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Ultra-low noise 2 pm high power single-frequency fiber laser for next

generation gravitational-wave detector (Invited)
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(1. Institute of Laser Engineering, Faculty of Materials and Manufacturing, Beijing University of Technology, Beijing 100124, China;
2. Beijing Engineering Research Center of Laser Applied Technology, Beijing University of Technology, Beijing 100124, China)

Abstract: An acoustic optical modulator (AOM) laser power feedback loop was used to suppress the intensity
noise of the pump laser, and the intensity noise reduction of more than 5 dB (@f=1 Hz-50 kHz) was obtained. The
relative intensity noise of the 2 pm single-frequency fiber laser obtained 3-15 dB suppression (@/=1 Hz-50 kHz),
and the intensity noise level was close to the detector limit (@/=40-400 Hz). Meanwhile, its frequency noise is
also suppressed by 3-8.4 dB. After the two-stage Thulium-doped polarization-preserving fiber amplifier, the
output power of the 2 um single-frequency laser was increased to about 5.2 W with almost no significant increase
in frequency noise, and the frequency noise levels were all at 100 Hz/VHz (£>13 Hz). The frequency response was
45 MHz/V, the frequency drift was 41.4 MHz@]1 h, the power fluctuation was less than 0.4%@]1 h, and the
linewidth was less than 5 kHz. This kind of ultra-low noise 2 pm single-frequency fiber laser will be a candidate

laser source for the next generation of gravitational wave detectors.
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e AR T A o A 2 AT Oy R e ) AV ik R i e 2
IR AN, R B AR b g R A, R LA R
RER AT AR 75, (15 00 5 A 1 o 3 A e A2 e
ANVIL A, A TR B A TT DL SR R Ok T R
(3 MW), = ¥t T 28 0] DL B AR 5 45 i M 7S (shot
noise)  HI T L& AE XTI TE 1100 nm LU KA
B, PR 1.5~2 um P K IX 3 10 30O e YRR A
o BEA, AT 1.5 um 95 B, B f Rk A4 I YA RE A
PO AAEAE 2 pm P BCHAR, DTG AT LAFRAS 25 1 A
Wey, HE B 45 mT S0 B R AUE S, o
(R I 7 KSR OG- A T 0 2 B R U 1 5 — A
AR bR, U T R G AR S KO ik, @
B & HA RS 9 2 pum 5 R BAREOG A

HOAT, SC8 2 um G F O & L BIE 7 (o
W) 1) 327 A 4 A XA RiA% SO (DBR), 43 A
i (DFB) Flie AJIE I #5 AIRE P SOt
AU | OB M FIATISR | 5 44 A B A5 M i
FORE, B DBR HUSOGER HOG A HA TR A
J1o 2007 4, J. Geng!™ 48 Niliid 5 NASA M &1E, B
URAE 2 pm % Be DBR 2544 1) S50 47 OG 28 55 7
T A 2 0, 345 50 mW BT EOG B i o HL A AR g
Rk PR 3x10* HZ/VHz@10 Hz FR3] 2x10° Hz/VHz @
10 kHz, 2015 4E, Q. Yang"™ %5 A 7E 1 950 nm J¥ Bt 3k
TGRS | A LR T O SRLBURO G o R B R I
7 (RIN) 7 0~50 MHz S % i [ 4, Fi—70 dB/Hz T [%
#-135 dB/Hz. Jf H., HAARME KV 18 50 Hz~4 kHz
TR N 298 3x10°Hz/VHzZ . 2017 4, S. Fu "1 48 A1
WA R R BAEOC L 7E 1950 nm 5 BESE L T 2% D 4k
BOROG LR BOL &, B DR R T 50 mW, 2R TE 4 h

il

single-frequency;

high power;  fiber laser

36 kHz, 7£ 0~5 MHz i Bl N, RIN 7K 3 25 Sy —112~
—145 dB/Hz, 2018 4, S. Xul™ 4 A K FH [A] 47 2% ¥ +%
R 5 DBR AL S5 454 1977 2, 78 1 950 nm i Be
AT RO T . YR TE 8.4 MHz DL LI, fa
OB RIN KA T—150 dB/Hz, [, 30 575 5]
i OERYZE 55N T 12,55 kHz, 3R 2 pm BUOGET
PO I v G i B R PR A X AR £, TG T AR
MR BT D4R Ko SR, PRI R g 5] )
B & T AR U B E B MR R Z —, HI =
SRR R AT O A R M S

SCHVRGE T — N TR — AR5 SR 25
AR P 2 pm = A BIOCLF OGS o FH AL
il 75 (AOM) W' S 15t [l % Xof 25 T YA 1 i 3 e 75 i
A4, 2 um SFFL A9 RIN 3553 T 3~15 dB [ B 7 411
il ) Bk HE AT A2 e 75 A, 3R A5 Je K 8.4 dB (1 M S i
I FH R AR MR P OGRS Bl U, 455 MR 7 2 (3
TCEF R, TEWOCHT AR M P KPR AR B 17
T, SeE TR KT 5.2 W, SR Y K 45 MHZ/V,
WA RS N 41.4 MHz@]1 h, T 2% 51<0.4%@]1 h, &
i <5 kHz B 1 Ao .

1 LWESE

AR TS 2 pm BRI EF OB AR AN A 1(a) FTR o
SR 1550 nm FLBUHOG AT (SFL), Horb th—1
A AT hoA% 45 (DFB) S A O 28 F— 2048
BCEF R IR AU . B B R AT O 38 2R L AE 1) 20
75, LA 1550 nm DFB 2 i, 1 — >l i K
976 nm Y 9 W AR AE A EWIE, — B 4m
K1 6 pm/125 pm(£F05 B AR/ 2 AR 1 0UAL 2 A4
HIBELT (Nufern, EYDF-6/125) 1EM2564F, 1550 nm
SFL 4 33 7 % 18 il 4% (AOM: 50 MHz) J5 #F A — 4~
95/5 JE2E A A 4% (Coupler), Forft 5% 15 5 v A G5 2D
HLER I 2% (PD: Thorlabs, 600~1700 nm), 236155 3|
FL {5 5 (0 6 46 1 A PID 007 HL 8 o R 4745 45 4k 2R
J&, i AOM (18R 3l % S 15t 25 AOM, JE Jii 't S 154 [
B ARG AS 95% 155 v W5E i 2 pm I B A 02 i 8
4353 FI#% (PM WDM: 1550 nm/2 000 nm) #£ A PM DBR
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FLIE 4544 . PM DBR 4544 2 i — X B A 1.5 em K
F4 15 0 42 4% B9 G 25 (Nufern, PM TSF 5/125) 20 i .
Si A = FOGHE (HR-BW-FBG) FlA% i 1% 52 64 (LR-
PM-FBG) J& 5L 2 [ 2055 1, 1 AR 4R 16 ) 5 )
Bi M BT . HR-BW-FBG 035K R 1989.74 nm,
H 9N 0.18 nm, RN 99%., LR-PM-FBG [ 10>

(a)

WK M 1989.76 nm, HF 55 K 0.09 nm, 575 E H 90%.
Jf H, PM DBR IR IE 5 H LB & (PZT) [ 5E 7E— e,
3 o AR e R B 1 A B 0E DBR S IR 1 1
K, A SEHOE AR B AR . B, 2 pm
i OGRS PM WDM Bf5 54 s, P28 2 pm
15+ G PR S 2% (PM IS0, 2 000 nm) Ji % i

PM 150

, CLs W
93 nm b

COmbiner

of ms

Optical path Electric path

P 1 EIEMRAT 2 e BUBHOR i DCET IO R SE002 B

Fig.1 Experimental setup of the ultra-low noise 2 pm single-frequency PM fiber laser

Pl 1(b) o P 935 5 DR Al Ol 25 OKR #5 1 45 4 51
S — SRR G R TR AR SR 793 nm 2 S AR BOGE AR
(BWT, LD, 8 W) /£ A ZZ i I8, Jf-ad +1)x1 {f:4w 6
A4S (PM combiner) R & iE AR #5 138 25 G £F
4 25 6 AR JE Nufern 24 A (9 XUELIZ B EE G4 PM-
TDF-10 P/130-HE, YL £F £F 38 HAZ M 10 pm, 55 — ()2
B A 130 pum, LS EUE LR 0.15, )2 Wik R B h
9.60 dB/m@793 nm. & f 20 em K 2 Bk ik & 2 1Y
PM1550 4 )2 5027 I U B e 7 5 30 e o XU 2 34 £
JGEF AR AR AL O GHEAT R B (CLS). 4 ZJUf R an
55— GRS AL, 3 255627 3 m KA PM-
TDF-10 P/130-HE, ZE Wi G I8 hy 2 A 3 2y 5 8 W Y
793 nm LD, 55 Al R B9 2 pm BT8O 1 15 i B
4% (PM ISO) #ir i o

2 XWHER5ITIR

2.1 1550 nm SFL {4 RIN

A Y RIN S OGEFHOEAT RIN FIAT A8 M S fz =
TR R OR R . R, ) A5 Tl B ) SR Y
RIN ] LLAT R0 1) 500G e 7 7K S0 20 v R
J Thorlabs 72\ 7 14 #8575 K O6 B 28 I 2% (PDA,
10 CF-EC, 800~2 600 nm) il HEWLETE PACKARD /%
H] B AIE 23 BT AL (PSA, 89441 A, DC-2650 MHz) #£17
I % O Y L R RO 5 VR,
#3300 1550 nm FFHEOGAHIEE 19 RIN QniEl 2 s,

X4 1 550 nm SFL J& [ i iz % B, RIN K °F i
1 Hz B R AR B 1x10%VHz T F& 2] 100 kHz 551 3R Ab (1)
1.3x107/VHz., I H., 1F 1~50 kHz 4% %15 Fl 9 RIN i
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10° (a) 107
—— 1550 nm SFL —— SFFL
~——-1 550 nm SFL+Feedback e SEFLAPump feedback
10 10* F
= 107 = 10°
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Z =
Z Z
~ 10° ~ 10°
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10-¢ ) \ \ \ 10 | \ : \
10° 10! 1072 1073 10+ 1073 10° 10! 10% 103 10* 10°
Frequency/Hz Frequency/Hz
[ 2 1550 nm SFL 5 RIN ®) o
= SFFL
Fig.2 RIN of 1 550 nm SFL with and without feedback control loop 10 E - SFFL+Pump feedback
57 S A NI 1A P TN
BT GRS T A2 B By, XA KT T
4| 4| E
REJE T HT 8 TR RE A F 5 R AT E
o
57 5% 8] B T /R, 1550 nm SFL () RIN #8781 5
=
5~13 dB $ i, H7F 1 Hz~1 kHz 53235 FE N, 1550 nm z 1o
[0
SFL ) RIN $22 3z 47 I 5 14 Mg P B B o SR T, 22 43 % RO
>50 kHz B}, 1550 nm SFL fJ RIN % £k 1 5 8 & 1 1
101 ' . . 1
K, X S i T R0 HL % R Y Unity Gian #5588 1240 B 10° 10! 102 10° 10* 10°

BRHIE, I FL L B AR 7 & A T 9 A%, ] s gy AR 25 R
JE, T AMEAR = AT B I M
2.2 2 pm SFFL BJ RIN FR8f R IE =

AIHVE (1550 nm SFL) TRy 345 mW i, 2 um
BT O B B TR 14.34 mW., & 3(a) T
RIN A5 2 pm BAFOGEF OB AR AY RIN 1% . 4%
IR, 2 pum PR HOE AR ) RIN i 1 Hz 4k
() 4x10°VHz (e K {H) I /s £ 100 kHz 4b () 1.3x
107NV Hz(F/ME). 45804 5T, RIN 78 1 Hz~50 kHz
T F N A 3 3~15 dB my Al . JF H., 78 10 Hz~1 kHz
ARG, 2 um BTG AR OG AR B RIN 345 T3
S LR 28 0 15 M b B 0 AR IR S KO, 2N
1.3x107VHz, 43Rt 50 kHz I, 523 A [t
2 um FUOEEAFHOE R RIN i & T2 H i is 540
L 2 pm FOGAS RIN, X [FIFEJE T AOMJR 15t H, i
o AT 2 AN AR N R R S A e A DX I Y 5 R M
7, T2 2 pm FUTOGAY RIN T

K FAEF i G EF Ehfif—G R T34 (MZD))!'™
TN T 22 RIN R AT IS 2 pm ARG LR O 2% 59 45
MR, & 3(b) B o A4 JC R B, 2 pm SFFL

Frequency/Hz
P 3 FEiiA RS JCR T, 2 pm SFFL ) RIN (a) FISHZRIEEF (b)
Fig.3 RIN (a) and frequency noise (b) of 2 um SFFL pumped with and

without feedback

14 35 R I B 7E 1 Hz~50 kHz 305 FBl 1N, 51 25 I 5 it 47 5%
80T 2 WU/, T AE 50 kHz A5 R Ab 3R 15 B ME
3.4 Hz/VHz., i 4515 KT 50 kHz i}, 2 pum LG
LR PO AT S LT R N, S 2 LT
Fa e 10 HZVHz K F- T o 24 5 A S8Rt 2 pm
SFFL (4 % I 75 /K -, |1 1 Hz Ab#Y 3x10° HzVHz
W% %] 50 kHz 4b ) 3.3 Hz/VHz . [R] B J2: 76 50 % K F
50 kHz J& , 2 um SFFL % 47 56 M st B T 2% 18 11 34
n, AT EALE 10 Hz/VHz K- FHE
2.3 2 pm BN AEEA RIN FASHRE S

23 R AB DRI G £F IR 28 )5, 2 um SFFL
% T Z63A 3 5.2 W, 2 pm SFFL K ¥ 2% #5455 i
JCEF IR AR RIN X LR, Q] 4(a) Firzs . 42800 A
i3z % B, X b 2 pm BRLIROG 285 PR GG EF iR
K JE 89 RIN 7] DLk, #F 6 Hz~50 kHz 35 [l 14,
2 pm USROG K LT B A AR 4R, TS 7 6 Hz LU
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TR 50 kHz DL _E B, 2 pm B4R EOEE RIN H B[R]
FREE MG, MR A Y — N R TRE 2 pm SRR
FFE R R L R 5] ABAMY A & a5 A
P 5y — AR R R AR A A4 I (793 nm LD)
(i B M S R A S DR Y o B0 BEAT ST, 2 pm
FFHOG 2 DA G LR OR & 5 RIN AL 30 7 344,
B2 F 443 (1550 nm SFL) JCR i K5 2 um
ORI RIN (i Z0). R 2 um BRSO RIN
SR R o B 4 2R A AR Y 1 R R M
A AR5 . JFH, 76 1 Hz~10 kHz 55 %35 [
M, 2 um SO B RIN B 48 T A iz % NPRO
HOGAR Y RIN

2 pum SFFL Kz 1 9045 55 6 21 0K i 119 431 23 gt
7, WAl 4(b) Fitn ., %FEE 1550 nm SFL % RIN JG %2 15

@ g
—— SFFL
107! E —— Amplifier
~——— SFFL+Pump feedback
1072 F ——— Amplifier+Pump feedback
0 —u— NPRO free running
TN
Z
&
=4

10° 10! 10? 10° 10 10°
Frequency/Hz
b) 107
®) —— SFFL
10° F —— Amplifier

~——— SFFL+Pump feedback
Amplifier+Pump feedback
—ua— Advanced LIGO

Frequency noise/Hz-Hz '?

10°! 1 ! 1 )
10° 10 10? 10° 10* 10°
Frequency/Hz
4 ZEA A5 S TE RS, BEE R DGEFIOCES I RIN (a) A
HRIEFH (b)
Fig.4 RIN (a) and frequency noise (b) of the thulium-doped polarization-

maintaining fiber amplifier pumped with and without feedback

iF 2 pm B BOEFIBORBOL R AR MR R IR ) K&
PSR PR Sl R Eb ey ] il ) e A
¢ 1550 nm SFL 9 RIN A7 S5t A9 2 pum Fp 306 R
TR G WO R | 2 IR S5 13 4k 14 A0 36 It 7 7K
Al R —FER . P LSS SR R 2 um BAATEOL
RO R P LA 5 A LA R BN R g | 31X
SRR A O ot Ik 19 O, RAETE — MR R
B, ASLIRRNIE S . BRIz A6, LA 2 pm
U2 B BRI~ AR R i AT 2 A 3 B i PR iR 1
TH, WA AR EEME S . I B, RN T
1 kHz B, 2 um BTG AR R 75 (KT NPRO #0t
i (Advanced LIGO & Y) O #8 19 Fh 715 B9 4 %
Mg
2.4 PZT WISAEME S5 HXHNEER

JE HL B B (PZT) Y 9 i 45 2 ey o7 4 151 5(a) BT
7R TE 1 Hz~100 kHz #5132 05 [ P, 4505 0w 1 i 42 Bt

(a) 1010
109 L

108 F

107 F

106 E

RZT response/Hz V™!

105 -

104 L

10° L ) ) )
10° 10! 10? 10° 10* 10°
Frequency/Hz

(b) 60

30

Frequency drift/MHz

—60

0 10 20 30 40 50 60
Time/min
5 PZT HYARIAHIUY (a) F1 2 pm SFFL 7 1 h INAISRIERS (b)
Fig.5 Frequency response to PZT modulation (a) and frequency drift of
2 um SFFL in 1 h (b)
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BRI e R AR AR AR S 2 TR, B 1 Hz SR
Aib 1 B KAH 45 MHz/V F B %) 100 kHz 4b 9 1 MHz,
PR /NT 3 kHz B, R Ry i 2 LT & — 453
BBk, HAE K& 45 MHz /245 . T 7E 1.8 kHz,
2.8 kHz. 4 kHz, 6 kHz H1 30 kHz #5135 fhH i 5 1 30 T 4%
Pl IR PZT 5 PMDBR 4544 fit 245 2 ] I
BALIRTIE I . 5340, TR A4, S PZT 1Y
M) 137 5 i B 1 7 2 kHz, 3X A] LU 8 PZT YA Rl o7
BRI

[ 5(b) & 2 um SFFL 7E 1 h INAYBURIERS . 145G,
#] H PDH(Pound-Drever-Hall) 2 47 % 4565 2 pum B4
PO A8 B A = RS A (0=4x10%) 19 F-P i I,
FEM T 2 pm BT HOEARR S IR ZE S/ Lh
WA R, o RSB E R 92mV, R4 PZT
R A5 2R W 13 45 MHz/V, 7] DL 3H3 45 2 18] 5(b),
P AT H 2% B G £F OB ER AR 1 h N SR RIS RS R
41.4 MHz.

2.5 2 pm BIMHLMLL R IR RE MR H g

FIHZERS A AR 227k T 52 W DI R T
2 pm FRSIOGEF OGS IR FE, SR 100 km K A9 A
PARESGET (SMF28) 1E M FEM LT, {H SMF28 S 47 7
2 um P B AL B EOR, IS 2 10 dB/km, SEFR
DK L0 20 dB/km, PRILAKTZFF (14.34 mW)
(18£8 55 8T s DG 00 o, T A LR N A A i R
kv, TR 5.2 WY 2 pum HUSREOEAE 100 km
K1Y SMF28 S 2F v = A a2 3 A HL KIS, K a1k 2
REEWHK 245 mW FEXFHZR SEREA T, WLIAT 6(a). FA
EIRAL, 76 5.2 W i 1 D3 Rz B BOG Y 20 dB 4k
b6 240 93 kHz, H: X I fY 3 dB £k % 29 4 4.65 kHz,

P 6(b) S P G A48 1 D 6 £F TR 8 AE S Hh T R
J 52 WD R 2. 24 793 nm LD A3 W Y
ZR 15.45 W B, $BEE G R G £ OR 2% 1 i 2y %
29k 5.2 W, [R) A i A5 B 5 A B R R OB £F TR R
R %t ) R TE — /NI PR 930 517<0.4%

Pl 6(c) 2 2 pum BT Y RT R G OR AR ' £F TR
PR OO RE R L 2 um FTEOE RGO RS
o OGO P HB R 1989.74 nm, Bl TGS (E
W LY S 70 dB, K &8 OG5 (5 e L Oy 58 dB. I AF,
2 TR D 9 T ' S, A5 O ) D i
THIELH N 24 dB.

(@
=30

—60 20 dB:93 kHz

Intensity/dBm

79.8 79.9 80.0 80.1 80.2
Frequency/MHz
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0 5 10 15 20 25 30 35 40 45 50 55 60
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= 2 um SFFL
—5W

70 dB 58 dB

Intensity/dBm
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_80 1 1 1
1985.0 1987.5 1 990.0 19925 1995.0
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Fl6 5.2 W i 2 pm SHOEILTE (2), 76 1 h WD
P (b), HORHTE 2 pm HSEOCHDEREE (c)
Fig.6 Linewidth of 2 um single-frequency laser at 5.2 W output (a),

power stability within 1h (b) and spectra of 2 um single-

frequency laser before and after amplification (c)
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T VR A e 8 M T EA TR RL, 3RAF T S dB DA b iR
M 75 AR (@f=1 Hz~50 kHz). F FHiZEOEXF 2 pm 5
WOGEF PO AR PEAT 200, IR TR MRS 2 pm B
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K 15 dB@10 Hz (M 75 40, FLC 3 32 M 75 /K P
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13 Hzo )RR M 7 38O 28 1 S b 7 U, 25 A (I g
PR LR R, 2B KPR R R
AR O T, SCBLE R TR R T 52 W, TR Bh
<0.4%@]1 h, FFER K 41.4 MHz@] h, 55/ T 5 kHz
R B BT o IR 2 pm BATOL RO
TA R T — 1R8] 73 B8 ) G TR
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