% 52 A% 5
Vol.52 No.5

o otk AR

Infrared and Laser Engineering

2023 4 5 A
May 2023

35um L BT RPOMREFHAINARER FH)

IART, BRE REL,F

%, B, FaE

(BFHBERF L HFE TRZKE, W R 610054)

 OE: 3~5um PLIR BT — AR LR IER 1, B R IRBEEXK S5 TFERTFHAER
ok FIaT R R K AEAE 0 —, R BAEOLS £ AR AW E T B F X % AR LA R
Koy BRI, XFBELF AT 3~5 um AL 3L = £ 69 = A4 £ & -F (87 Er’\Ho #= Dy’"), s & T
M B 52 0 2 S Ao o b A0SR LR B 69 AR ILR AT T ARIE, S AT 3~5 um 546 £ B F b

OB ZRIATT R,
XH2IR: Pashigol; RAkd A
PEFES: TN248

0 35l

il

2L AN B, 3~5 pm 2 — IR T O, B
A T 5 AR Z 05 T A AE S0, [ B 3 2
KRABWHE N2 Bk, TR I B0k
TR SRR, BRI T AT L P K
T SR A A A SRR B T W B TR AT
DI FRAR B T 220K i W PRI OE 2D | IR
LR o 2 1 [ RSO 2 D R s i 02 2 LG 2
SR R ARDOES BB S, e HOL D B
A BTEAF . 5 T/NAGSE A ORI AT | S Ab Ak
R B RELP AR, TE TP A AN RO U BRI
RO B ATV R ST AR, AR T SR AR IS T —
FHN 0,

ELi, fEGEFR0ERs b, 77 4E 3~5 pm BB
T LI IURD: (1) T80 B TR iy B R,
RO 45 2% 5 1 76 4 0 RE R [B) I BR AT, 48 3 3~5 pum
Wt . (2) BT AR LR 1 B HE L, Bl
1t N,O. HBr, CO, &ML 725 O A 9B EF, FIHA
TR BE 2L BRT 52 B 3~5 um BOIOEHT . (3) hi 2 K
T A ARAS !, IR G LR v (2 0 S R v oA o

ks HH#A:2023-04-11; 1817 H#A:2023-05-05

WEET; EGHOEE;
YHEAFRERS: A DOI:

Rk ik kB
10.3788/IRLA20230215

B MR R SR 2T R, 5 B0 B A ) 5 1 90 i
By (4) BEZERENY, JETORE R OB A AL
VA | 22 SO 3 ] 25 45 R AR L 800, ) L[] 1 7
A B S LA S 3 3~5 um BB OGS o X
TABBGER P LA CEFROL AR, FHOCBURAE T P AR
A PARIE, AP R AR ETRA . W T T %
SEB T AR HOLEF oG ER, BATE R A
el i HH I B 8 T B A0 E O s . I,
ELHEPGTR 18 T B RO R AT 3~5 um P BOGET
HOLHYHEA RS

I T AL YOG LT b 2D A 854 ) 45 T2 B 58
e, AHEL T R R AR 2T AN B, 3~5 pm B
T BT RBAOCL RO A B R B e o BRI
BUIR, SCHURE B i 85 7 AL MR 2T K, X% T
1] (R BIF 5 1 R R AT 2R B A AN 3T, 43 0 B 7 % 4k
P (CW) FIRK RS F TAER P LA AHO RS K
Dike, feJm B M 8 T LMD ER O AR I K
WA TR,

1 3~5 pm EAFHERABERE N R
T SRR RS I - RB B (1100 em ™),

HeWH: [F% A RR RIS (U20A20210, 62005040, 61421002); H R @K BHIFHEA L 5537 (ZYGX2021YGCXO014, ZYGX2019Z012,
ZYGX2020KYQDO003); PU)I145 [ AR 4x ((2023NSFSC1964, 2023NSFSC033)

EZBN: TAT, 5, B4, BRSPS E I mEIT .

SIRGEIRIER) BT 2000, 3B, 22, it TS PSSR S AR .

20230215-1



ISk A2

%54

www.irla.cn

APOCLF TR PR T 2.2 pm BOCRY L AL
o Dy — 7 TH, B B TR A 2 R BR A A
K, PVHIEOEEE, G, A Rer RS H R
M 2.2 pm BB ROLER . A TR ERK KT
LLAMBERHOL, RS FRB BN Rl IR b (A2
4+ 75mol.% TeO,, 20mol.% ZnO, 5mol.% Na,0)
(800 cm™), ALY (ZBLAN, #1520 /3. 53 mol.% ZrF,,
20 mol.% BaF,, 4 mol.% LaF;, 4 mol.% AlF;, 20 mol.%
NaF)(580 cm™) Al AL (JLAILL 53y As-S. As-Se 5F)
(~300 em™) 1E R LR FE Bb B2 B R B . H
B Ak ) B AT LA ] B e 15 5 2 vk JEE IR
TREBFE, M ALYOCLT & AR & A Rt — 2P F%
ik DR, T3 T3k A 5L I A A 38 20 4R 0
AL T EIS IR R I B, iR B A S IR RIE . i DL
VBB AR} LB ZBLAN YGET (580 ecm™) L & InF,y
JGEF (510 em ™) B BAKM S F g &, 7F 2.5~5 pm
BAAFEE BARRBIFE . 5 I FET, LA LA
e B RS LA e BE, T LS B ey kB O 1 1B
%, E A 3~5 um SGEF OGS 1 AR 1B e
Bt PRI, IF A B 48 2 AL ) 35 2 S8 B 3~5 um

[EI=u=N

Hie B

@ ®),
L 7x10 F.,
.E 6x10°% 2Hn/z
g I ® Ep* . ‘S
= 5%1025 | Ho3* Solid curve: ZBLAN it oF
2 m Dy Dotted curve: InF; Hj, A>H,5, o
Eaxionp Moo ug g gL R
s 3/2] 9/2' s 5 6 .
.E 2x107% + : o : L3
& 1x10 |
i

0 - — ! 4115/2
2700 3200 3700 4200 4700

Wavelength/nm

W BOGLF BRI e — A

fE 3~5 um P B, W O AR RS S B
T EEA Dy Er R Ho™', ‘B AT A 6] fig 9% BR AT i
T3 TN R 17 AN [6) 90 18 i S, JFG A2 980 S T g
PR R UL 1o fR RA] L, 33X = 1 0 4 S
JUF- AT DAZE 5 354> 3~4.5 pm (11 X R U2, B AR
TEAERT B T RO SR ST A0 T 4.5~5 pum P BE, W4k B
F (Tb*) BY'Fs—'Fg BRIt (O R4S : ~4.7 pum),
{3 i o0 2 4 A i 52 BETE $7 1 G 45 i 8 44 1,
I, 7SRO BERTT

WME 1R, 8 EC R ber b, B SR
Fop—loyp BRIFFE~3.5 pm EAT SRR W, #6458 Ho™
FALPICER i, ST T S B AU L 9% K fe K A R
T, HAR S KA 3.9 um™, b4k, 8 Ho ik
YL oS, —F BRIT AT LLS2 PR 3.22 pm B I0OG %
189, % Dy ALY LIS T, °H,y— H s X —BRITE
o TR BT IO ) A Sl JL T L 35 2.5~3.4 pmP Y,
X T4 Dy S AW 3% 38 v °H ;> Hy s, B BRE 3T R,
e BT RSB 4.3 pm (Y EOGER S, (5 H ATE PR _ER
R ABAEICELT h S IO

5
~3.3 um _S2 ¥~32 Hmgp
3 °Fs o e
4 b 5 F
3.5 pm ST, ol o
5T R
515 439 um 6sz
L ¥ 5]-11—19’2 y
1
5 A ~4.3 um
g g I7 1 E] 6H c|ElE ] H
ale g s1s RO~ NN EE
<19 Ea] B B 2IRIElIgls] | 3.0 um
T Akl s I ik il il .4
Er** Ho* Dy*

1 3~5 um B Er™, Ho™Fl Dy  WIRBZL5 A SHE 700 (a) TRLLAMNA AT (b) XA HY RESRE L i L B Al s Jr =X

Fig.1 Energy levels and emission spectra of Er’, Ho’* and Dy’" at 3-5 um band """, (a) Mid-infrared emission spectra; (b) Corresponding energy level

transition process and pumping excitation mode
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R1 AEHELBFBE 3~5 nm FELELAH R
Tab.1 3-5 pm continuous wave fiber laser doped with different rare earth ions

lon Apump/Hm Aoutput/ MM Pouipud W n Year Reference

Dy3+ 0.8 3.02 0.105 18.5% 2020 [26]
Dy”/Tm3+ 0.8 3.23 0.012 0.3% 2019 [27]

Dy3+ 2.8 3.24 10.1 58% 2019 [28]

Er** 0.98+1.9 3.5 0.26 25.4% 2014 [30]

Er** 0.98+1.9 3.55 5.6 26.4% 2017 [31]

Er** 0.655+1.981 3.5 1.72 31.5% 2021 [32]

Er' 0.98+1.9 3.55 14.9 17.2% 2022 [33]
Er”/Dy3+ 0.976 3.27 0.26 5.73% 2021 [25]
EI”’*/Dy3+ 0.659 34 0.8 8.8% 2022 [34]

Ho** 1.15 3.002 0.77 12.4% 2011 [35]

Ho** 1.15 2.955-3.021 0.52 - 2012 [36]

Ho** 0.888 3.92 0.200 10% 2018 [37]
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Fig.2 (a) Experimental setup of the Dy-doped ZrF, fiber laser pumped

at 1.69 um; (b) Tunable laser output spectrum*?
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Fig.5 Schematic diagram of 3.92 um fiber laser system at room temperature®™”. (a) Experimental setup; (b) Energy level diagram; (c) Output power
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By 40 5 el A v R T A A K T 45
SRR BRI T4 D5 T BAT AR . F AT, 2
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TR DK R i IR S I 8] 7 fs~ps G2 A9 ik o, o
141 Ik s O i 22 s T I A9 A,

T TR I 7 A DA SOER TRy U S e B
149 FH I 550 B2, 5 A R e ik e ) R R T B
B, R TR R 3~5 o 9% B Ik ek A ER 2 ik e
HIH 8 1B 22 WAL YOG LR BOC A8 0 & RS Dl 1T
L
3.1 5ERkiM 3~5 pm LT RS

3~5 pum I B Dk IO R O ) — T TV
A, 2.8 um I Bk mpoE R HOE AR B G R R E, Oy
3~5 pum I B K of O AR O g B 7 AR A T 2L,
XS T — RV AR R, #2557
VLAF 3~5 pm B 1 B 115 250 Bk vloG£F BOG A% 1A 56
BUR

&2 AEWHLEEFIBZ 3~5 pm BRRSLAH R
Tab.2 3-5 pm pulsed fiber lasers doped with different rare earth ions

Ton Aoutput/ WM Mechanism Pulse duration Repetitionrate Pulse energy Year Ref.
Dy* 2.81-3.03 1.25 ps 50-123 kHz 09w 2020 [50]
Dy** 3.76-3.34 0.46 ps 125 kHz 0.85 2022 [51]
. Q-switching
Er 347 0.5-1.1 ps 5-100 kHz 7.8 W 2018 [52]
Er** 3.4-3.7 1.18 ps 71.43 kHz 7.54 uJ 2019 [53]
Dy** 3.24 300-800 ns 20-120 kHz 19.3 W 2020 [54]
Er’* 3.55 30-50 ns 12-20 kHz 6.5 2018 [55]
N Gain-switching
Er 3.46 1.6-3.2 us 100 kHz 10.4 W 2019 [56]
Er** 3.4-3.7 1.02 ps 50 kHz 529w 2020 [57]
Dy** 3.1 0.83 ps 60 MHz 4.8nJ 2018 [58]
Dy** 2.97-33 33 ps 44.5 MHz 2.7nJ 2018 [59]
Er’* 3.49 Mode-locking 28.91 MHz 1.38 nJ 2018 [60]
Er** 3.47 53 ps 36.23 MHz 1.38 nJ 2020 [61]
Er** 3.54 0.58 ps 68 MHz 32nJ 2021 [62]

3.1.1 AQALFHASE
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1E1% Dy SALYIOGER 1, 2020 4, 2E 4 FT 7E (14 A
BAKF FesO4 40K BURLUTFRAE 42 58 LAE M9 sl Q #%
PEPO WG % A6 AT 948 Dy’": ZBLAN JE4F 3%
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P AR I QUL Giee 155 1185 gy N3 2 KB 7 A 5
1E15 Er ALY G LF i, 2018 4, 1A F Y ] £
JEAE A 2% N. Bawden 55 fiff F 7 6 08 i 45 4 0 Q #3%
1, SR TG XU K S8 7 58, 7648 Er'™: ZBLAN Ot
P SIEL T I ERE A 350 mW ) 3.47 um i Q ik
i O FERESh IR Q Jy I, 2018 AF, AR K
2 Z.P. Qin 55 N\ F FH BB FN ZnO UKL 9 Ff vl 4 Al
W ISR, 5 B0 K B ST 77 %8 (970 nm+1 973 nm),
18 Er ZBLANOGEF W68 P sc L T R 3 T R
120 mW (1) 3.462 um FBESITE Q fknplooo, [F4F, 2£3
95 20 {d ] 976 nm H1 1 981 nm B #84E g ZE B,
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Fig.6 (a) Experimental setup of the Fe*: ZnSe crystal-based Q-switched
Er'": ZBLAN fiber laser; (b) Average output power and wave-

length tunability™
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Research progress in 3-5 pm rare earth ion doped

mid-infrared fiber lasers (invited)

Wang Senyu, Chen Junsheng, Zhao Xinsheng, Lei Hao, Luo Hongyu, Li Jianfeng"

(State Key Laboratory of Electronic Thin Films and Integrated Devices, School of Optoelectronic Science and Engineering, University of

Electronic Science and Technology of China, Chengdu 610054, China)

Abstract:

Significance In the mid-infrared band, 3-5 pm is a very special window, and it covers many intrinsic absorption

peaks of molecules and atoms. Moreover, it is one of the transparent windows of the atmosphere. Therefore, lasers

working in this band have great application prospects in various fields such as gas detection, material processing,

biomedicine, military confrontation and remote sensing. Compared with quantum cascade lasers, solid-state

lasers, and optical parametric lasers, fiber lasers have advantages of excellent beam quality, good heat dissipation,
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easy miniaturization and integration, high conversion efficiency, and good robustness. It stands out in the field of
mid-infrared laser and has become a cutting-edge research hotspot in the field of laser.

At present, the methods of generating 3-5 um mid-infrared fiber laser can be roughly divided into the
following three categories: 1) Direct lasing method based on rare earth ion-doped fiber; 2) Nonlinear wavelength
frequency shift; 3) Supercontinuum generation. However, the latter two schemes usually using rare earth doped
fiber lasers as the pump sources. In addition, the rare earth ion doped fiber lasers have advantages of high gain,
large bandwidth, high nonlinear, easy integration and so on, and have gradually become one of the ideal platforms
for mid-infrared. Therefore, the rare earth ion doped fiber lasers are the foundation and core of the development of
3-5 um band laser technology.

Progress Three kinds of gain ions, Er*’, Ho’* and Dy’*, which are commonly used in 3-5 pum fiber lasers, are
introduced in detail. The current development of continuous and pulsed fluoride fiber lasers based on these ions
doping is reviewed, respectively. In recent years, the performance of 3-5 um continuous wave fiber lasers has
been greatly improved. The output power of 15 W, 10.1 W and 200 mW was achieved in the 3.5 pm (Er’": ZBLAN),
3.2 um (Dy*": ZBLAN), and 3.9 um (Ho™": InF;), respectively. Moreover, broadly tuning of ~700 nm is realized
in the spectral range of 2.710-3.415 um for a Dy*": ZBLAN continuous wave laser. On the other hand, with the
rapid development of mid-infrared gain-switching, Q-switching technology and related devices, 3-5 pm short-
pulse lasers have made great technical breakthroughs. The largest output power of 1.4 W is achieved in a 3.22 pm
Er’': ZBLAN fiber. However, there is still a long way to go for further improvement in stability, peak power and
pulse energy. Ultra-short pulse fiber lasers with 3-5 um band have achieved breakthroughs, the longest
wavelength of 3.61 um is achieved for mode-locked mid-infrared pulses. But the mode-locking pulse
performance, including pulse width compression, power/energy improvement, wavelength expansion, noise
suppression and stability improvement, still have many problems to be solved and studied.

Conclusions and Prospects: In recent years, with the development and maturity of fluoride fiber drawing and
doping techniques and the optimization and innovation of pumping mode, significant progress has been made in
the field of middle infrared fiber lasers based on rare earth ions doping. The reported rare earth doped mid-
infrared fiber lasers in the 3-5 um band are reviewed from the perspective of continuous lasers and pulse lasers,
respectively. The following trends are summarized: (1) The output power will be further improved. In recent
years, continuous fiber lasers over 3 um have achieved output power of 15 W. However, compared with the
~2.8 um fiber lasers, the output power of this band still has a large room for improvement. In future studies, the
output power can be further increased to tens or even hundreds of watts by further optimizing the pump structure,
optimizing the preparation process of fluoride fiber, optimizing the fiber welding technology and the performance
of fiber passive devices such as fiber grating and fiber end caps. (2) The wavelength will be further extended to
longer wavelengths. For rare-earth ions doped continuous laser, the current recorded wavelength output is
3.92 pm, and no further breakthrough has been achieved since 2018, and the field of rare-earth ion doped fiber
laser >4 pm is still a blank. In future studies, it is worthwhile to further extend the output wavelength by
developing new doping ions such as Tb*. (3) Toward all-fiber configuration. There is no doubt that the all-fiber
system is in line with the development trend of fiber lasers. In the band of 3-5 um, due to the lack of fiber
functional devices and the imperfection of high quality fiber processing technology, the overall all-optical fiber

level is low. In the future research, the development of active and passive fiber functional devices for mid-infrared
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laser generation should be accelerated.

It can be predicted that in the near future, high performance, all-fiber 3-5 pm rare earth ion-doped mid-
infrared laser will move from the laboratory to many practical fields, and promote the technical development and
progress of industry, medical, national defense and other related fields.

Key words: mid-infrared laser;  fluoroindate fiber;  rare earth ion;  continuous wave laser;
pulsed laser
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