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Fig. 1 Basic optical properties of silica, tellurite, fluoride, and chalcogenide glasses
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Fig. 2 Material dispersion characteristics of silica, tellurite, fluoride, and chalcogenide glasses
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Fig. 12 Experimental setup of nested cavity fluoride Raman fiber laser™"
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Fig. 13 Output power of 2231 nm Raman laser versus

launched pump power™!
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Fig. 14 Spectra of redshifted soliton at different wavelengths in 2 m long InF, glass fiber

[33]

(a) Measured results; (b) calculated results
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Fig. 16 Measured output power of Raman laser versus wavelength at pump power of 20 W at 2.8 ,u.m[23 .

]

(a) 1*-order Raman laser; (b) 2™-order Raman laser
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Fig. 17 Measured output spectra of 50-cm long tellurite micro-structured fiber pumped at 2 pm femtosecond laser,

corresponding calculated spectra, and filtered Raman soliton spectra in time domain
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Fig. 18 Characteristic parameters of LP01l modes propagating in fast and slow axes of birefringent fluorotellurite micro-

structured fibers™”

. (a) Group velocity dispersion curves, and cross-sectional scanning electron micrograph of

birefringent fluorotellurite microstructured fiber shown in inset; (b) confinement loss curves
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Fig. 19 Experimental results of dispersive wave generation in birefringent fluorotellurite microstructured fiber

[57]

Evolutions of output spectra in fiber with average power of excited light as 1560 nm femtosecond laser propagates

along (a) fast axis and (b) slow axis
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Fig. 20 Calculated output spectra when pump laser is
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Fig. 24 Experimental results™ . (a) Measured output spectra of tapered fiber for different average pump powers of 0.48,

0.65, 0.84, 1.0, 1.14, 1.30, 1.52, 1.74, 2.0, 2.2, 2.48, and 2.7 W (from bottom to top); (b) measured

output spectrum in linear scale for pump power of 2.7 W

4 gERE

15 U1 R P LA G AT SOk R 7R SRR A B 5 LA
B W AR e T RN [ B 2 A AR IR AT Iz N
FHTER . R EER v 14 52 b 2 50 800 2 50 3 5
D 2L AN G SO A RGE . H A 6
R SRAC Y | B R R A B I8 O AR A N B = Y 25 A
B LSBT TARK AL T 3. 77 pm BB P S HOE
o L DL B VRS U KB 5 2~4. 3 pm B9 RS IR TN
JeH . A2 T EL AR BEORLRR A ORE SCOLEF R AR
R & B AR R BR 1, B A& F b 21 40 I B b 2 2
BOERR M AF 5T IE AL F % J B B, o ) At
R RS, 28w P Frp 2D A B b =2 G £
JEAS I SCHEAE T H A KPL 25K | i P o6 45 5
1B« o B M IS RE A9 v 21 A1 3 25 6 £F LA AR B
LT S 2 A 5T 5 T A S . AR TR 4 A 30 A AR
M — ol EL AT A e e R A T O 0 05 R (R )
TR G5B T2 A B G EF  F R L R T HAE S TR
R LT MG ET SO AR E R Oy ¢ R v . g
e Ak U R 5 3% B8 O6 21 19 45 00 2 B R O 2
B, TSR I K ST LA 2~5 pm PR B

IUEVE=ENS S &5, S BUR /N & 2R 7155 s RIbK ]
# L8t — L RO LT B FE R4 & TP 2LAoLEr
G S A5 ] A B AR B9 K R L 0 FH A 0 A R B AR
2 A BRI H A i 2 S0 FUEE B R R
LLAML SO HOLAS .

2 % x W

[1] Diddams S A, Hollberg L, Mbele V. Molecular
fingerprinting with the resolved modes of a
femtosecond laser frequency comb[J]. Nature, 2007,
445(7128): 627-630.

[2] Mandon J, Guelachvili G, Picqué N.
transform spectroscopy with a laser frequency comb

[J]. Nature Photonics, 2009, 3(2): 99-102.
[3] Lin Z Y, Jia XY, Wang C L, et al. Ionization

Fourier

suppression of diatomic molecules in an intense
midinfrared laser field[J]. Physical Review Letters,
2012, 108(22): 223001.

[4] Xie K, Cao Y. Research on the design and
implementation of long-distance infrared laser wireless
communication system[]]. Digital Technology and
Application, 2016(12): 41.

WHE, W5, 6 FIm B LML U AGE R R it

0101004-12



F£49% F1H/2022 £ 1 A/HERH

(5]

(6]

L7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

SR U], B EORSRMA, 2016(12): 41.
Taccheo S. Fiber lasers for medical diagnostics and
treatments: state of the art, challenges and future
perspectives[J]. Proceedings of SPIE, 2017, 10058:
1005808.

Qian L J. Development and integration of wide tuning
mid infrared femtosecond and narrow band long pulse
laser devices [ J]. Infrared and Laser Engineering,
2006, 35(S3): 43.

BB . TEIE b 2L b TCRD e AR K bk e O S 1
g F A B[] 2050 5 #OE TR, 2006, 35(S3):
43.

Deng Y, Zhu Q H, Zeng X M, et al. The generation
and recent progress of ultrashort mid-infrared pulse
[J]. Laser & Optoelectronics Progress, 2006, 43
(8): 21-26.

XBF, RJafe, /N, S P LA EOL BK ey
P R H R AR BL L] . WOE 50EH T ERE, 2006,
43(8): 21-26.

Yu ZJ, Han H N, Wei Z Y. Progress in dual-comb
spectroscopy[]]. Physics, 2014, 43(7): 460-467.
TFm, AR, Bk L. BUG MG I & B 5T R
[J]. ®y3L, 2014, 43(7): 460-467.

Chen L Z, Wen S C. Recent advances and methods of
optical parametric generation and amplification for
tunable ultra-short mid-infrared pulse [J]. Laser &
Optoelectronics Progress, 2011, 48(8): 081902.
MRINRE, SCXUAR. AT IR e v 20 SO kb iy 2742
PR OR B Fe R kR [T] . WOt 5ot e AR
&, 2011, 48(8): 081902.

Meng D D, Zhang H B, Li M S,

technology for direct IR countermeasure system[]].

et al. Laser

Infrared and Laser Engineering, 2018, 47 (11):
11050009.
W A4, RIS, I, S RS R G

WO R EOR L] LM 5 HOE TR, 2018, 47(11):
1105009.

Li S S, Yan X S. Research on mid-infrared laser
source in laser countermeasure system and key
technology [ J]. Electro-Optic Technology Application,
2018, 33(5): 19-23.

R, BAFLE. WO B RS P LMoL K
HOCHEE AR [T, SLH B AN, 2018, 33(5): 19-
23.

Jackson S D. Towards
emission from a fibre laser [J]. Nature Photonics,
2012, 6(7): 423-431.

Aydin Y O, Fortin V, Vallée R,
power scaling of 2. 8 pm fiber lasers [J]. Optics
Letters, 2018, 43(18): 4542-4545.

JiaS ], JiaZX, Yao CF, et al. 2875 nm lasing from

high-power mid-infrared

et al. Towards

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

0101004-13

Ho’" -doped fluoroindate glass fibers [J]. IEEE
Photonics Technology Letters, 2018, 30 (4): 323-
326.

Jia S J, Jia Z X, Yao C F, Ho’" doped
fluoroaluminate glass fibers for 2.9 pm lasing [J].
Laser Physics, 2018, 28(1): 015802.

Maes F, Fortin V, Bernier M,
monolithic fiber laser at 3.55 pm[J]. Optics Letters,
2017, 42(11): 2054-2057.

et al.

et al. 5.6 W

Maes F, TFortin V, Poulain S, et al. Room-
temperature fiber laser at 3.92 pm[J]. Optica,
2018, 5(7): 761-764.

Agrawal G P. Nonlinear fiber optics [M]. New
York: Academic Press, 2013.

Zhang L, Liu C, Jiang H W, et al. A 1.3 kW
Raman fiber laser [C] //International Photonics and
OptoElectronics  Meetings, June 18-21, 2014,

Wuhan. Washington, D.C.: OSA, 2014: FF4B.1.
Glick Y, Shamir Y, Aviel M, et al. 1.2 kW clad
pumped Raman all-passive-fiber laser with brightness
enhancement [ J]. Optics Letters, 2018, 43 (19):
4755-4758.

Zhang L, Dong ] Y, Feng Y. High-power and high-
order random Raman fiber lasers[J]. IEEE Journal of
Selected Topics in Quantum Electronics, 2018, 24
(3): 1400106.

Jiang H W, Zhang L, Feng Y. Silica-based fiber
Raman laser at >2.4 pm[J]. Optics Letters, 2015,
40(14): 3249-3252.

Bernier M, Fortin V, ElFAmraoui M, et al. 3.77 um
fiber laser based on cascaded Raman gain in a
chalcogenide glass fiber[J]. Optics Letters, 2014, 39
(7): 2052-2055.

Fortin V, Bernier M, Faucher D, et al. 3.7 W
fluoride glass Raman fiber laser operating at 2231 nm
[J]. Optics Express, 2012, 20(17): 19412-19419.
Zhu G W, Geng L X, Zhu X S, et al. Towards ten-
watt-level 3-5 pm Raman lasers using tellurite fiber
[J]. Optics Express, 2015, 23(6): 7559-7573.

Ni C Q, Gao W Q, Chen X C,

investigation on mid-infrared cascaded Raman fiber

et al. Theoretical

laser based on tellurite fiber [J]. Applied Optics,
2017, 56(33): 9171-9178.

Yao T F, Huang L. J, Zhou P, et al. Power scaling
on tellurite glass Raman fibre lasers for mid-infrared
applications [ J]. High Power Laser Science and
Engineering, 2018, 6: e24.

Xu MR, YuF, Knight J. Mid-infrared 1 W hollow-
core fiber gas laser source[J]. Optics Letters, 2017,
42(20): 4055-4058.

Cui Y L, Huang W, Wang Z F, et al. 4.3 pm fiber



S|49% £ 1 81/2022 £ 1 B/ EE

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

laser in CO,-filled hollow-core silica fibers [J].
Optica, 2019, 6(8): 951-954.

Astapovich M S, Gladyshev A V, Khudyakov M M,
et al. Watt-level nanosecond 4. 42-pm Raman laser
based on silica fiber[J]. IEEE Photonics Technology
Letters, 2019, 31(1): 78-81.

Aghbolagh F B A, Nampoothiri V, Debord B, et al.
Mid IR hollow core fiber gas laser emitting at 4.6 pm
[J]. Optics Letters, 2019, 44(2): 383-386.

Wang Z F, Huang W, Li Z X, et al. Progress and
prospects of fiber gas laser sources ( | ): Based on
stimulated Raman scattering [J]. Chinese Journal of
Lasers, 2021, 48(4): 0401009.

EER, SR, BEY, S ORI RRBOCL R R
PR RE L) BT T]. T EOE,
2021, 48(4): 0401009.

Tang Y X, Wright L G, Charan K, et al. Generation
of intense 100 fs solitons tunable from 2 pm to 4.3 pm
in fluoride fiber[J]. Optica, 2016, 3(9): 948-951.
Yao CF, Jia Z X, Li Z R, et al. High-power mid-
infrared  supercontinuum  laser  source  using
fluorotellurite fiber[J]. Optica, 2018, 5(10): 1264-
1270.

Dudley J M, Taylor ] R. Supercontinuum generation
fibers [ M ].
University Press, 2009.
Toth L M, Quist A’ S, Boyd G E. Raman spectra of

zirconium(IV) fluoride complex ions in fluoride melts

in optical Cambridge: Cambridge

and polycrystalline solids[J]. The Journal of Physical
Chemistry, 1973, 77(11): 1384-1388.

Mori A. Tellurite-based fibers and their applications
to optical communication networks[J]. Journal of the
Ceramic Society of Japan, 2008, 116 (1358): 1040-
1051.

Aggarwal 1 D, Sanghera ] S. Development and
applications of chalcogenide glass optical fibers at
NRL[J]. Journal of Optoelectronics and Advanced
Materials, 2002, 4(3): 665-678.

Xia C N, Xu Z, Islam M N, et al. 10.5 W time-
averaged power mid-IR supercontinuum generation
extending beyond 4 pm with direct pulse pattern
modulation[J]. TEEE Journal of Selected Topics in
Quantum Electronics, 2009, 15(2): 422-434.
O’Donnell M D, Richardson K, Stolen R,

Tellurite and fluorotellurite glasses for fiberoptic

et al.

Raman amplifiers: glass characterization, optical
properties, Raman gain, preliminary fiberization, and
fiber characterization [J]. Journal of the American
Ceramic Society, 2007, 90(5): 1448-1457.

Stuart B C, Feit M D, Herman S, et al. Optical

ablation by high-power short-pulse lasers[J]. Journal

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

0101004-14

of the Optical Society of America B, 1996, 13(2):
459-468.

Feng Y. Raman Fiber Lasers [M].
Springer, 2017.

LiZR, LiN, Yao C F, et al. Tunable mid-infrared

Switzerland :

Raman soliton generation from 1.96 pm to 2.82 pm
in an all-solid fluorotellurite fiber[J]. AIP Advances,
2018, 8(11): 115001.

Jackson S D, Anzueto-Sdnchez G. Chalcogenide glass
Raman fiber laser [J].
2006, 88(22): 221106.
Bernier M, El-Amraoui M, Couillard J F,

Applied Physics Letters,

et al.
Writing of Bragg gratings through the polymer jacket
of low-loss As, S, fibers using femtosecond pulses at
800 nm [J]. Optics Letters, 2012, 37 (18): 3900-
3902.

Bernier M, Fortin V, Caron N, et al. Mid-infrared
chalcogenide glass Raman fiber laser [J]. Optics
Letters, 2013, 38(2): 127-129.

Peng X F, Zhang P Q, Wang X S, et al. Modeling
and simulation of a mid-IR 4.3 pm Raman laser in
chalcogenide glass fibers[J]. OSA Continuum, 2019,
2(8): 2281-2292.

Fortin V, Bernier M, Carrier J, et al. Fluoride glass
Raman fiber laser at 2185 nm [J]. Optics Letters,
2011, 36(21): 4152-4154.

LuoHY, LiJ F, LiJ, et al. Numerical modeling
and optimization of mid-infrared fluoride glass Raman
fiber lasers pumped by Tm®" -doped fiber laser [J].
IEEE Photonics Journal, 2013, 5(2): 2700211.
Wang Y, Luo Z Q, Xiong F F, et al. Numerical
optimization of 3-5 pm mid-infrared ZBLAN fiber
Raman lasers[J]. Laser & Optoelectronics Progress,
2014, 51(6): 061405.

E&5, PiEk, fERUE, 5. BEML 3~5 pm L
A ZBLAN G L& BOL A fiEse L] ot 5068
TR uE R, 2014, 51(6): 061405.

Qin G S, Tian Q J, et al.

investigation of mid-infrared Raman soliton source

Liu L, Numerical
generation in endless single mode fluoride fibers[]].
Journal of Applied Physics, 2014, 115(16): 163102.
Duval S, Gauthier ] C, Robichaud L. R, et al. Watt-
level fiber-based femtosecond laser source tunable
from 2.8 pm to 3.6 um[]J]. Optics Letters, 2016,
41(22): 5294-5297.

Mori A, Masuda H, Shikano K, et al. Ultra-wide-
band tellurite-based fiber Raman amplifier [J].
Journal of Lightwave Technology, 2003, 21 (5):
1300-1306.

Qin G S, Liao M' S, Suzuki T, et al. Widely tunable

ring-cavity tellurite fiber Raman laser [J]. Optics



LES RSP E49% F14/2022 F 1 B/HEEN

Letters, 2008, 33(17): 2014-2016. 2018: 81-89.

[55] Liu L, Tian QJ, Liao M' S, et al. All-optical control [59] Guo X H, LiZR, Jiao Y D, et al. A shower of mid-
of group velocity dispersion in tellurite photonic infrared Raman solitons at designed wavelength of
crystal fibers [J]. Optics Letters, 2012, 37 (24): ~3 pm {rom a tapered fluorotellurite fiber[J]. Laser
5124-5126. Physics, 2021, 31(9): 095103.

[56] Koptev MY, Anashkina E A, Andrianov A V, et al. [60] LiZ R, Yao C F, Jia Z X, et al. Broadband
Widely tunable mid-infrared fiber laser source based supercontinuum generation from 600 nm to 5400 nm
on soliton self-frequency shift in microstructured in a tapered fluorotellurite fiber pumped by a 2010 nm
tellurite fiber [J]. Optics Letters, 2015, 40 (17): femtosecond fiber laser[J]. Applied Physics Letters,
4094-4097. 2019, 115(9): 091103.

[57] Yao C F, Zhao Z P, Jia Z X, et al. Mid-infrared [61] JiaZX, Yao CF, Li Z R, et al. Progress on novel
dispersive waves generation in a birefringent high power mid-infrared fiber laser materials and
fluorotellurite microstructured fiber [ J]. Applied supercontinuum laser[J]. Chinese Journal of Lasers,
Physics Letters, 2016, 109(10): 101102. 2019, 46(5): 0508006.

[58] Yao C F. Design and preparation of fluorotellurite T, B, FEE, F. MR YR PO
glass fibers and their application in mid-infrared LA RS E s O R LT
supercontinuum generation [ D]. Changchun: Jilin Y, 2019, 46(5): 0508006.

University, 2018: 81-89. [62] LiZ R, Jia Z X, Yao C F, et al. 22.7 W mid-
WhAL 6. R IR 18 B B S £F 09 8 3 L & e rhar infrared supercontinuum generation in fluorotellurite
SRR SO P O N (D] KA EARR fibers[J]. Optics Letters, 2020, 45(7): 1882-1885.

Progress on Mid-Infrared Raman Lasers Based on Special Glass Fibers

Jia Zhixu, Guo Xiaohui, Jia Yadong, Qin Weiping, Qin Guanshi
State Key Laboratory of Integrated Optoelectronics, College of Electronic Science and Engineering,
Jilin University, Changchun, Jilin 130012, China

Abstract

Significance High power mid-infrared (MIR) fiber lasers have important applications in fundamental research,
atmospheric communications, environmental monitoring, national defense & security, and so on. Raman fiber lasers
and rare earth ions doped fiber lasers are two key technologies for MIR laser generation. Now, 3—4 pm fiber lasers
have been demonstrated based on rare earth ions doped fluoride glass fibers. Whereas, due to the narrow and isolated
emission bands of rare earth ions, the operational wavelengths of rare-earth-doped fiber lasers cannot cover all
wavelengths in the MIR region. Moreover, the obtained output power decreases with the increase of operational
wavelength due to the low emission efficiency and large quantum defects in the MIR region for rare earth ions.
Raman fiber lasers are realized based on the stimulated Raman scattering (SRS) effects in optical fibers. SRS is an
important nonlinear optical process in optical fibers. When the pump laser is launched into the fiber core, it would
interact with the medium, and be scattered to Stokes light with a longer operational wavelength. The frequency
difference between the pump and Stokes light is named as Raman shift. The generated Stokes light can serve as the
pump light and cause the generation of next order Stokes light with a longer operational wavelength, which means
that cascaded operation can be achieved for Raman fiber lasers. That is to say, if there is pumping light with a
suitable wavelength and an infrared glass fiber with a low loss and high laser damage threshold, fiber lasers operating
at any wavelength within the transmission window of the glass matrix can be achieved based on the Raman shift and
cascaded Raman operation in principle, which is inaccessible for rare earth ion doped fiber lasers. Since then, to
explore glass fibers with wide MIR transmission windows, good stabilities, high laser damage thresholds, big Raman
shifts, and large Raman gain coefficients has been of great significant for the development of high power MIR fiber
lasers.

Progress By using silica fibers as Raman gain media, the output powers of ~1 pm Raman fiber lasers have
exceeded 1 kW, and Raman fiber lasers with a tunable wavelength ranging from 1 pgm to 2 pm have also been

0101004-15



LES RSP E49% F14/2022 F 1 B/HEEN

demonstrated. Whereas, the longest operational wavelength of the Raman fiber lasers based on traditional silica
fibers is limited within 2.5 pum due to the high background loss in the MIR region. Currently, researches on MIR
Raman fiber lasers are based on tellurite, fluoride or chalcogenide glass fibers which have relative low transmission
losses in the MIR region. Chalcogenide glass has a relative large Raman gain coefficient. By using As,S; glass fibers
as Raman gain media, researchers demonstrated second-order cascaded Raman lasing at 3. 77 pm with an average
output power of 9 mW (Fig. 9). Compared with chalcogenide glasses, fluoride glasses have a high laser damage
threshold. By using fluoride glass fibers as Raman gain media, researchers reported a 3.7 W Raman fiber laser at
2231 nm (Fig. 13). Compared with chalcogenide and fluoride glasses, tellurite glasses have a large Raman shift. By
using tellurite glass fibers as Raman gain media, 3-5 pm MIR Raman fiber lasers with a tens of watts output power
could be achieved in principle (Fig.16). Recently, as the development of fiber fabrication technologies, hollow core
fibers with low MIR transmission losses can be obtained. By using CO, filled hollow core fibers as Raman gain media,
researchers demonstrated a 4.3 pum Raman laser with an output power of 82 mW. Besides, a widely tunable Raman
soliton pulse could be obtained by employing the soliton self-frequency shift (based on intrapulse Raman scattering
effect) in optical fibers. Researchers demonstrated 2-4.3 pm tunable Raman soliton generation in fluoride fibers
(Fig. 14). Very recently, the authors have developed fluorotellurite glass fibers with a wide transmission window
(0.4-6 um), good stability, high laser damage threshold, big Raman shift (~780 cm '), and large Raman gain
coefficient (1.28 x10 ¥ m/W@2 pm), and based on them, the generation of 1.96-2.82 um tunable Raman solitons
(Fig. 21) and “a shower of Raman solitons” at a preset wavelength of ~3 pm are obtained (Fig. 24), which
preliminarily verifies the potential of fluorotellurite glass fibers for constructing mid-infrared Raman fiber lasers.

Conclusion and Prospect Raman fiber lasing is an efficient approach for the generation of high power MIR fiber
lasers. Currently, by using tellurite, fluoride or chalcogenide glass fibers as the Raman gain media, the 3.77 pm
second order cascaded Raman fiber laser and 2—4.3 pm tunable Raman soliton fiber laser have been developed.
However, limited by the characteristics of infrared glass and high quality fiber & device fabrication technologies, the
research on MIR Raman fiber lasers is still in the development stage, and the output power is quite low in the order
of watts. Very recently, the authors have developed fluorotellurite glass fibers with good stabilities and high laser
damage thresholds, and preliminarily verified their potential for constructing high power MIR Raman fiber lasers.
We believe that tunable MIR Raman soliton lasers covering the whole 2—5 pm region could be obtained by optimizing
the parameters of fluorotellurite glass fibers and pump lasers, and hundred-watt-level high power MIR Raman fiber
lasers would be achieved by improving the quality of fluorotellurite fibers and with the development of high quality
MIR fiber devices (e.g. fiber gratings) in the future.

Key words lasers; Raman lasers; infrared and far-infrared lasers; fiber lasers; fiber materials
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