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A Study of the Output Characteristics of a 1-kW-class Narrow-bandwidth
PM Fiber Laser Depending on Its Pumping Structure
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This paper presents a study of laser output characteristics. We fabricated a MOPA (master oscillator power amplifier)-type high-power, narrow-
bandwidth fiber laser with a bidirectional pumping configuration in its main amplifier. As signal beams, light sources with bandwidths of 3 GHz
and 10 GHz—phase-modulated through a PRBS (pseudo-random binary sequence)—were used interchangeably. Furthermore, the characteristics of
the SBS (stimulated Brillouin scattering) were analyzed using a signal beam with 3 GHz bandwidth, by adjusting the forward to backward pump-
power ratio. Moreover, the characteristics of the transverse mode instability were analyzed by adjusting the forward to backward pump-power ratio,
using a signal beam with 10-GHz bandwidth. Finally, the output power from 10 GHz bandwidth was amplified to more than 1 kW using a forward
to backward pump-power ratio of 1.6. The beam quality M was measured to be approximately 1.36, and the optical-to-optical efficiency was 80% at

maximum output power.
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Fig. 1. Schematic diagram of the all-fiber master oscillator power amplifier system.
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Fig. 2. Characteristics of laser output power for different pumping ratios. (a) Measurement results of laser output power. (b) Measurement results

of back reflection optical spectrum.
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Table 1 Characteristics of laser output power and increase rate

Laser Increase rate [%]
power [W] | (for forward pumping)
Forward pumping 203.5 0

Bi-directional pumping (F3:B1) 214.2 5.3
Bi-directional pumping (F2:B1) 241.6 18.7
Bi-directional pumping (F1:B1) 276 35.6
Bi-directional pumping (F1:B2) 309 51.8
Bi-directional pumping (F1:B3) 322 58.2
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Fig. 4. Characteristics of backward power for different pumping ratios.
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Fig. 3. Laser output power for different pumping ratios. (a) Measurement results of laser output power. (b) Measurement results of back reflec-
tion optical spectrum (Intensity difference between Rayleigh scattering and stimulated Brillouin scattering spectra: 0 dB).
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Fig. 5. Characteristics of laser output power for different pumping ratios: output power (a) in the full range, and (b) in the selected range.

S
0
-5
-10
-15
-20
-25
-30
-35
-40
-45
1063.5

R PG

Beam Widths - D4a (um)

¥
¥ Xx

Back reﬂectlon pectrum |dBm|

XY ¥
a2

1063.7 1063.9 1064.1

‘Wavelength [nm]

1064.3 1064.5

415 420 425
Z Locations (mm)

(a) (b)

Fig. 6. Characteristics of laser output power for bi-directional pumping #3. (a) Measurement results of beam quality. (b) Measurement results of
back reflection optical spectrum.

430



192 F=etslA) 4328 A4E, 20214 89
BE Hoby @Ao 2 WA REs} AAE T, ¥ Bdo| 37
s olshech & AgeIAL 4E 17 B o) W]
o8} ZH=R stolgslo] FHE F AAZIH AABOE
W SHE F A7 L7k A5 B, 29 3 A
A7) S 450 A9 BE BoHg @Ao] B AHoA
LEHF 10T A% A 025 AL BT 4 Uglon

60
50
o TMI threshold
— 40 ®
=3 1 e
EX ”,"om“ﬂ ¥ Y -
v g WEREEETEES -
-
© 10

0

0.0 2000 4000  600.0 8000  1000.0  1200.0

Laser power [W]

# Forward pumping © Bi-directional pumping#1

Bi-directional pumping#2 4 Bi-directional pumping#3

Fig. 7. Cladding light stripper temperature increase depending on the
pumping method.

40 1200 s
_ 1000 =
E30 g
z15 s £
£20 600 3
=15 w 2
10 c

5 w

0 .

0 2 4 6 8

Fiber length [m]
——Core heat ——Laser output power
(a)
30 1600

1400
—125 —
£ 1200 5
20 1000 §
515 800 3
= &
£ 10 603
1] 400 o
Ys g
200 =
0 0

0 2 4 6 8

Fiber length [m]

——Core heat ——Laser output power

©

P #3949 HYA02 L/} Solohe s1g o)
% Sik W B9 B9 E2o] F7kgel et ozt A3t
HAre Eo]x]u]— DT Eoty o] uhgEl LupaF, opdbsk #
#29] 9% W 9 2 At Holx| gk, ol o
S wd FHAE BF A7 10 cmo] WG Fof 775
THYAA T B FP 02 Fold 5] vhie] e

g o o

rr et

—_
_4 -

= B .
- N AR
°
°
°

Beam quality[M?|

eLeLe
o Nk o ®»

0.0 200.0 400.0 600.0 800.0
Laser power [W]

1000.0  1200.0

= Forward pumping ® Bi-directional pumping#1

Bi-directional pumping#2 » Bi-directional pumping#3

Fig. 8. Beam quality as functions of laser power and different pump-
ing ratios.

35 1200 5
E3° 1000 =
v

525 800 %
=20 B
E 600 5
=15 2
£10 g
o

5 200 3

0 0"

0 2 4 6 8
Fiber length [m]
——Core heat ——Laser output power
(b)

35 1400
3 1200 E
E 5
= 25 1000 2

]

EZO 800 =
215 600 2
@ ]
510 400 ;
5 200 2

0 0"

0 2 4 6 8

Fiber length [m]

——Core heat ——Laser output power

(d)

Fig. 9. Comparison of core calorific value for different pumping ratios: (a) Forward pumping, (b) bi-directional pumping#1, (c) bi-directional

pumping#2, and (d) bi-directional pumping#3.



=
1
r

o
o,
ofl
-
P
el
=)
ru
z
i
el
=
i)
i,
ofd
o
N
i)
o
=

&
>
1o
e
)
Jlm
0_1.4
e
-Ll
U\l
Hu)
o&

2 A7 AAR] et 9 B4 2 A5t Y A

W/m, 3
H}Oc]:oi 1018 W
= d*W’“ o 2 =<t

g @/ol %4542121:4 Fof AT Fdf 32.62 W/m, ¥
10.54 W/m= A=A, 19 9(0)9] 4% <8 HT
=9 1018 W, 3 H 22 247 WE YARAZS d =2
T 21h @Al A E A oA o] TAFS ) 32.62
, Bt 11.78 W/m= A4S 18 o(d)Y] B¢ &
“J"'?}OE 816 W, IFLE 491 WO| HI Z& YA
A tq1 Fo] Rt Bty dAlo] HhAE|R] k9rom St X
LAFL Htf| 26.6 W/m, Bt 12.17 W/mE
SE 2oPg WS BF WY 470l o 10 om
ol [t} 33 W/molA ekt Shelshel

FAE FARLY. ¥ U

O.

EX

e % u>4
ﬁéﬁz
R 32
n)Jl i -U
Hesle

A
"‘hﬁ e,
ig 5
i,
)

o o
al
4

A of BE 8oy AL o]5 Ao Uit
£ % 92 390 9L B o] ohie &% F2 A
FOE YA H2 EAef ofpf Pl Hef 0 U
o IS 22 SIS Y HYL Soto] 5Y
& EYS SEANE W X UFerdt &Y Fo ¥EF
& B RE B9 B4 oL & e B]ls
%At

B AFoAe Ybol M7k ol A4 25 um? &Y B
A FARE AHEstel F8F HB MOPA +29] Fdig
kW A golA AladE Astges <3 9 9
FHZ g HE e BERg A 9 BE Bk A4
o taf £A5k%T}. 3 GHz A129] PRBS 94 W% 415 &

UE o859 S W T BT JAAFHS 1 203.5 W,
G By Al IS HE £ H| 80| EEFE - B
2} Agho] BEglo] FUtstglon sk HInk QARA|
AL ) 372 W7HA ZZ35}9it}h. 10 GHz A=2] PRBS 94+
HE AT FUE o]doto] sy, s gy vEo o2

BE 2oMY @A) e} BASIgon o2 Fole] mE 2
AL do] 4 A2go] YAHE B Zelo] obd YAl

-4

ox

=9 19

W

HIo| 93 of7|H= Fo] wrdko] ulet LAY A
gRlsotoirt. SR Yhol i*ﬂ%l 0] A7 25 um¢<l
WBFA FA7E AHEetal P HW MOPA 72&2
B HEE 2ot fE BEERY ARt Y BE EoPY @
Aol AAE 1 kW A B4 FolA] A|AEL Az
o, o] wo] 3 ¥k 82 80.2%°] 1 ¥ EHL 1.362
S = At

nEL e Jk,'; rlﬂ
) ﬂllo

References

1. M. N. Zervas and C. A. Codemard, “High power fiber lasers:
a review,” IEEE J. Sel. Top. Quantum Electron. 20, 0904123
(2014).

2. D. J. Richardson, J. Nilsson, and W. A. Clarkson, “High power
fiber lasers: current status and future perspectives,” J. Opt. Soc.
Am. B 27, B63-B92 (2010).

3.J. Lee, K. H. Lee, H. Jeong, M. Park, J. H. Seung, and J. H.
Lee, “2.05 kW all-fiber high-beam-quality fiber amplifier with
stimulated Brillouin scattering suppression incorporating a
narrow-linewidth fiber-Bragg-grating-stabilized laser diode
seed source,” Appl. Opt. 58, 6251-6256 (2019).

4. T. J. Wagner, “Fiber laser beam combining and power scaling
progress, air force research laboratory laser division,” Proc.
SPIE 8237, 823718 (2012).

5. N. A. Naderi, A. Flores, B. M. Anderson, and I. Dajani, “Beam
combinable, kilowatt, all-fiber amplifier based on phase-modu-
lated laser gain competition,” Opt. Lett. 41, 3964-3967 (2016).

6. B. Anderson, A. Flores, R. Holten, and 1. Dajani, “Comparison
of phase modulation schemes for coherently combined fiber
amplifiers,” Opt. Express 23, 27046-27060 (2015).

7. C. Zeringue, 1. Dajani, S. Naderi, G. T. Moore, and C. Robin,
“A theoretical study of transient stimulated Brillouin scattering
in optical fibers seeded with phase-modulated light,” Opt. Ex-
press 20, 21196-21213 (2012).

8. B. G. Ward, “Maximizing power output from continuous-wave
single-frequency fiber amplifiers,” Opt. Lett. 40, 542-545
(2015).

9. R. G. Smith, “Optical power handling capacity of low loss op-
tical fibers as determined by stimulated Raman and Brillouin
scattering,” Appl. Opt. 11, 2489-2494 (1972).

10. R. Engelbrecht, J. Hagen, and M. Schmidt, “SBS-suppression
in variably strained fibers for fiber-amplifiers and fiber-lasers
with a high spectral power density,” Proc. SPIE 5777, 795-798
(2005).

11. A. Flores, C. Robin, A. Lanari, and I. Dajani, “Pseudo-random
binary sequence phase modulation for narrow linewidth, kilo-
watt, monolithic fiber amplifiers,” Opt. Express 22, 17735-
17744 (2014).

12. I. Dajani, C. Vergien, C. Robin, and C. Zeringue, “Experimental
and theoretical investigations of photonic crystal fiber ampli-
fier with 260 W output,” Opt. Express 17, 24317-24333 (2009).

13. J. D. Marconi, J. M. C. Boggio, and H. L. Fragnito, “Narrow



19

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27

4 JF=gstelA] A132d A4%, 20219 84

linewidth fibre-optical wavelength converter with strain sup-
pression of SBS,” Electron. Lett. 40, 1213-1214 (2004).

C. Robin, I. Dajani, and F. Chiragh, “Experimental studies of
segmented acoustically tailored photonic crystal fiber ampli-
fier with 494 W single-frequency output,” Proc. SPIE 7914,
79140B (2011).

T. Eidam, C. Wirth, C. Jauregui, F. Stutzki, F. Jansen, H.-J.
Otto, O. Schmidt, T. Schreiber, J. Limpert, and A. Tiinnermann,
“Experimental observations of the threshold-like onset of mode
instabilities in high power fiber amplifiers,” Opt. Express 19,
13218-13224 (2011).

C. Jauregui, T. Eidam, H.-J. Otto, F. Stutzki, F. Jansen, J. Limp-
ert, and A. Tiinnermann, “Temperature-induced index gratings
and their impact on mode instabilities in high-power fiber laser
system,” Opt. Express 20, 440-451 (2012).

B. Ward, C. Robin, and I. Dajani, “Origin of thermal modal
instabilities in large mode area fiber amplifiers,” Opt. Express
20, 11407-11422 (2012).

A. V. Smith and J. J. Smith, “Mode instability in high power
fiber amplifiers,” Opt. Express 19, 10180-10192 (2011).

M. N. Zervas, “Power scaling limits in high power fiber ampli-
fiers due to transverse mode instability, thermal lensing and fi-
ber mechanical reliability,” Proc. SPIE 10512, 1051205 (2018).
S. Naderi, I. Dajani, T. Madden, and C. Robin, “Investigations
of modal instabilities in fiber amplifiers through detailed nu-
merical simulations,” Opt. Express 21, 16111-16129 (2013).

K. R. Hansen, T. T. Alkeskjold, J. Broeng, and J. Laegsgaard,
“Theoretical analysis of mode instability in high-power fiber
amplifiers,” Opt. Express 21, 1944-1971 (2013).

C. Schulze, A. Lorenz, D. Flamm, A. Hartung, S. Schroter, H.
Bartelt, and M. Duparré, “Mode resolved bend loss in few-
mode optical fibers,” Opt. Express 21, 3170-3181 (2013).

R. Tao, P. Ma, X. Wang, P. Zhou, and Z. Liu, “1.3 kW mono-
lithic linearly-polarized single-mode master oscillator power
amplifier and strategies for mitigating mode instabilities,” Pho-
tonics Res. 3, 86-93 (2015).

C. X. Yu, O. Shatrovoy, T. Y. Fan, and T. F. Taunay, “Diode-
pumped narrow linewidth multi-kilowatt metalized Yb fiber
amplifier,” Opt. Lett. 41, 5202-5205 (2016).

R. Tao, P. Ma, X. Wang, P. Zhou, and Z. Liu, “Mitigating of
modal instabilities in linearly-polarized fiber amplifiers by
shifting pump wavelength,” J. Opt. 17, 045504 (2015).

J. Lee, K. H. Lee, H. Jeong, D. J. Kim, J. H. Lee, and M. Jo, “A
study of the fiber fuse in single-mode 2-kW-class high-power
fiber amplifiers,” Korean J. Opt. Photon. 31, 7-12 (2020).

. S. Jeong, K. Kim, T. Kim, S. Lee, H. Yang, J. Lee, K. H. Lee,

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

J. H. Lee, and M.-S. Jo, “All-fiber 1.5-kW-class single-mode
Yb-doped polarization-maintained fiber laser with 10-GHz
linewidth,” Korean J. Opt. Photon. 31, 223-230 (2020).

D.-H. Kim, Y.-S. Lee, M.-W. Jeong, S.-M. Lee, K.-H. Kim, J.-
H. Lee, K. Park, and Y. Jeong, “Efficiency and output power
analysis in high power fiber laser,” in Proc. KIMST General
Academic Conference (Jeju, Korea, Jun. 2018), pp. 967-968.
C. Shi, R. T. Su, H. W. Zhang, B. L. Yang, X. L. Wang, P.
Zhou, X. J. Xu, and Q. S. Lu, “Experimental study of output
characteristics of bi-directional pumping high power fiber
amplifier in different pumping schemes,” IEEE Photonics J. 9,
1502910 (2017).

A. Kobyakov, M. Sauer, and D. Chowdhury, “Stimulated Bril-
louin scattering in optical fibers,” Adv. Opt. Photon. 2, 1-59
(2010).

V. R. Supradeepa, “Stimulated Brillouin scattering thresholds
in optical fibers for lasers linewidth broadened with noise,”
Opt. Express 21, 4677-4687 (2013).

N. Platonov, R. Yagodkin, J. D. L. Cruz, A. Yusim, and V.
Gapontsev, “Up to 2.5 kW on non-PM fiber and 2.0-kW lin-
ear polarized on PM fiber narrow linewidth CW diffraction-
limited fiber amplifiers in all-fiber format,” Proc. SPIE 10512,
105120E (2018).

M.-J. Li, X. Chen, J. Wang, S. Gray, A. Liu, J. A. Demeritt, A.
B. Ruffin, A. M. Crowley, D. T. Walton, and L. A. Zenteno, “Al/
Ge co-doped large mode area fiber with high SBS threshold,”
Opt. Express 15, 8290-8299 (2007).

Q. Chu, H. Lin, C. Tang, F. Jing, and X. Tang, “Spectral evolu-
tion and stimulated Brillouin scattering suppression in phase-
modulated fiber amplifier,” J. Phys. Commun. 2, 045022
(2018).

K. Brar, M. Savage-Leuchs, J. Henrie, S. Courtney, C. Dilley,
R. Afzal, and E. Honea, “Threshold power and fiber degrada-
tion induced modal instabilities in high power fiber amplifiers
based on large mode area fibers,” Proc. SPIE 8961, 89611R
(2014).

M. Gong, Y. Yuan, C. Li, P. Yan, H. Zhang, and S. Liao, “Nu-
merical modeling of transverse mode competition in strongly
pumped multimode fiber lasers and amplifiers,” Opt. Express
15, 3236-3246 (2007).

F. Beier, M. Plotner, B. Sattler, F. Stutzki, T. Walbaum, A.
Liem, N. Haarlammert, T. Schreiber, R. Eberhardt, and A. Tiin-
nermann, “Measuring thermal load in fiber amplifiers in the
presence of transversal mode instabilities,” Opt. Lett. 42, 4311-
4314 (2017).



