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Fig. 1 Relationship between incident and transmitted

laser powers of 2. 053 pm laser through 20 cm

length, 12 pm core diameter, uncoated and AR-

coated As,,S,, single mode fibers
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Fig. 2 Transmission of 5.4 pm CO CW laser through
As,; S5, and Gey, Asy Sy, fibers under forced air-

cooling conditions ™"

106 pem 81 CO, BOE 38 S 55— F 3 JH 09 o £
SIS A5 PSS Tl 4TI EL AT A P L
FE 80 0 K MO 1 SO TR A L CO, O il T
RS FEL2EL 80 F0 0005 8 /A RO L
BF LS SR ZT AN B K 20 10 pm OB 2R i

1R K 20 6 pm) , Se JEBEES I 20 /MR B K 200
14 pmGEAF IR AR 11 pm) . 5 S FEAI Se 2
PEISAALL . Te Hefi 2 08 AT B R A 20 S8R i
(Al35 25 pm LA B L FE 10. 6 pm B9HLEE T /N, Bt
N R T 28 Te B RBLEOCL LI 2 CO, i
AL TR

1991 4F, Inagawa AL S Seys Tey 1 £
BGLF , HAC BRI B AR 4397 2 100 em Fl 400 pm , 7
10. 6 pm AL IIAE N 0.9 dB/m., i ATHR K
2.85 W Iy CO, #NTh R & KAy 2 L1 i Ja
BTN 0.82 W, N T Te X RIGEL W
WAL B T % T R 6 AR A 30405 1A D [ Ok
LF AL AR RE . 7E B R G AT Y B3 (8 TR L F O
Hil E PO AP I A Ge JTTE KL,
1992 4F, Nishii 25" Bl Hh Ge-Se-Te ZBIELF (£F
AL Z 98 Ge-Se-Te 1 Ge-As-Se-Te) F- 0 5%
T HARH CO, WOLmMRE . R0 Ge
Se-Te Ml Ge-As-Se-Te & 2 Y BE , 1% Y6 £F W £F .15 A
FLZ ALY 450 pm Fl 550 pm, 6 £F U i _E U0
T PbF, ¥R, CO, ELLIMOEHE ZnSe i3 5 (f
B F=30 mm) BERERLRN 250 pm B R GFHEE
#E 100 em KGRl B A LA 500 em® /min
F1R) S R I B S A ' i T DA o i 1 AR
WO A i i B2 v A i AR 0 L OF BT A% e O i
R XSGR A8 K ¥ DA 803 e Ak 0y o 52 6 4
F18y Je K K A L S D 4300 O 19,4 WORT 10,7 WL AR
HOR R 55, 2% e KA AT % Ry 12 kW/em’,
1996 4F, Busse 25" HRIE T Geyo AsyySey Tey, £
HEF T CO, BOGIEH SLEF A S AR A2
%498 162 pm Ml 270 pm, KR 100 cm, S
TN A5 1Y S5 K B A R g s SR 43 i 1. 73 WO
0.6 W ALHBUCRN 34. 7%, e Kt A D) REZE N
27 kW/cm®, Su ZE" B4 T Geys Asy;Sey Tey %
BOGLF  JGEFFE 10,6 pm AL FIAEEHIAE R 5 dB/m,
AR X PO £ 19 4% B B AR H AT L Se,s Tey L 24K
LT By AH AR 27 A2 PR R 3 1 A X T
FILEM Sey; Tey L; eeF 8. MR E K CO, #
JCHE A K E N 100 em, B AR KN 400 pm Y
Geys Asys Seyo Tey, JEEF L O 1 S OGS #, B0k
S B ) 1 BRI AR 60 s P I X6 G Tt in e . 4
HERT, CO, WO 2y 5 bl iy A D 52 1 1 o 22
RAERE N, e R AT EN 6,16 W I Ot i ok
IR TR 1. 37 W, OG LR WA A 4545, a0
3 i 7~ 5 D6 £ i A it A0 40 HE St A R 1) 806 ) R

0101007-3



F£49% F1H/2022 £ 1 A/HERHE

o 1 2 3 4 5 6
Input power(W)
B 3 100 em KB Gey; Asy Sey, Teyy JEEF &% 10.6 pm
{9 CO, OG5 A4 o R 56 R
Fig. 3 Relationship between input and output powers of
10.6 pum CO,
Geys Asys Seyo Tey, fiber M

laser through 100 cm long

BEAYN 4.9 kW/em” 1 1. 09 kW /em? .

AN TR B BR B 45 B O AR itk RE ln R 1 P
LT A% i ok b FO'E (PL) FE 2256 (CW) B 19 4% 4
RE T LUHIOE A S D 232 %5 B (1) SO0 i g i
(E OSBRI F P, OFR., ATUFEN RR
By BR AU £F 76 b 21 SO AL 5 O T 2 IS T AR K
(3 e, B AT 2 B0 2F B8 05 52 B A L LA L 0k
L4, BB EF W LA TT 3l 2 10 W DL N SO AL i
ok AR S BAE B AL I 76 OB F AR FOL i T
S A B 5L 55 50
2.2 MRS

G R R RDEL B 2 B8 TR KAt e,
SR Bl A 1 i T 2R A E — 2D I, T B R B S A
B2 3 BRI 7 BAE  w E Lt R A PR

H 1 RRIBR L 0O i g

Table 1 Laser transmission performances of different chalcogenide fibers ©'*
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wavelength /pm Laser Fiber material diameter /pm length /cm performance Year
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Fig. 4 Chalcogenide LMA-PCFs with different structural

geometries /™
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Fig. 5 Experiment and result of 2 pm CW laser transmission B8l a)(b) (¢)Devices; (d)relationship between incident and

output powers through 47 cm long fiber

M EEARAE DR E . H AT R LMA-PCF % 5%
PAAE R ILA dB/m, 515 A Rl 48 10 7 dB/m
WRABRZER, X FEEN R LMA-PCF 1Y & i
FE PR At 453 FE | Bk I B2 RE R il B AR A . LMA-
PCF Hy 45 7 F1 9 385 b4 L 19 55 3 3 & L SR 4T S AE XS
AR U 235 K B B (6 200 A5 8 T 359 B L L T A% 5
T 1) ISR 40U RE D RS Y A3 SRR s [ B AR R
JE S5, LMA-PCF 1% i 1) ot 5 7 it 5 25 ) 44
25 B3 RN B M), X 26 ) B PR ] T LMA-PCF A% i 5
UIEHotmae . S L A SKEEEE"A
Bl AT A 2 A% B %) e A B 3 DR Dl ol i
HAETARL M JCHAE . JC Gl F25 T, A RE L
o B B T IR AR AL % . RIS N B D A SR
R 2R AN RO 8 3 SR M 25 R 1 S L2 L B
225 WSS MG 2F (HC-MOF) , L e b1 4 1 A< fiF
BB OIS A A 2t | ORE BO 05 55) X% i
PFERIH 29, HC-MOF &4 0yt ag i EZE P
23R R AR A —EB 43 O 7 B 38 A R AL
Gl 6 S AR BT B 78 38055 b RE v % 1) g o
A DL A7 A RDOERE R Y 1% AR L BT LA 8 T A

% LMA-PCF, # & HC-MOF i |- i 1% i 35 #&
BN,

25 ISR A R G £ 1T DLy Sk 2 W A PR L AR
23 WO T f R G4 (HC-PCEF) 0 Rl 2s i R 1% 3R e 2F
(HC-ARF)™ 4

H—HE & HC-MOF 2 Temelkuran 252 £
2002 4EHLE I As, Seq, S AL R S W) (B
fik 0, PES) 4 )2 21 A 1Y) 25 505 A b s G 27 a1l 6 B
TN o ABEAILE A G T BRSO L ' £ 1 L AR
BAG R B 1 P A )2 1 RS R, ] A% i 1) )k K 1 R
$90.75~10. 6 pum, 10. 6 pm &b B4 15 & k6N T
1 dB/m, [t As,,Seq, HIfEHIHIFE (7 dB/m) F1 PES
AL S A FE (10° dB/m) AR, K EE Sl 30~250 cm
B LTS RS T AL B T CO, ot
(A% 5, R A B LF b B e K BOB T R 2 N
300 W/cem” , X U B T AT DA it 45 44 3% 11 1 AN 2
BT AR B M R S B AR AL . — Ol U, &
A RS T 42 S5 0 1 2 B £ AL SRR AT
SR 22 1 J22 B 23 4 SR At 1n] B, in A R 2 2
SE R I RE IR OR B 50 Mk 2 B0 A AL A 1 R T

0101007-5



F£49% F1H/2022 £ 1 A/HERHE

T il R AR 8 A B i 9 o 3 A L TE DG 2T ) 4 I L
B R R YA MRS W )2 IR IT S, R I 22 92 4L
il ) 28 22 )22 25 00 A B g S 25 B, 23 R ] sk b 5 |
N\ ST S5 I B8 T REL B BE DA T G D' £ 4 4% i 45
Fe. b T IHBRGE R B AR G W )Z Z A B AR IC L
FIRZ IR L2015 4F Zhu S55% % BB R ki 7 58 42
5T Gey5SbyoSers Ml Gey; Shy, Sy 51, il 52 L HE 19 =5
ISR SEEF . T AT R £ %) A I An 1 7
FR S #E 10,6 pm K AECAF AL R 44 dB/m.,

X T B P AR B PRI AR R 22 S B T B
BRI AT A 5] SR A RO i 2 1 BB BT A
1715 0 vy A A% i A0 R L K L T T A A AR O
LF R A 2 T4y U, 2021 4F, Hayashi 45
D5 BL T 23 80 PLAS OC £5 A A5 SO IR DG £F B9 4% i
A 25 R KRB, Y27 8 AR AR R I, 23 50 A hr A% L 47
A BRE A% i 10 AR 2 L S N SO RO £F v 2~ 3 K
B, Zi BRI, 23 8 A RS OL £ 78 B0E  HADE
£ ] 4 J7 AT AR A — 5 Y SR R

Bl 6 N IR A RS s 0 A 30 A e 2 B T 471 48 ol 5 1

Fig. 6 Cross-sectional SEM images of hollow-core Bragg fiber at various magnifications

(€Y

Vel 7 ST 91 1 ok A s SO A A I 2T 1 B AR

Fig. 7 Cross sections of fiber preform and hollow-core Bragg fiber® . (a) Fiber preform; (b) hollow-core Bragg fiber
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Fig. 8 Chalcogenide HC-PCFs with different structures
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As the performance of mid-infrared lasers continues to improve, there occurs an increasing demand

for their applications in laser surgery, military, materials processing, and other fields. Compared with spatial optical

systems, the use of infrared fibers for laser transmission can greatly reduce the size of an optical system and improve

the compactness and reliability of the whole system.

For example,

in the medical field, a considerable amount of laser surgery is performed using 2.94 pm Er: YAG

lasers. The Er:YAG laser radiation absorption is very strong because this laser wavelength is practically in the center
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of the maximum absorption band of cellular water. Since biological tissues contain up to 70% ~90% water, the
Er: YAG laser is extremely efficient for their high precision cutting and vaporization. In addition, in the military
field, another important application for 2 pm to 5 pm short-wave mid-infrared lasers is infrared countermeasures
(IRCM) or laser tactical systems. Transmitting high power infrared lasers by infrared fibers can deflect or dazzle the
infrared target seeking system. This application puts a high demand on the power handling capability of the fiber
(typically tens of watts). For 5-12 pm long-wave mid-infrared lasers, high power CO (5.4 pm) and CO, (10.6 pm)
lasers can be used for laser surgery, industrial cutting, and welding applications. In addition, the transmission of
laser power through optical fibers enables remote operation.

Due to the characteristics of wide infrared transmission, good physical and chemical stabilities, and easily
fiberized performances, chalcogenide glass is one of the best materials for infrared laser power delivery fiber.
Therefore, as an important infrared fiber, the fabrication and application of chalcogenide glass fiber have been paid
much attention at home and abroad. This review introduces the research progresses of domestic and foreign research
groups in the preparation and application of chalcogenide fibers (including the step-index fibers and micro-structured
fibers) for infrared laser power delivery.

Progress Step-index chalcogenide glass fibers are the earliest and most mature chalcogenide fibers. For 2-5 pm
short-wave mid-infrared lasers, researchers first studied chalcogenide multi-mode fibers. In 1998, the US Naval
Laboratory reported the successful transmission of a 2.94 pm wavelength medical free electron laser (MFEL) using
an As,, S multi-mode fiber. This result showed that laser surgery should be possible using a chalcogenide multi-mode
fiber. Both CW and pulsed laser transmissions through chalcogenide multi-mode fibers were then subsequently
reported. With the continuous development of mid-infrared lasers, while large-core multi-mode fibers can transmit
higher power lasers, laser transmission quality and transmission modes still had to be considered, which require the
development of small-core single-mode fibers. In 2018, the University of Central Florida examined the potential of
chalcogenide fibers to handle high power mid-infrared lasers. The AR-coated As,, S single-mode fiber enables the
delivery of 10.3 W laser at 2.053 pm (Fig. 1).

For 5-12 pm long-wave mid-infrared lasers, a multi-hundred-watt CO laser has been successfully delivered
through chalcogenide glass fibers under gas cooling conditions (Fig. 2). And Te-based chalcogenide fibers can deliver
a CO, laser with tens of watts. The laser transmission of different chalcogenide step-index fibers has been
summarized (Tabled 1). It can be seen that chalcogenide step-index fibers have made a great progress in mid-
infrared laser transmission. At present, a multi-mode step-index fiber can achieve multi-hundred-watt laser
transmission, while a single-mode step-index fiber can basically meet the demand for laser transmission within 10 W,
and has been experimentally demonstrated in the fields of laser surgery and laser processing.

Although a great progress has been made in chalcogenide step-index fibers, traditional step-index fibers are
incapable due to material limitations with the increase in transmission power. In order to achieve a high power laser
delivery, increasing the mode field area is the most direct and effective solution, and at the same time to ensure the
beam quality, the transmission in fibers is required to be single-mode. A hollow-core micro-structured optical fiber
(HC-MOF) and a large-mode-area photonic crystal fiber (LMA PCF) have become effective approaches to enhance
the capability of power handling of chalcogenide fibers. Hollow-core micro-structured fibers can be divided into
hollow-core Bragg fibers, hollow-core photonic crystal fibers (HC-PCFs) and hollow-core anti-resonant fibers (HC-
ARFs). As researchers continue to study the numerical simulation and fabrication of micro-structured optical fibers,
HC-ARFs have become the most promising infrared fibers for a high power laser delivery. The development of HC-
ARFs is an encouraging advance in the fiber technology which combines the low theoretical loss over a wide
bandwidth with a high tolerance to fabrication imperfections. A tolerance to fabrication imperfection is particularly
important for chalcogenide fibers. At present, the minimum loss of HC-ARFs is 2.1 dB/m at 10 pm. This result
indicates that HC-ARF's have already some practical value.

Conclusions and Prospects Chalcogenide fibers have been used in laser processing, laser surgery, and homeland
security. The development of chalcogenide fibers with low loss and high laser damage threshold has great scientific
value and application prospects. In particular, hollow-core micro-structured fibers are a technological race for the
next generation of infrared fibers and related applications.

Key words laser optics; infrared fiber; chalcogenide glass; negative curvature fiber; laser delivery
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