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In this paper, we studied characteristics of stimulated Brillouin scattering (SBS) suppression in high-power fiber lasers by using
apparatuses applying a temperature gradient (i.e. a step, a sine shape, and random temperature distribution) along the fiber. From
the ytterbium-doped polarization-maintaining fiber master oscillator power amplifier built in house, we measured the
back-reflection spectrum and power for each temperature gradient, showing that the step shape temperature distribution was the
most effective way to suppress SBS. In addition, we investigated the interaction of pseudo-random binary sequence phase

modulation conditions and temperature gradients for SBS suppression.
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Fig. 1. Design and development of temperature gradient apparatus. (a) Stepwise temperature gradient using bobbin-type apparatus. (b)
Sinusoidal temperature gradient using spiral-type apparatus. (¢) Random temperature gradient using disk-type apparatus.
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Fig. 2. Measurement results of temperature distribution by the thermal camera. (a) Stepwise temperature gradient using bobbin-type apparatus.
(b) Sinusoidal temperature gradient using spiral-type apparatus. (¢) Random temperature gradient using disk-type apparatus.

50°C olstz FAH =S AU F 79 dF 75
AAZ N1FeR AE PAKE Ay ] Ao RN
dolfafor Fyuf Aol 2t 212 =S A4
stk AE 7R UAg o) ZlaE SRulE o)
o]-aﬂtq },]__?_oﬂ 71—71— Oﬂ;q/k;q_i x};‘d—s]_jl Oﬂx—]/x;(]__c_q ?:]a_t]'
B HERS A2 H}ﬂ] 2 ols|EeEHN TEL 71Y(70°C)
o & Y00 =S s, YA Fo
= 3%4 Zlolurgro @ Alolul &Are] L ih] %

ZEs A Haay 7 eRe 34 25 Aol
FdaE ol gReln B8 7] 9 7hd v
(Hd 70°0) YZ720°C) =30 H2rs HdAsIHoH,
22 ugHo R AEAGE AT FAG Lol
Foz qolnt Ao rTuE LEe s

a9 19 (0= FFT ARIE, dlojul P 2rt
ol 2AES 7@ Yste] 7|7 FAHS ANSYS ViI7.2
g olgate] Tixiel 9 A s|AF B4 Aute} o5 wkejst
o AZAE Hulg UAd 9 gamd 7|3y Aot B
Wy, g9 7]?%4 72 14 emz HASIR o™,
Ay 7|EE ) 146 cm 2 24 134 emE Bt 14 cm
o) Y & 2wS AAslel A BRI fA
z7102 PAFES shlth 19 19] dalja] Aol gol
50°C olste] LEHAE 2= 3l ARla 9 Qlejut &
w7 EEE BQlelgon, o & Jvto s 359] L
) 7R Asel .

19 2= MY 7HeHFluke TiX660)E ]85k A2het
2L 7] AR HE AR S m Zolof tigh
SERES ST Aol I8 Ao BIY A
= A4 A 2.5 mo 64.2°C, S 2.5 mo] 19.2°CZ %]
of 45°Ce] eEBAS ZHe TP LEH] 2710] T

0

StEZo
3l

olj—i Flﬂl

i-ﬂ

o ™ kI 3

2 Ao Mo

>

oul, 18 2Ab)9t 20 FAF FlFRet T
aﬁé 71?& A% e 5 mol sl o 048 m 2tz
At 43°C2} 47°Ce] LEARG 2= Afelst W Qojs} &
=) 2e] FRFS SISk
QE HURY ME X S4 M U An
Yo
K517 9ok 28 3 20l AR ch ZBHE 74
¥ MOPA (master oscillator power amplifier) ?;94 HTG
A}
o
A

.l

A FAF SE71E AASHch A2 39S 1,064 nm 1}

9] DFB-LD (distributed feedback laser diode)E PRBS ¢

WES Bl 5 GHz MBS 2ws pAsigon, 415wy
o) HES 233] 95 1Y 4@k 2ol S MHzY| A%
& 7F= DFB-LD9} 5 GHz2 AlZ Wzy AlTqYde o]¢
ato]  ZALA- B E| 2Rl (self-heterodyne) S /35192 RF
(radio frequency) 47](Keysight, DSA91304A)= A EH
o 24319T, 1Y 4b)°) ATE Fo) =L dA v

= =7
EY PAFY] B HZ(FWHM)O] 5 GHzY-S E415}git). o
£ ol&sto] MA FHRS T3 25 W FEor FEI
zuq ZERL F0j9} Fej= A7Ao] 742} 25 ume} 400
mQl OJElE(Yb) A7} H3FFA F4d-H(Nufern, PLMA-
‘ N . 4 Passive fiber !
Seed Mai N . H '
Laser Pre-amp ar:;:_, —n—-—\
Thermal
SBS spectrum gradient
PRBS ph powe
moduﬂtiaos: ranrg:litoringr

Fig. 3. Schematic diagram of the SBS measurement step.
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Fig. 5. Characteristics of SBS suppression using temperature gradients at 155 W laser output power. (a) Measurement results of the back

reflection optical spectrum by changing the temperature deviation of stepwise temperature gradients. (b) Measurement results of the back

reflection optical power by temperature gradients.
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Table 1. Back reflection power with and without temperature gradient for various conditions of PRBS pattern at 217 W laser power

Back reflection power [mW] Back reflection power [mW]
PRBS pattern . . . . Laser power [W]
without temperature gradient with temperature gradient
PRBS n=35 42 3.5
PRBS n=6 3.0 2.4
217
PRBS n=7 2.4 4.1
PRBS n=9 2.2 34

Al SukAL E2o] 5 mW oo @ Z7lstel o ol &9
QLT PRBS 94z sf€l(n)o] 4~691 27oA

FY o5 AlF(60 MHz)Hr} 2 FHE M5 Zh=
2, HYRe Fulp Holo] WE o|S FAMAVE SBS
AA BI7E EASHRATE SHAIRE PRBS 9= igl(m)o] 7
oY B 2L Aol mE FUT Al A= gl
4 mWe| AHIAL FBS 7|E 02 2] A8 o F
oz} oz Ego] 245 WollA] 217 W2 2353 A5}y
S Bk ol 17 69] Stokes spectra®] 3 o] &
e HERY A Al aurt ZoEA He A
4=, PRBS 91z sffgl(n)o] 7 o]/l 2o
A LTS A AESte] W EE HARY of5 E4t
Fpof| ofsf 2Ll AE At wlaste] FRETE AHE
o2 FA viR == ddo] AR o= Qs TG0
S7Felo] 71491 SBS A rE WAYEkA] ehoke .
EFH O 73 3 19] 217 W Fo]A] Eof thgh HRkA
=9 2395 HWSe ul, =77 §lo] e BERY
Abto]l 7H oAlEl 2741 PRBS n=9¢ wjo] <Jubil &
=22 mWRlon, 2EE Agsto] e HERS Abgh
o] 7H SAIE =71l PRBS n=6% wjo] AukAl &2
24 mW3lth. ol& vlaslE o 5 GHz AdFoj|A 2E=Amu7}
§li= PRBS n=99] x3o] =S A A-&3t Aol
vlsf SBS A E4o] FAF &2 H £t Ay Y
helskley. ERF FaEd [21]014 2 GHz 4% 3! PRBS
n=49] 21 zh= Aogds AREstol SBSOf| 23f 550
o]

o, []r flo

=

~ =
W £2 ol FFo| oleid WY ol BES LwT
g 3 AgTORA | kW E2UL HST UHANES £
: BE T A fE HURY A

= BERY A AREAEE A5 el 35,
ARlsl, Yojut FAke] 2t 71 RS A 9 Al
o} T3l 250 W2 MOPA 79| o|gE X7} #3492
e S2718 ARetolon, 357 &9l 5 m o] A
3040l 50°C o|ale] LEHAS ZHe 2w 271

=
oqubit 2slEY 9 2 B4 LAY 2w Pyl &

r

A

= o] i BUR Aleke] oAl 4 wel
otk TRa UAIE 71T AR AdEle] Qo
o= Wygol Ay 7ok Tl o] 48Ho] §= B
YR Aol oPAEl EAS Rerh EF Azwel
PRBS SIAPHE RG] wtel Swule] ofat 45 HY
$0p Akgk oA] FA7 ks Uekgom, 5 GHz PRBS n-
4,5, 69) PR AN LETIHE S A8 o §
= YR Akt oy muh Skt

References

1. T. J. Wagner, “Fiber laser beam combining and power
scaling progress, Air Force Research Laboratory Laser
Division,” Proc. SPIE 8237, 823718 (2012).

2. Y. H. Park, Y. S. Youn, M. W. Jung, C. Jun, B.-A. Yu,
and W. Shin, “Polarization-maintained single-mode 400-W
Yb-doped fiber laser with 2.5-GHz linewidth from a 3-stage
MOPA system,” Korean J. Opt. Photon. 29, 159-165 (2018).

3. M. D. Mermelstein, M. J. Andrejco, J. Fini, A. Yablon,
C. Headley, D. J. DiGiovanni, and A. H. McCurdy, “11.2
dB SBS gain suppression in a large mode area Yb-doped
optical fiber,” Proc. SPIE 6873, 68730N (2008).

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

5. 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,
795-799 (2005).

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

7. J. B. Coles, B. P.-P. Kuo, N. Alic, S. Moro, C.-S. Bres,
J. M. C. Boggio, A. A. Andrekson, M. Karlsson, and S.
Radic, “Bandwidth-efficient phase modulation techniques
for Stimulated Brillouin Scattering suppression in fiber optic
parametric amplifiers,” Opt. Express 18, 18138-18150 (2010).

8. 1. Dajani, C. Vergien, C. Robin, and C. Zeringue, “Experi-
mental and theoretical investigations of photonic crystal fiber
amplifier with 260 W output,” Opt. Express 17, 24317-24333
(2009).

9. P. D. Dragic, J. Ballato, S. Morris, and T. Hawkins, “The



@R ST OF 1EY BPG HolHo] §E BURY 4

10.

11.

12.

13.

14.

15.

16.

Brillouin gain coefficient of Yb-doped aluminosilicate glass
optical fibers,” Opt. Mater. 35, 1627-1632 (2013).

J. D. Marconi, J. M. C. Boggio, and H. L. Fragnito, “Narrow
linewidth fibre-optical wavelength converter with strain
suppression of SBS,” Electron. Lett. 40, 1213-1214 (2004).
C. Robin, I. Dajani, and F. Chiragh, “Experimental studies
of segmented acoustically tailored photonic crystal fiber
amplifier with 494 W single-frequency output,” Proc. SPIE
7914, 79140B (2011).

T. Kurashima, T. Horiguchi, and M. Tateda, “Thermal effects
of Brillouingain spectra in single-mode fibers,” IEEE Photon.
Technol. Lett. 2, 718-720 (1990).

S. Gray, A. Liu, D. T. Walton, J. Wang, M.-J. Li, X. Chen,
A. B. Ruffin, J. A. DeMeritt, and L. A. Zenteno, “502 Watt,
single transverse mode, narrow linewidth, bidirectionally
pumped Yb-doped fiber amplifier,” Opt. Express 15,
17044-17050 (2007).

J. Hansryd, F. Dross, M. Westlund, P. A. Andrekson, and
S. N. Knudsen, “Increase of the SBS threshold in a short
highly nonlinear fiber by applying a temperature distribution,”
J. Lightwave Technol. 19, 1691-1697 (2001).

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

J. E. Rotenberg, P. A. Thielen, M. Wickham, and C. P.
Asman, “Suppression of stimulated Brillouin scattering in
single-frequency multi-kilowatt fiber amplifiers,” Proc. SPIE

17.

18.

19.

20.

21.

22.

o o4 B4 — HAHE - A/1F o 173

6873, 687300 (2008).

J. M. C. Boggio, J. D. Marconi, and H. L. Fragnito, “Experi-
mental and numerical investigation of the SBS-threshold
increase in an optical fiber by applying strain distributions,”
J. Lightwave Technol. 23, 3808-3814 (2005).

R. Engelbrecht, A. Dobroschke, and B. Schmauss, “SBS
shaping and suppression by arbitrary strain distributions
realized by a fiber coiling machine,” in Proc. IEEE/LEOS
Winter Topicals Meeting Series (Austria, Jan. 2009), WC1.3,
248-249 (2009).

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. Express 20, 21196-21213 (2012).

B. M. Anderson, A. Flores, and I. Dajani, “Filtered pseudo
random modulated fiber amplifier with enhanced coherence
and nonlinear suppression,” Opt. Express 25, 17671-17682
(2017).

I. Dajani, A. Flores, R. Holten, B. Anderson, B. Pulford,
and T. Ehrenreich, “Multi-kilowatt power scaling and coherent
beam combining of narrow-linewidth fiber lasers,” Proc.
SPIE, 9728, 972801 (2016).

A. Motil, A. Bergman, and M. Tur, “State of the art of
Brillouin fiber-optic distributed sensing,” Opt. Laser Technol.
78, 81-103 (2016).



