®51% % 18/2024 £ 1 B/HREH*,

2~5 pm 2 [ AP LLAME PO OB IR 58 3 i (i)

FOR, T, IRT, TN, 400, RRA, REE, FHE

R HE KOt R 2 5 TR2=BE, W pES 610097

WE 2~5 pm W LA B CTE B S AW BT AR A AR 2 AU b AT 2 R A AR, — B DAOR AR R
JCG B AT T B . R T E AR TR 2~5 pm 4 [ S P LD AR O TRIY & R BUIREAT T R A 4 R
LB T B AW L ANL LR HOLAR DI RS AT BT A R 2O 2RO AR A ST R S O AR IR 2~5 pm A2 5

HZLAMEERBOL IR & AT TR .

KR BOLE; PLAMEOL; W e T @ E0nE; BIESHE; WAVt

FESES 0436 XHiFRERD A

1 51 5

2~5 pm X — HV LT A0 I B R A T B Y E R 0k X
], T A 7E 3k — I B B 306 8 v] DUALE 224 450080 b & 1
AR L FEA SEAR L 2~5 pum Uk B AR AE K S5 W
B 1, PR AT DL O Bk e A et R
I AT, X — U BE R IO6 A% AT LU T 4 AT AR
K 0 06 2440 T W2 H 6 (OCT) 257, 1R ik ¢
K, 2~5 pm P B O W DL T 43 b AR D A= 4y
T A B T o A Bl E R s i — RS Y 1
PRI Wi 00 45 38K, 1) FH SR o e D B A 4T A W AL T 2
AT RAK AR 43 0 A v G W AN A A AE AR T
Bk, 2~5 pm P BB LR BOEAR AT LUH TR in T 48
K A 7 RO U0 R AR AT AR OO 2 A T v DG T
Em T A E K. BHAT, i H T 2~5 pum
S A B BOEAE E E AL AR EOL SR R T U O
B RO R S BIR AR UL EOR S Ok
a0 Ho A O A OL R b IV FELRE
PARSEN N Ly T R TSN A e S EA Y S
ferh B A R AR AR B b A, 0 B SO B — S BT EY
ORI ST SR, I AR T SR AR U T — RS A kR

HRG, 774 2~5 pm e 0 S EEA 1) &
SR I EE L S U PAW DA Ok S 3 & % 11
it SR BOC R B E A HOL R HEE R W L T B
FOGLR HEm LI P AN . ST BT
B 2% 6 £ 1 T 4 O R B R R R B LAY 2~
5pm LG FE A T Y 2) T AR RN Y
CRPAN SIRART ©rt+ BV IDiiD o4l AN | 23 H g A I EVA-

DOI: 10.3788/CJL231267

QAN R A K & R AL i AN 2 N £
iR UL RS o X 2L AL 45 h 8O L oL A
SR TE LT O AR LU I TR S T A A0 AS RO 1
WO FT AL MR W 20 A Ot
SEE O UK B T R — R R R R B AR
HSECRN T H 1 8 18 2O 4R OG #% 32 BR AT BE 2% R i1 1)
W B (Y, 3) T AMIEFEORLR i P 40 A
OGBS S T (NLO \HBr,CO,) 1 By BE 9% Bk
TR S E P L0 A O A B R R R B O R R
J7 3 B IGCLF UL SR BEOE#R i 2 0 s (AR SCHE
O RN I E D AR Ga ek T A IR S S O i i 3 &1
i AETEANIS A .

AR AT LE R T R T 4 [ A OG LR A P LD AN R
B 5% E R R T R T AR . PR s T SR FER
HLLAME L O AR TR LB T8 R0
St P LT OL RS LA b AT Ah i Sk 1 R AT O
L IR dE T R R kR R A B R ) A R ) )
DL R f e 5. B, A LA 2~5 pm H 2L Ak
ORI R RSB IAT T R,

2 T E BRI HOt AR

1o DR 2~5 pm JEEF O A 7E Tl il i 403 (g
O3RN GEOCAR R B AL AT BE) LR A ) 1R 2 40
R Cin A AL AE Rl B BN I S X T
B L BT B AOCHOLAR T L B A LT
I G 2 J2 O 2R Gefe M 0 B89 2R 23 O s B3 bk
TEWOL RIS IR o X JOCLF O A% 8 H R A R
i 2F SR EOL L BOL S B LB T B2t

KR EHE: 2023-10-10; 1B EH: 2023-12-13; FABH: 2023-12-20; MK E L HEA: 2023-12-27
E4WAB: HEAARREIES(U20A20210, 62005040) . PO I 45 B4 32453 ] (2023NSFSC0033, 2023NSFSC1964) | e

R HEARLR AL 55 2% (Z2Y GX2021Y GCX014)
BIS1E#E . lijianfeng@uestc.edu.cn

0101005-1


https://dx.doi.org/10.3788/CJL231267
mailto:E-mail:lijianfeng@uestc.edu.cn
mailto:E-mail:lijianfeng@uestc.edu.cn

®E514% F1H8/2024 1 B/ E#:

FH VL 1 BE 9% & A= 2 38 O BR AT 3 o ) S 3 e s S B
WL AN T . T 1 () BT R S — A~ LR ) R 2T AN R
TETFBIOCHEOLRNEWE . R, Eid HiE
T LB TP AAMNCA R R B E T2
PR 4 B, b SRR s — X 20 5 AR 4D AR LR Y
HLF AR M (FBG) M . 7E 2~5 pm I B, H AT
HEHANBRLEE FEEAEE F(Tn’) HE T
(Er'") AT (Dy" ) MK T (Ho' X PUFp- =, &
T BE PR AT o B2 X 07 AN (] A9 38 4 4 S5, an &1 1 T
TN o AL UL I DY RS AN [R] R g BR AT B B R LT B
T A 2~4 pm PR XA S8 A EARLH T X

WA RN B OE T o X TR RO EF r e 7
2 o B e B, SR T BILBRGIR JBE 1 RS PR 1) 1 64T
B R M 2.2 pm i, ZBRTF A SOEL R 1 g T2
F4 i R R B0 1 i B R , Z00R P 1 e SR A S A
Pt er (A4 ZBLAN ALY L EF Rl InFOLER) (B
JCET LKA WG AT 45 o SR, h TR AL AR AL Pt
£ 1 AR LA S0 BT g 4 J3E 45 2 MR AB A% i, 0% 10 B
BN H ARG R ALY DEL . £ 1IN T 2~5 pm
P B L B TR RO LR 0L AR AR RUCR A,
HZFEMWAS , Ay AP, P S H DI e
BOR . W RUR B X — B, Sl BT BUL 4R

(@)
high low
reflectivity reflectivity
_A— FBG FBG
source
MIR-fiber
(b)
NA
=
S
[l
—
N
=]
=]
=
Q
[P]
71
»n
1]
=
Qo
g
‘7
2
g
m
1500 2000 2500 3000 3500 4000
Wavelength (nm)
© 1
Fo
72 4\
“Hiie
1S3 *Se
4F9/2 ° 6P‘S/Z A
AN ﬂ\ 35 5 F7
~J. l.lm 4 72
A4 Hs T
Hy o 5, ’
AN 2 / 3.9 Hzp A
e =2 pn
~2.3 um AN 5,
~2.8 um A
*Hs s ~2.9 um *Hie
3 i g1 E 51, A f \1/ ~4.3 um
3Fy = 5 £ H,:
2| g 20 gl g 2 E|E » N HEBE
~2, S| o =T
% g ¢ o ! ! g % % m é%% = E l~3.0um
3 ! t B _ 1 t t 5 D RN DN N
Hﬁ 115/2 ‘713 7H15/2
Tm3* Er¥+ Ho* Dy3+

P 2~4 pm HELAMG 1 B T ZOLLF 0L E - (2) P EZLAMI L8 T8 200 LT MO S Y B 458 5 () #8 Tm™ /Ho™ /Er'/Dy* 1
B /G AR B B B AN ) R o R T R Y 2~ pm Y B R s (o) R 1) B R AT i
Fig. 1 2-4 pm mid-infrared fiber lasers doped with rare-earth ions. (a) Typical structure of rare-earth doped mid-infrared fiber laser;

(b) emission spectra at 2-4 pm band for different transition processes in Tm’"/Ho® /Er'" /Dy’ -doped silica/fluoride glass"”;

(¢) corresponding energy level transition processes
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Table 1 Research progress of 2-5 um fiber lasers doped with rare earth ions

Ion Ay /NN Agup /1M Py /W /% Year Ref.
Tm*" 1064 2010 1.35 37 1990 [30]
Tm*" 787 2000 12.2 38 2000 [31]
Tm*" 793 2040 85 56 2005 [32]
Tm® 1567 1940 415 60 2007 [33]
Tm** 793 2045 1000 53.2 2010 [34]
Tm® 793 1981 530 50 2020 [35]
Tm® 793 1950 1101 50.7 2021 [26]
Er*' 476.5 2702 1988 [36]
Er 980 2700 0.012 1998 [37]
Er* 790 2710 1.7 17.3 1999 [38]
Er* 980 2938 30.5 16 2015 [39]
Er'" 980 2824 41.6 22.9 2018 [27]
Er'" 976 2800 5.7 32.4 2023 [40]
Ho®" 640 2830-2950 0.0126 2.9-4.4 1990 [41]

Ho'"/Pr** 1100 2840 0.21 3.2 2003 [42]
Ho* /Pr** 1150 2940 2.5 32 2007 [43]
Ho* /Pr** 1150 2955-3021 0.77 12.4 2011 [44]
Ho'"/Pr** 1150 2825-2975 7.2 29 2015 [28]
Dy*" 2800 3.04 0.08 51 2016 [45]
Dy*" 2830 3.15 1.06 73 2018 [46]
Dy*" 800 3.02 0.105 18.5 2020 [47]
Dy 2800 3.24 10.1 58 2019 [29]
Dy** 2825 3.05 0.36 82 2023 [48]

Er' 980+ 1900 3.5 0.26 25.4 2014 [49]
Ert 97441976 3.44 1.5 19 2016 [50]
Er' 9801900 3.55 5.6 26.4 2017 [51]
Er* 9801900 3.55 14.9 17.2 2022 [52]
Er* 655-+1981 3.5 1.72 31.5 2021 (53]

Er*"/Dy* 659 3.4 0.8 8.8 2022 [54]
Ho®" 888 3.92 0.2 10 2018 [55]
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Fig. 6 High-power all-fiber 3.55 ym erbium-doped fiber laser"™. (a) Laser system; (b) slope efficiency and output power
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Table 2 Typical research progress of mid-infrared Raman fiber lasers

Fiber Pump wavelength /pm Raman order ~ Raman wavelength /pm Output power /W Year Ref.
2.20,2.43 0.350,0.30 /
2.008, 2.040 2 9.24.2.48 0.384.,0.150 2015 [84]
Geoz'df‘?é)ed silica 2.008 1 2.2 3 2016 [85]
iber
1.98 1 2.166 0.0526 2019 [86]
1.987 1 2.177 0.893 2023 [87]
1.94 1 2.185 0.58 2011 [88]
(
Fluoride fiber 1.98 1 2.231 3.66 2012 [89]
1.765,2.049 0.0141,0.0674
’ ’ ’ ’ C
1.55 3 2438 0.0316 2022 [90]
2.05 2 2.10,2.17 0.200,0.016 2006 [91]
o 3.01 1 3.34 0.6 2013 [92]
Chalcogenide fiber
3.01 2 3.34,3.77 0.112@3.77 pm 2014 [93]
2 6 2.149-3.425 2021 [94]
o 2.8 2 35 10 2015 [95]
Tellurite fiber
2 3 2-5 45.2@3.64 pm 2017 [96]
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Fig. 8 Cascaded Raman pulsed fiber laser pumped by actively modulated Q-switched pulses™. (a) Laser system; (b) laser output

spectra at maximum pumping power when pump wavelengths are 2.008 um and 2.04 pm, respectively
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Fig. 9 2231 nm Raman fiber laser with nested cavity structure based on fluoride glass fiber™’. (a) Experimental setup; (b) output power

of 2231 nm Raman laser versus pump power
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Fig. 11 3.77 pm cascaded Raman fiber laser based on As,S, fiber”. (a) Experimental setup; (b) average output power and peak power

of 3.77 pm Stokes light versus pump power when reflectivity values of output coupler are 98%, 92% , and 80% , respectively
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Table 3 Typical research progress of mid-infrared tunable Raman soliton fiber lasers

Year waii?;ﬁglf;e/rpm Fiber rallq;em/nfm poS:rtf;lrleW Energy /n] povfeera;{kw Ref.
2013 1.98 TDF 2.0-2.2 2950 38 191.6 [97]
2014 1.96 GDF 2-3 [98]
2014 2.8 AsSe,-As,S; 2.986-3.419 [99]
2015 1.96 HNLF 1.96-2.13 570 11.4 116.9 [100]
2016 1.975 TDF 1.98-2.22 762 36 180 [101]
2016 2.8 Er: FGF 2.8-3.6 2100 37 200 [102]
2016 2 InF, 2-4.3 9.6 6.4 45.7 [103]
2017 1.92 TDF 1.92-2.36 1160 34 ~340 [104]
2018 1.96 TBY 1.96-2.82 [105]
2019 1.96 TDF+GDF 2.036-2.690 ~6 ~0.18 1.23 [106]
2019 2.3 ZBLAN 2.30-3.85 2.4 34 [107]
2021 1.965 ZBLAN 2.39-3.17 45 273 [108]
4.10-7.55
2022 4.1/5.2 TBY 5.207809/ [109]
2022 1.9 TDF 1.90-2.35 1200 ~23 59 [110]
2022 2.8 InF, 2.8-4.8 56.25 [111]
2022 2.8 TBY 2.80-3.17 38.9 0.744 7 [112]
321 ATHERFERABEMG P LI TR T, A6 8 A 818 0 LY, i o 75 40% DL i g it
FRFH S JERFEH B P2 IMF

2013 4, 9 B BE B K 2 19 Dvoyrin 2877 5% ] B 4%
BR 25K, BT 1.98 pm A GEIR TR, 78 15 55 % 45 ik
KA Ok B2 I 1 e KK R #) 2.22 pm, Ho
2.15 pm 4b (9 $r & IR F D) F g4 T 2= 2.95 W, X R fik
R B RN 0 T R 43 5l 5K B 38 nJ A1 191.6 kW, £k

2017 4F At 5t Tl K22 ) Wang %5 R H 3K
1.92 pm JK 58 A ~200 fs B FERLIRFFh 798 , ¥ B 556
L1 R A% B S I 1 fe KR IS D K 9 i #1) 2.36 pm.

Hor 2,29 pm S 2 IR 1 D HRK A F T 1.16 W, 4
r“ﬂzk B A L4 9ok 34 nJ A1 83.6% ., 7E 1.90~
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FEZ PRI 22 5o, 32 Wi i 22 G0 0 s AR LR k5% ), 3%
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FIFHEE IR 53 H0h 97 % I B HOGEF VR N AR LMo er  h
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FOGER A Rk SSES B 5 8 T H5e KU K 9 1
F2.69 pm. LIS H], R CL P g L
TR R 211 % o R TAEE M T 2 pm P
B CRME SR RO T RGE45H , TR s 2> 1 i
Ui R A AR R R R B o K VR B A G T
BEEOGE R A8 T LUt — 20 SE U RS I (0 40 8, i 45
¥ B T SE B 2~3 pm V1 B N B2 IRl . 4R
T, FH T W 1B 45 A PO ER 5 AR AR DL B P2 T
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JEEF, R A Pl i 5 i BRIk 5 pm, B 28 5 SE B 2~
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Fig. 12 Tunable mid-infrared Raman soliton fiber laser based on InF, glass fiber""”. (a) Experimental setup; (b) spectra of redshifted

soliton at different wavelengths in 2 m long InF, glass fiber
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B A K b BE R 120 nd L K BE A 70 fs, 3R A5 RS P2 K
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Fig. 13 Tunable mid-infrared Raman soliton fiber laser based on Er-doped zirconium fluoride fiber"". (a) Experimental setup; (b) SSFS

spectra in 22 m long Er-doped zirconium fluoride fiber
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2.4 nJ, ki e B 70 fs, B AH D) R K T 34 kW,
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gL AN r S KT o SR SR FH K 98 R 765 fs  HL K
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FIAR A 2 K
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Fig.14 Tunable mid-infrared Raman soliton fiber laser based on InF, fiber""". (a) Experimental setup; (b) output spectrum of InF, fiber

at 70 W pump power
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PECLF B — B AR LA B, HA A S0 40 3 v i A
e R B AR S T RE M S R g
I, 2 T B R £ BRSO 45 A9 vb 21 S 5% S0 6 R A

T RO 1 0 R T T R R R fE DG T A5 4
B O S A B BT AR E 1R, RY Y BIF 5T 45 R Ik 4
B

F4 TR T HBRELCLT iy I LR O & B AT Y R

Table 4 Research progress of supercontinuum lasers based on germanate fibers

Fiber wavdength i spectamnngefum powersw | Yewr Rt

NL1550 1.55 1.1-2.2 2016 [113]

NL1550 1.55 1.1-2.3 2019 [114]

UHNA-7 2.0 1.92-3.05 11.62 2019 [115]

NL1550 1.9-2.6 1.5-3.2 4.12 2022 [116]

NL1550 1.5-2.4 0.92-2.92 5.09 2023 [117]

Germania-core fiber with mole fraction of 100 % 1.9-2.7 1.9-3.6 6.12 2016 [118]
Germania-core fiber with mole fraction of 74 % 1.55 0.7-3.2 1.44 2016 [119]
Germania-core fiber with mole fraction of 100% 2 1.95-3.0 30.1 2018 [120]
Germania-core fiber with mole fraction of 94 % 2 1.7-3.5 21.34 2021 [121]
Germania-core fiber 1.9-2.6 1.9-3.5 41.9 2022 [122]
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b FE BRI R T R s TR T OIS S
1.1~2.2 pm Y8 7% 22 35 O , (3R IO 1% 2 55 70 FEL A
FE HL i DRI
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Fig. 15 Schematic of flat supercontinuum laser generation based on NL 1550 fiber and indicators

% (a) Experimental setup; (b) output

power versus pump power; (¢) output spectra of NL.1550 fiber at different pump powers
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Fig. 16 Supercontinuum laser generation diagram and spectral results based on germanate fiber""”

o

. (a) Experimental setup; (b) output

spectra of 20 cm long germania fiber at different pump powers
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3.57 pm {1 FE E S O , I8 i 1 B R IR B A
K T8 % TG O H 3 dB AT 10 dB A TE
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B 75 3.6 pm B T, 76 1 P 40 R B AR MEA 2E— 20 B
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WOL A, BARTT LLSC B AR P 4H RS b 0 O
L AFURE R R G 27 1 A5 S R RE AE 3 pm B BEIR S
R, S EORAT 09 i 2O B9 K I & i g 5 B
3.6 pm Ak, BRI TR SO R B — PR L, B
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Table 5 Research progress of supercontinuum lasers based on fluoride fibers

Fiber Pump laser wavelength /pm  Supercontinuum spectrum range /pm Output power /W Year Ref.
1.54 0.8-4.0 10.5 2009 [124]
1.9-2.6 1.90-3.35 30 2019 [125]
ZBLAN 1.9-2.6 2.0-4.1 20.6 2020 [126]
1.9-2.4 1.9-4.0 5.4 2020 [127]
2 1.90-3.68 33.1 2023 [128]
2 1.0-3.4 4.5 2017 [129]
1.98 0.95-3.93 10.4 2018 [130]
TBY 1.93-2.50 0.90-3.95 22.7 2020 [131]
1.93-2.50 0.93-3.99 25.8 2022 [132]
1.9-2.5 1.22-3.74 50.22 2023 [133]
2.75 2.4-54 2016 [134]
InF, 1826 15 1 2018 [135]
1.9-2.6 1.9-4.9 11.8 2020 [136]
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Abstract

Significance

The 2-5 pm mid-infrared wavelength range is a crucial region in an electromagnetic spectrum. Lasers that operate

within this range play a critical role in various fields, such as defense, medical, environmental monitoring, and materials science. The

generation of 2-5 pm lasers mainly includes solid-state lasers, quantum cascade lasers (QCL), inter-band cascade lasers, optical
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parametric oscillators (OPO), and fiber lasers. Fiber lasers have unique advantages, such as good beam quality, excellent thermal
management capabilities, and robustness, which make them irreplaceable for various mid-infrared laser applications. Three methods
are mainly used to generate 2-5 pum fiber lasers: 1) rare-earth-doped fiber lasers, which are the simplest and fundamental; 2) nonlinear
fiber lasers based on nonlinear effects, which are effective for extending the laser wavelength, filling the spectral gaps not covered by
rare-earth-doped fiber lasers owing to transition-level limitations; 3) gas-filled fiber lasers, which utilize energy-level transitions in gas

molecules (N,O, HBr, and CO,) to achieve mid-infrared laser outputs.

Progress This study comprehensively reviews the research and power-scaling progress in mid-infrared fiber lasers based on all-
solid-state fibers. It covers three main types of mid-infrared fiber lasers: rare-earth-doped, Raman, and mid-infrared super-continuum
fiber lasers. Table 1 in the main text presents representative achievements of rare-earth-doped fiber lasers in the 2-5 pm wavelength
range. The continuous-wave laser output power within this range has been significantly improved, from milliwatt to watt/kilowatt
levels. The highest output power values obtained using fiber lasers doped with Tm*", Er*™, Ho’", and Dy*" ions are 1100, 41.6,
7.2, and 10.1 W, respectively. In particular, the longest wavelength tunability of the rare-earth-doped fiber lasers is 700 nm. Tables 2
and 3 present representative results for mid-infrared Raman fiber lasers and tunable mid-infrared Raman soliton lasers, respectively.
Currently, by using tellurite, fluoride, or chalcogenide glass fibers as the Raman gain media, a second-order-cascaded Raman fiber
laser operating at 3.77 pm and a tunable Raman soliton fiber laser covering the range of 2.8-4.8 um, with an average watt-level power
output in the 3-3.8 pm region, have been developed. Tables 4 and 5 list the representative research progress on germania fiber- and
soft glass fiber-based supercontinuum lasers, respectively. The output power of the supercontinuum laser using germania fiber as a
nonlinear medium exceeds 41.9 W, and the spectral width is 1.9-3.5 pm. The maximum output power values of the fluorotellurite
fiber- and fluoride fiber-based supercontinuum laser are 50.2 W and 11.8 W, respectively, and the spectral widths are 1.22-3.74 pm
and 1.9-4.9 pm, respectively.

Conclusions and Prospects Since the beginning of 21 century, continuous improvements in semiconductor laser technology,
mid-infrared glass-fiber drawing techniques, and pumping schemes have propelled the rapid development of mid-infrared fiber laser
sources. In the field of high-power mid-infrared fiber lasers operating within the range of 2.5-5.0 pm, research groups worldwide have
achieved significant milestones in the past decade. Nevertheless, compared with the advanced near-infrared waveband, a significant
gap still exists in the output power of mid-infrared fiber lasers. The primary challenge lies in the development of mid-infrared fibers
with high damage thresholds, broad transmission windows, and advanced ion-doping capabilities. The lack of high-quality mid-
infrared fiber functional devices also hinders an effective increase in the output power of mid-infrared fiber lasers. The solution lies in
the development of mid-infrared fiber functional devices with high damage thresholds and broad operating bandwidths. The heat load is
another critical factor limiting the enhancement of laser power, and damage to laser systems is mostly related to excessive heat loads.
Therefore, new methods for suppressing heat generation and regulating heat loads are required to achieve high-power mid-infrared
fiber lasers.
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