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Tab.1 Transparency windows and Raman gain characteristics of a few key near-infrared and mid-infrared glass

optical fiber materials”''"*

Transparency window/  Peak Raman gain at 2.0 um/  Peak Raman shift/' Nominal Raman gain bandwidth/
Glass 13 -1 -1 -1
pm x107° m'W cm cm
Silica 0.35-2 0.5 442 200
Fluoride 0.22-4.5 0.57-2.1 570 50
Arsenic sulfide (As,S;) 1.5-6.5 21.5-28.5 345 90
Arsenic selenide (As,Ses) 1.5-9.5 100-255 226 60
Tellurite 0.5-4.5 4.5-26 750 140
1000 i(a) " Siica 2.8~4.8 pm B P ELLAMLE INF- OGP, 52 25
1 - ® Fluoride N s i AL ALY "
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Fig.1 The output power and operating wavelength of near-infrared and

mid-infrared Raman laser source in recent years***. (a) Raman

fiber lasers; (b) Raman soliton laser source
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Fig.2 Raman spectra of fluorozirconate, fluoroindate and fluoroaluminate

glasses™”
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Fig.3 Experimental setup of nested cavity for 2231 nm Raman laser based on fluoride glass fiber!'"*!
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Fig.4 Output power of 2231 nm Raman laser versus launched pump

power!"®!
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Fig.5 Spectra of tunable Raman soliton based on InF; glass fiber''"). (a) Experimental measurement results; (b) Numerical simulation results
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Fig.6 Experimental setup for generation of mid-infrared Raman soliton in fluoride fiber
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Fig.7 Spectra of Raman soliton from 2.39 to 3.17 pm. (a) Comparison

between measured and computed spectral profiles; (b) Numerical
simulation of the evolution of the spectrum along the 40 cm silica

fiber followed by the 3.5 m ZBLAN fiber**!
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Tab.2 Performance parameters of typical commercial chalcogenide optical fibers'>***
Index CoreActive IRFlex Art Photonics
PIN IRT-SU IRT-SE IRF-S IRF-Se IRF-SeG CIR
Core/clad As,S; As,Ses As,S; As,Ses As,Se;/GeAs,S; As,S;4
Transmission range/pm 2-6 2-9 1.5-6.5 1.5-10 1.5-9.3 1.1-6.5
Core refractibe index 2.4 2.7 2.4 2.7 2.7 2.42
Numerical aperture 0.25 0.26 0.28-0.30 0.275-0.350 0.76 0.25-0.30
Typical loss/dB-m ' 8:;(5)%?1:3 ﬁ - o%%%gs“ fm 0.05@28 um  0.21@2.59 um 0.32@2 pm 0.20@2.5-4 um
Tensile strength/kpsi >15 >15 >15 >15 - >70

1 995 nm [ 44 B0 06 £F 6 2%, 224 H 04 1) K 3k F)
11 W B, P22 T 3% KA T 2450 nm 40U 2% 57 46 o8
Jo 2018 4, HZRF: M Tl K% Cheng 55 B X T
BT ALY BB C A 9\ BRI AT B U, X e R
A AR R 0 R H B 2 0 B i B
O S BT e B3 £ G — B BT AsysSe,
FIl As3eSes BLEE Y As-S YELF, HK R 16 m, it
P5 R TAED KN 1545 nm BYZNFDELFBOGRE, Hobk b
Vi J¥ K~4.1 ns, TEAF N~25 kHz, M4 FHEH TR
9100 mW I, 3875 7P A T~2 698 nm (1 /\ 4t
SO, 2021 4R, AR b K2 Wang 55 % FH Ik v 58 B2
}~20 ns., TR F~10 kHz 1Y 2 pm IFHE0E 5
—BKE R 8m, £ H A RH~5.0 um 1Y A il As,Ss
BOIEICLR, AR T /S IR 2 Up, I 25 R
8 IR, fre KA H KA F 3.43 pm®Y,

FE LT AMAL B G T G ER I 5 05 T : 2006 4, 1
KA JE K 2% Jackson 55 1 IKHE T 2T As,S; 3

R, P=200 mW

Intensity/5 dB-div™!

1500 2 000 2500 3000 3500 4000
Wavelength/nm

Pl 8 KHEH 8 m Y As-S BRI LA AR AL AR L
Fig.8 Cascaded Raman shift spectra of 8 m long As-S optical fiber'*!
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F~3 pm i B 52 W U () 40 45 I W Ok 41 0Ok
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T T AR R B ) S T B B D T S,
A, Z A BAHGE T 3 F o e 3 3ot e s — A T
PEPE A>3 pm A2 OGO S50 v i i 9 5
WO o — & b K AL T 3.005 pmi & 2245
Er ALY S CE WOGAS, Pk oP S8R 5 ms, A
AR FE R 20 Hz, BT FH 093 4540 B — BOK 8 3 m,
AN 4 um (19 As,S; BEEEGELT . SLirh, R B
P25 1E As,Sy BEIBGET Wik (1) FBG # AL, L 3%
53 5 R >99% FI 63%, 3K 15 0= O TAE I K b
3.34 pm, F-X % H IR 47 mW, AR R G (2 RN
0.6 W, BHRAE N 39%. 2014 4F, Bernier 253 — 5 5
BT TAEB KA T 3.77 pm (5 S 0O EH 1, X 2z
AR IEFERL SO CLF OGS Th AR AR B SR P, LSS
BB AN 9 Fraw PO, R Sk KA 3.005 pm
e 2245 Er AL W B G LR OGRS, H 25 A Tk
— Bt 2.8 m K As,S; BEEGLR, IR I i X i B Z
BB  9mW, IEEIDIFR R 112 mW 13 25
JEEF Wi FBG M. MBI N 3.9 W, it
vt FBG ST 230 80% I, 3K45 T 3.766 pm 72 0t
B, BOCRPRBCR N 8.3%, WK 10 Fim. N T 3K
AR RS OR AR BOE AR, 2019 4, TR A
Peng SFHIS 5 T35 TR Y BEEEELT (1 4.3 pm $iI
2HOLIRERE, 5 R R, @ AL K FBG
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Er*": FG pump fiber laser Pump coupling to RFL ~ Cascaded chalcogenide RFL
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! . diodes

OC @ 3.01 pm”

IC @ 3.01 um

B : Pump @ 3.005 um [770: Stokes 1 @ 3. 340 um Stokes 2 @ 3.766 um

FEEFRO AR B LI BRI
Fig.9 Experimental setup of 3.77 um As,S;-based cascaded RFL™"!
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a'i y om . i 72 > %
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% 2| V-t

& Ve o ® 124 a DW 1 Soliton
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Fig.10 The output power of 3.77 pm Raman laser versus launched pump

power for output cascaded Stokes FBG with peak refluctivity of

98%, 92%, and 80%*"!
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Fig.11 (a) Cross section of the AsSe,-As,S; MOF; (b) Black line is
the fundamental model refractive index and blue line is the

calculated group velocity dispersion of the AsSe,-As,S; MOF
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Fig.14 Raman gain coefficient profiles of TBZN glass
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Fig.17 Group velocity dispersion curve of fluorotellurite fibers. Inset:
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Fig.25 Experimental results®”. (a) Measured spectral evolution of
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evolution of output signals from a 1 m long fluorotellurite fiber

with the average power of the 1.98 um femtosecond laser
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Progress on mid-infrared glass optical fiber materials and

Raman laser source (invited)

Jiao Yadong, Jia Zhixu, Guo Xiaohui, Zhang Chengyun, Qin Weiping, Qin Guanshi"

(State Key Laboratory of Integrated Optoelectronics, College of Electronic Science and Engineering,

Jilin University, Changchun 130012, China)

Abstract:

Significance High-power mid-infrared fiber laser sources have important applications in molecular spectroscopy,
optical communications, biomedical, remote sensing, environment monitoring, and national defense security.
Currently, mid-infrared laser sources mainly include rare ion doped fiber lasers, Raman fiber lasers and broadband
supercontinuum light sources. At present, 3-4 um fiber lasers have been demonstrated based on rare ions (such as
holmium ions, erbium ions, dysprosium ions and so on) doped fluoride glass fiber. However, limited by the
inherent energy levels of rare earth ions and large quantum defects, rare earth ion-doped fiber lasers are difficult
to achieve lasing at any wavelength in mid-infrared band, and the laser output power decreases significantly with
the increase of wavelength. Raman fiber lasers based on the stimulated Raman scattering (SRS) effects have the
characteristic of low quantum loss and flexible output wavelength. SRS is an important nonlinear optical process
in optical fibers, and it is an inelastic scattering with stimulated radiation properties. Raman fiber laser has a wide
gain spectral bandwidth and can realize the cascade operation. So, with an appropriate pump source and a low loss
gain fiber, Raman fiber lasers operating at any wavelength within the transmission window of the fiber glass
matrix can be achieved, which is inaccessible for rare earth ions doped fiber laser. In addition, the Raman soliton
lasers achieved by using soliton self-frequency-shift effect is also one important way to obtain widely tunable
mid-infrared laser sources. Researchers are focus on developing fiber materials with wide mid-infrared
transmission window, high laser damage threshold, big Raman shift, large Raman gain coefficients, and
corresponding high power mid-infrared Raman laser sources.

Progress This paper introduces the progress of several mid-infrared glass optical fiber materials and the
corresponding Raman laser sources. At present, the nonlinear medium used in the development of mid-infrared
Raman laser source is mainly based on glass fibers with low loss in the mid-infrared region, including fluoride,

chalcogenide and tellurite glass fibers. Fluoride glass fibers have a low transmission loss. By using fluoride glass

20230228-17
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fiber as Raman gain media, researchers have reported a 3.7 W Raman fiber laser at 2231 nm and a Raman soliton
laser source with a tunable wavelength rang covering 2-4.3 pum. Chalcogenide glasses have the widest mid-
infrared transmission window and the largest Raman gain coefficients among mid-infrared glasses. By using
chalcogenide glass fiber as Raman gain media, researchers reported a second-order cascaded Raman laser
operating at 3.77 um, which is the longest wavelength for the Raman fiber lasers obtained in mid-infrared glass
fibers. However, its output power is quite low (several milliwatts). Compared with the fluoride and chalcogenide
glass, tellurite glasses have a larger Raman frequency shift and stronger laser damage resistance. Theoretical
studies show that using tellurite glass fibers as Raman gain media, a Raman fiber laser with an average output
power of tens of watts and a Raman soliton laser source with a tunable wavelength range covering 2.8-4.8 pm
could be achieved. Very recently, to further improve the performances of tellurite fiber-based laser sources,
fluorotellurite fibers with a broadband transmission window (0.4-6.0 um), high laser damage threshold, big
Raman shift (~785 cm™), and large Raman gain coefficient (1.28x10™"* m/W@2 pm) have been developed by the
authors. By using them as Raman gain medium, the authors achieved fifth-order cascaded Raman shift at
~3.75 pm and build cascaded Raman amplifiers. Besides, the authors also obtained Raman soliton laser sources
with wavelength tuning rang covering 1.98-2.82 um, and dispersive wave at ~4 pum.

Conclusions and Prospects As one of the important technologies to obtain mid-infrared laser sources, Raman
fiber lasers have received extensive attention. At present, by using fluoride, chalcogenide or tellurite glass fibers
as gain media, the Raman fiber laser operating at 3.77 pm and Raman soliton laser source with a tunable
wavelength range of 2-4.3 um have been developed. The authors developed fluorotellurite fibers with good
stabilities and high laser damage threshold, and preliminarily verified their potential for constructing high power
mid-infrared Raman laser sources. It is believed that, in the near future, by further improving the quality of
fluorotellurite glass fibers, mid-infrared Raman fiber lasers with output power up to tens of Watts or even
hundreds of Watts and the mid-infrared Raman soliton laser source with a tunable wavelength range covering 2-
5 um can be realized.
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