 mHz~ 10 Hz $50BE , 5 J32 e 75 R0 400 5 It 75 34 4 S A 43 A

Bragg i (DBR) J6 £F 0/t 2% 19 e 74 K, St B4R 3 SR i TE AR

KR

hE4S%ESE TN248 X EAARIRAD A

1 5l B

G M 75 75 2 55 B G 2T O B AR 51 1 DR
W R4 TS RS Y RO e
AU A EBER . A Y BOEL BOLEE
By Sk 4y A5 2 i (DFB)Y | 4y #i Bragg X 4¢
(DBRO™ |3 st = Fh &5 4 )5 %€, DFB A1 DBR
JEEF WO A5 YR FH i 1 ) 08 s e i, TS B K
9 D0 BB 1 B AR A L s 45 A BRI T A
i JCEF I BB L AN R T AR IR i Dy, ELIR IR
JR IR B O Q B ME AR 5 L (A5 30 28 B s 5% T
(IR 56— M AE kHz DL ETS1 BRIE I OG 47 06 2%
FEJEHF AT LR K K B0 R s 5 4 o A AR AT
DA 3t 38 3 2506 25 K B Sk B i D D 3R W B A
A3 T8 1 DI 4% Tl e 28 1, S0 X B G B
AT A 3 R R B AR T RED L R LA
i is F R AR B 1 BB AT 8 OB AR OGS

WOtk s LMoLty IEE A Ineer; BB LIE; WS

doi: 10.3788/CJL202148.0501017

WIRIER Q (H . X H A F T ARBOEA 19 A his e~
(RO LR BE A R T R AR OL & ik 3 PR 35 A0
SR AT A6 A — A 3 SR O v B Bt 4 o 400 )
SRR G R B BRI K 3R B R 5 52
G BRI I P I8 B0 Y R ) 5 R E DL LR 0L B
FEAE G BRE A B AR e AR B R, A AT
KN T E A WERES L E S R Vernier
SOV HE R AT R ] R O LA Al R
Pt BRI B A AT AT A R W R A A
—EFERE BN T IR EOL LT HOL & 1 BE A ; i iE
i SR PRI A0 A8 30 R 7 3 9 £ i D6 2T+ 3RO 52
AN A REER T JEB R R YRS e (H i
S WM LT WOt AE H iz e T i Jo Bkt i 2
28 2 ) AL (SR /IN BT 8 S R 7 S L B AT
L B BE 1 0 8 i Ol 21 J0O'G 4 XE LA 2 552 B

AR SO TE — Fif A AR RE HLAAR A2 B 14 IR IR 7R 3R I

Wi HE: 2020-10-14; 1B HHA: 2020-11-17; RABHI. 2020-11-27
H2WmB. BHKE S KR (2017YFB0405100, 2017 YFB0405200) . H [ Bl 2% B 6 08 4 45 5 B 5 € W (B 2%
(XDB21010300) . E% [ 2B %34 (61805258,61377044) . Se i Bt H: R #4850 % F (T 34 (20191001)

“E-mail: mginghe@aiofm. ac. cn

0501017-1



FRIEX

E48 %5 £ 5 H1/2021 £ 3 A/REEN

BEEBADCAEEOLE . B R el F e o S48
Bl AE 15 i DR G £ Ak B A IR E IR S D e
A AR B 5 ] 38 S 0 20 B A o B st 2 O 1R
DA HEAT IR BE 45 K O 52 A 0 B R OGS Y
(FSR) , LA i 32 F Vernier R0 36 411 45 Bk AR, 52
O #5 K I RRE (1 A YA Sz 5 s e Al b L 3d i
I8 122 TG s T A B L %) R B AT 4 I R X X
TR IE B2 6 I LR OG A% 1Y W P R M AT 3R AE .
2 WOtER T 5 e

B 1 Ry i I i il A 4 Of i PR 26 1 SR AR
BHCLAFOLR R ER., EAEHERE R+
i A Fabry-Perot (F-P) % FaH7 BH %Y 4 J15 #4 B , 2%
OB 0 45 F BE 15 b b ) FH = A RS I 110 35 S AR 2 1
KA AW AT BT BT . o6 &% P4 BT 38 25
JELFh—B 0. 66 m K 1 {1 i 8 B L 4F (PM-EDF;
Nufern PM-ESF-7/125), 7 975 nm Ab i) W Y& Ky
20 dB/m, 1% PM-EDF 1 — H £ B8 £F fir ) 19 T %
5600 mW 9 975 nm - SR PO AR & PRI 9 =
45 (PM-WDM) £ . E i A T — H el

FM-001 FP-filter f—z==

PM-OC2

PM-OC3

polarization-maintaining; EDF: erbium doped fiber; FBG: fiber Bragg grating; OC: optical coupler; WDM: wavelength division multiplexer;

PM:

PM-FBG
PM-OC4

1 B4R BR AT # (PM-CIR) , A HEsmie A T — H
AT 99963 dB 4 5E R 0. 1 nm(~12. 3 GH2)
) 1560 nm P4 Y6 £F Y6t (PM-FBG) , D) 7 & i
A o 2 R A L R/ B 25 TE N I T AR AR
S A A FLIR B AL 3 % PM-FBG B 09 8
KM FBG i B 4 3 R %% PM-FBG k47
P ER RO KR E AR A 1 pm/C
(~120 MHz/°C) . BLAFZITEIB AT A I N
1R ' 0k B ) A% i, 4 ) 1E 2 D iR A 2 1] RE A
F AT X0 A R G L O R DG 2F A A 2
(PM-OC1.PM-OC2) 4 it () F-P B4 11, F) H H %
R R 375 0 D VR R R 1 A B T PR A
WA T B — HAA LA 50 © 50 A PM-OC3 14 i
{18 ety BEL 764 25 s, A1) G BEL A ke 410 i 28 F-P LAl s i
AL T PM-FBG U8 47 58 N 19 2 R R F A
i, PM-OC1,PM-OC2 K PM-FBG ¥ IH & & £F ¥
FUEHE T R 874k 31 DL Bl 1k e 4F v i e 9. 51— R
AL 50 = 50 19 PM-OC4 FIEBOCHE Gtk
B 1k 18 S I o 76 320 G 2 i v S 4 A — AR TR
b 5 2% (PM-1SO)

) mode-hopping
i monitoring system

frequency noise
measuring system

o i RIN
== measuring system

PM-IS!

1SO: isolator; CIR: circulator; LD: laser diode; FP-filter: F-P type secondary cavity filter; BN-filter: band-notch type secondary cavity filter; RIN:

relative intensity noise

B1 A PR PRI A & IR 4T OL AR i 45 14

Fig. 1 Structure of the all-PM compound ring cavity fiber laser
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Fig. 2 Single-longitudinal-mode characteristics monitored by the designed laser. (a)

Single-longitudinal-mode

characteristics measured by the F-P scanning interferometer; (b) beat frequency signals between a long-term stable

single-longitudinal-mode adjustable diode laser and the designed laser with a frequency counter
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Fig. 3 Output characteristics of the designed laser. (a) Laser output optical spectrum measured by the OSA, the insert

shows the laser output power varying with pump power; (b) measured results of the output laser linewidth using a

standard self-heterodyne system
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Abstract

Objective Low-noise narrow-linewidth single-longitudinal-mode (SLM) lasers have several important applications
in many fields, such as gravitational wave detection, atomic and molecular physics, time and frequency transfer, and
precision measurement. Currently, SLM fiber lasers are divided into three main types: distributed feedback,
distributed Bragg reflection (DBR), and ring cavity laser. Among them, the ring cavity laser, which employs a long
cavity design, facilitates increase in cavity gain to improve output power using relatively high-gain fibers. A ring
cavity laser can also be used in other applications such as frequency tuning and feedback control by simply inserting
optical components into a cavity. Moreover, the Q-value of a fiber-laser resonator can be increased by employing a
long ring cavity. This long cavity helps in obtaining a narrow free-running laser linewidth and reduces the relaxation
oscillation frequency of the laser. This is useful in suppressing a relaxation oscillation peak through photoelectric
feedback control. However, a long ring cavity is easily affected because of external-environment noise disturbances,
which leads to SLM instability, e. g., mode hopping. Thus far, the achieved continuous operation time of a free-
running compound ring cavity fiber laser without mode hopping is only several hours. Therefore, although in
principal, a fiber-laser source exhibits excellent performance, it cannot meet practical application requirements. In
this study, a low-noise narrow-linewidth-ring erbium-doped fiber laser operating in a SLM and maintaining its
polarization is reported.

Methods A polarization-maintaining (PM) fiber's strong ability to resist environmental disturbances allows the
parametric optimization of a compound ring cavity through repeatable experiments in a laboratory. During
experimental optimization, Fabry-Perot(F-P) type very narrow resonant transmission peaks of a secondary cavity are
used to filter potentially oscillating dominant longitudinal modes from a large number of nearby main-cavity modes.
Then, notch bands of the band-notch type secondary cavity are used to suppress excess dominant main-cavity modes,
which are filtered using the F-P type secondary cavity. Length of each secondary cavity can be designed and
optimized according to the length of the main cavity so that it meets the Vernier-effect requirements to broaden the
effective longitudinal mode spacing of a compound ring cavity. During laser optimization, a vibrational acoustic wave
and a thermal-isolation design are employed to protect the laser from environmental vibrations and thermal
disturbances. Length of each cavity in a compound ring cavity fiber laser can be fine-tuned to strictly meet the
Vernier-effect requirements by changing the control temperature of a laser. Thus, mode hopping is efficiently
suppressed.

Results and Discussions  After optimizing the cavity length and employing the vibrational acoustic wave and
thermal-isolation design, the laser is capable of performing the SLM operation at room temperature [ Fig. 2(a)]. By
fine-tuning the length of each cavity through temperature compensation, the laser is capable of achieving continuous
SLM operation without mode hopping for more than 14 h. To the best of our knowledge, this is the longest SLM free-
running time ever achieved using the proposed laser type [Fig. 2(b]. By adopting a laser cavity structure that
maintains the laser polarization and exhibits a high-Q design, the laser output signal-to-noise ratio measured is up to
80 dB [Fig. 3(a)], and linewidth is approximately 400 Hz [ Fig. 3(b)]. The long-term SLM operating characteristics
of the compound ring cavity fiber laser designed by our experiment allowed us to measure its broadband noise
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characteristics. The relative intensity noise-power (Fig. 4) and frequency noise-power spectra (Fig. 5) of the ring
cavity fiber-laser type were measured in the mHz—MHz frequency band for the first time. The noise measurement
results demonstrate that the proposed laser exhibits excellent noise characteristics, similar to those of the DBR fiber
laser. Moreover, its intensity noise and frequency noise are lower than those of the DBR fiber laser in the 1 mHz—
10 Hz frequency band. Additionally, its relaxation oscillation frequency is lower than that of the DBR fiber laser.

Conclusions A low-noise compound ring cavity fiber laser with stable SLM operation is proposed in this study.
Using PM fibers with strong resistance to external disturbances, compound ring cavity parameters were accurately
optimized to achieve a broad effective longitudinal mode spacing. After fabricating vibration isolation and thermal
insulation packaging, temperature control was adopted to further fine-tune the FSRs of a compound ring cavity.
Then, the Vernier-effect requirements were strictly followed to suppress mode hopping. Finally, the proposed laser
was capable of achieving long-term SLM stable operation for more than 14 h, which is the longest SLM stable
operation time ever achieved by a compound ring cavity fiber laser to the best of our knowledge. Owing to the laser
high-Q characteristics, its output signal-to-noise ratio is up to 80 dB, and 3-dB linewidth is approximately 400 Hz.
The long-term SLM-operation characteristics of the compound ring cavity fiber laser allowed us to measure the noise
behavior of the laser type. The noise measurement results demonstrate that the compound ring cavity fiber laser
exhibits low intensity and frequency noise in the mHz-MHz frequency band. Compared with a typical DBR fiber
laser, the proposed laser exhibits lower relaxation oscillation frequency, relative intensity noise, and frequency noise
in the 1 mHz-10 Hz frequency band.
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