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Fig.1 Structure of (a) GaF;-based and (b) InF;-based glasses™”
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Fig.2 (a) Raman spectroscopy under different temperatures, the insets in
the figure are the [InF¢]* vibration units; (b) The ratio of integral

areas of oF, and SSF anOJ
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AR 1 45 T Ho® /NG L4824 1) U 2L B 18, 7E 1%
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AT THRA~3.5 um DOER S, AT T~3.5 um
9 1 3 A G 3 R R BT AR, i) Y AR N TE
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Matthew R. Majewski*! 2¢ A\ #l 4 T Dy & 7
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TR RN, XSRS Al IR S B
PAF K P KB, IR R PR A P saer
WO CEARE TS 1
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FALY LR AE 2.6~3.5 um I B 0 S 14 5 51 FE
297k 107 dB/km™, SR, 76550 % FREE T i A& 15 21 1Y
FACYDOCE, A KT IS (H, X2 i T kol
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TR IR T il 1T —Fh L B R 09 s A ok
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(7] A 475 A B [0 3o A Hh SR T AT Al e R 1 2 A
TARIAFESCEF Bl 28 o MAETE SR T, SR AL 53 %)
it Ak AR RN A R X DR S, 1 — 2D U TR AR

ALY GCET 1 i 28 W RIHEY . Yoshiki Nishida™* 45
N A& If- il 45 T — 241 4 i InF;-GaF;-PbF,-ZnF,-
YFs-LaFy (9 50 H0 BB 55 G 25, 1G4 7E 3.36 um Ab 4
FE29 Ky 43 dB/km. H HI, F ]9 508 B 2F BLAETE
3.5 um P B T 0.01 dB/m, {H & 75 5256 % 3R 55 F e
il 2 1 U HOG AR SRR AR B o TR, BR AR AR
SRS CLT Il 25 T2 AR 0 b B

FE = 5T, InFy B 5K 8RR A KR R,
Az B A A AR A A B 0 O 5%, AR TR R
FALYCL Bl . HET, R AGUERE) Z T
R L B 3 A o A AR v, i T2 R CCly. SFg.
NF; 5 2 b S5 B W b i 2 28 (OH B 1) i,
VARR IR e e i
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S0 U Y B PR RE .l I A B & T LA
A fift A 2% T AL, R S A3 i T AR B NH;
FHF, o, NF; A5 B SR 5 3 58 v i
FE R, HF T Rk 475 il % 35 365 V0 $2 L STk 4 <A AR
1, IR AR A 2 o ) SR A R A o e IR AR
N, WAL RS T K, GRS T, LS S
AL 3 2 ) 1 SR AR AT DR, AR S 1
A9 I N I S A 200~500 °C P

FAH LG ZF 1 A Tk R BOR W R SR
B AW I, |k, MR TSR B A
O3, HFAET B EEFLAY IV T, R AL G0 0 i
KA T U R 2 DB RN 2T N B, H b i
(1) JEOREES Ry TE K Sl A i) . 1 3(a) i/ S U
AL 2 R 2R 0 B 55 9 22 8 1 & A (Differential
scanning calorimetry, DSC) 14k, €] 3(b) At 7~ A 9l HHl 2
£ 2 FNEF S B AT R e, b e A 2
B IO B BB AR IR T, 290 260 °C, JFIG BT & IR
T 274 350 °C, AT=T, T, 7] LA T RAE 35 B AR € 1k,
2978 90 °C, 2= B T FU A ik A J22 R0 4T 005 3 3 EL AT AR AR
V10 3% 388 5 AR L A 1 BRI S 1) BT BB
Jio LRMELZBEEE BA SIE T3 22, 76 1690 nm
A GEHH RO CET BE ALAR 2028 0.33,

SR 5 ' 2 R A ) A R R B A, K T
BRI 240 °C BUAR S af b A 2 he SRS,
B T ARG AL B il 1) J2 B B i R 12 £ A T
il AL v A A A2 BB R 58 A B T T A
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Fig.3 (a) DSC and (b) refractive index dispersion of fluoroindate glasses
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A7 ZRBE o Ao T B A AR B0 P 7 i 1) S
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PRI £ R B AR LU AR, A PR R A 2
LIk SiRaiN

R, IR E B — DA JFURHAE A o T2
oK BE ARG 2T B W MSC IR A I 156, LA S BB G
W YCET 1 o o 0 ok s ) DA s ) 52 T L AR
InFy FEOGET 2% s [ A W MACHE R 5 a0 o 7 1 S 1 <
SR LLREAR B3 P i) OH 8 1 ks il (AR B2 Y
P T2 0T ARG InFy BOLLFHUNBUE, SLermifise
P AT LU/ G ET EAR AN 1 2] FDG 2T il B 5 B0y 1
SHRFE, fedt T IRBIAECLT BRI o

3 BEEAFHARARHARE

PEAER, LT OGRS P AN W 1) T 21 41k
Bey 8, 1 n] LASE B 3~5 um P B 2L AL O
R 8 T FEA EXE T Dy E 7 Ho
T, JGEFFE T kL B 9T )12 B ZBLAN %
2F . {B2, HF ZBLAN JEEF AR AE I K KT 3.8 um
R S 4 B0 i, e AR = IR AT S R K A 3
Sefar o PR, SCrP R T EA IS F AR A A R
TR FEMRXS L, IR T IR U 5D
ORI

Dy B 7458 44 G £F WOL 28 7l LS ~3 um
(°Hy3,—H,sp) BOG. 2018 4F, Majewski M. R0 25 A
FIH 30 cm K (14 Dy’ 8§ 45 2= HUH 3L G A7 7 S 3 25
JEEF, i 1700 nm BOG E 1E S S IR, KA T
2945 nm HLLARCEF OGN Y, HRIERACRE N 14%.
l 4(a) 7 Dy B T 15 22 AL WL £F i e 2 1A
] 4(b) BRI HOEAR 0 S g R B

Ho'& T8 2« WL 4F Bt 45 7T LA L B ~3 um
Cls—") #Wot. Ho'&BFHA 5 EX & FHMY g
SEH, B Ho 8 1~3 um BOG B A H A B i #.
Ho "B F A L R KOG AE J1; Ho ' B T A
B K (1150 nm), {575 H 0746 v i akoR
W BT K Ho' "8 + B A B8 /A i i R A W o 72, A
R F RS = DR AEO R 1 . (B2, BT Bk
iRk A KRR, ~3 pm BOE T EZFF 4y (12 ms)
KT BOE EREG i (3.5 ms)™, Mk LS5z BUkE T 50U
B, DAL, S8 H R LB 4 B T s KT 1 T
THBR T A AR B LA SE 3 R RIO% L 3 TR 1 ~3 um
WOk, 2018 4, B HAR™ 4 KA 92 em K Y Ho™*
BB BRSO ER M D B 25 A 0, T 1120 nm 3%
e AU, AR5 T 2875 nm HLLAMEL O ER
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°H,s, HT at 1.7 um HR @ 1.7 pm
HT at 3 pm R=45% at 3 um
1.7 pm pump

6
= HIS/Z

| B

<)

[ 4 (a) SLEFHOLAS Y Dy’ B T REZLKIFN (b) SLHm 7 &1

Fig.4 (a) Simplified energy level diagram of Dy*" ions and (b) experimental schematic of fiber laser'*”!

, HoR K I 54.5 mW, BERACE R 6%, 1
13 B 11 B U 1 1 e 8 T/ e o S o 7 Sy s W
F Ho™/Pr* B8 7 4L 48 22 U L G 27 1 348 25 6 47, (il
FH 1150 nm 6 VE R MR, 26159 17 ~2.9 um 4l

ANEET i H, Hods KA H TR0 1.075 W, AR A 4R
BB 17.6%. B 5 K~2.9 umDGEF O #8258 B - A
IR S PR RO R K .

DM 2400 nm LPF
(a) N
1150 nm |
Raman laser | 0sA
v, 1 Ho*/Pr* co-doped L
Focusing lens InF;-based fibre
b
®) Slope efficiency: 17.6%
1.00 | Pmax: 1.075 W
’ Fibre length: 79 cm
2 o1 | 4
o
2
<)
[=¥
2 050 |
3
o £
¥
0.25 /
0 1 1 1
0 1.5 4.5 6.0 7.5
Pump power/W

5 (a) ~2.9 pm SEEFHOG AR E IR (b) ZEHIIE Sk B D30 s B R

Fig.5 (a) Diagram of the ~2.9 um fiber laser setup and (b) diagram of pump power as a function of output power

Ho™ "B 118 7% ) L £F WO 5 7T LA SE 3 ~3.9 pm
Cls—Tg) #0Ot. 2018 4F, Fi FL/R K2AHY Frédéric Maes!™
25 ANHHT 10 mol% Y Ho'™ B8 118 4% InF; JE XU 20
2} (Le Verre Fluoré) 1 A3 25 Y6 21, {fi i 888 nm it
A E SR, AR = AR R T 3.92 um YL AR
o8 JER A 56 1 ROl 197 mW, B OR
10.2%. [l 6(a) it 7~y 888 nm ¥ J#5 ZE T F Ho™ B
T HOCL REH A, 5] 6(b) i Ho'' B T8 7%
PRGOS R R B . T ARG AT

oAb, BR T 5 AR A — 2D i

UTAER, BEAE InFy HEOGET A W7 5 i, i S 4
FICE AR 3 45 LT B R LML LR O L8R B BIEFEAT)
SRIEREZENG, 3 F2 2 ) TARSAE A OB LT (Y ] o5
VIR L2 i O BR ) 1 D3R A ik — 20 B v A8
KA ZLAMEOE Y 7 A R ] 25 9 40 FE SRR SO 21
A B AR ME S5TE T 4% 420 S AL JEURH A E A9 B 5 3¢
B A AR 5 51 R B DG 2T L M 1o R A g 5 i
K, I HIH LT 5y 5 23 3P K 28 UK A O,
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l 888 nm
" PF

3.92 um
DM1 DM2

6 (a) Ho' B T452% InF; FOLLT YRR KR SCHR I BRI LA (b) T 3.92 pm SLLFHO GRS YL I 1 )

Fig.6 (a) Energy level diagram of the Ho®": InF; system with relevant physical processes; (b) Experimental setup of the room-temperature fiber laser at

3.92 pm™”
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Recent research advances of mid-infrared
fluoroindate glass and fiber lasers (invited)
Wang Ruicong, Zhang Zhi, Xu Changjun, Wang Shunbin, Jia Shijie, Wang Pengfei’
(Key Lab of In-Fiber Integrated Optics of Ministry of Education of China, Harbin Engineering University, Harbin 150001, China)
Abstract:

Significance The 3-5 pm mid-infrared band contains the atmospheric transmission window and the molecular
fingerprint area, and has important research significance and development prospects in the fields of remote
sensing, national defense, biomedicine and materials processing. Fiber lasers have good beam quality, high light-
to-light conversion efficiency, good heat dissipation characteristics, compact structure and high reliability. The
output wavelength of fiber lasers is currently expanding to the mid-infrared band, however, the phonon energy of
the glass matrix is an important factor affecting the generation of mid-infrared lasers. The lower the phonon
energy of the matrix material, the lower the multi-phonon relaxation rate of the rare-earth ions, thus promoting the
radiation transition process. Heavy metal fluoride glasses demonstrate great potential for applications in mid-
infrared fiber lasers due to their relatively low phonon energy, wide mid-infrared transmission window, high
solubility of rare earth ions and high thresholds of laser damage resistance. With the increasing demand for
3-5 um laser sources in the mid-infrared band, the development of a relatively low phonon energy fluoride glass is
essential.

The most extensively investigated fluoride fibers are fluorozirconate fibers such as ZBLAN fibers. In recent
years, it has attracted interest as researchers have found that fluoroindate glasses have lower phonon energy,

superior physical and chemical stability compared to fluorozirconate glasses. The relatively wide mid-infrared
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transmission window and low theoretical loss of fluoroindate fibers indicate that fluoroindate fibers have
important research significance in the field of mid-infrared fiber lasers.

Progress This paper first introduces the research progress of fluoroindate glasses, including the investigation of
the components, structure and luminescence properties of fluoroindate glasses. It is shown that the design of
fluoroindate glass components is very complex and requires comprehensive consideration of the properties of
each cation and application requirements. The structure of fluoroindate glasses is analyzed to be mainly composed
of [InF¢]* octahedra. It is introduced the main rare earth ions that can achieve 3-5 pm mid-infrared fluorescence
in fluoroindate glasses are Er’* ions, Dy’" ions, Ho*" ions and Pr’" ions, indicating that fluoroindate glasses are the
promising gain material to achieve mid-infrared fiber lasers.

Subsequently, the preparation of low-loss fluoroindate fibers is presented, laying the foundation for the

establishment of mid-infrared fluoroindate fiber lasers. The research advances in fluoroindate fiber lasers are
presented. The rare earth ions that can achieve 3-5 um mid-infrared lasers in fluoroindate fibers are Er’" ions, Dy’
ions and Ho®" ions, in which the ~3.9 um laser of Ho®" ions is the longest wavelength laser achievable in fluoride
fibers, and the ~3.9 um laser has been achieved only in fluoroindate fibers at room temperature so far, indicating
that fluoroindate fibers are the potential mid-infrared fiber lasers.
Conclusions and Prospects This paper reviews the latest research advances in the components and structures of
fluoroindate glasses, presents the research advances of the luminescence properties of fluoroindate glasses. The
preparation of low-loss fluoroindate fibers is presented, laying the foundation for the establishment of mid-
infrared fluoroindate fiber lasers. The research advances of fluoroindate fiber lasers is reviewed, showing that
fluoroindate fibers are the most promising material to achieve mid-infrared fiber laser.

The preparation of low loss double cladding fluoroindate fibers can be achieved in the future by
investigating the double cladding fluoroindate glass components and the double cladding fiber drawing process,
which is conducive to achieving high power mid-infrared laser output. The output performance of the mid-
infrared fiber laser can be further optimized by adjusting the rare-earth ion doping concentration of the
fluoroindate fiber and constructing an all-fiber laser system to reduce the influence of the environment on the fiber
laser system, thus achieving high power and high efficiency mid-infrared laser output.

Key words: mid-infrared laser;  fluoroindate glass;  fluoroindate fiber;  Ho®" doped
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