B 44% B THI/2024 F£ 4 B/REER

P 3 32 IR o
BB IGH5FE R 20 £F 4 15 20 SO f T i
RER, BER, B, 28 BHH

U E RE A BE P Ot AR LB T BT IR SOt A SO T HOR R R A S &, BRPY PE 4 7101195
TR S ) A SR, R 300308

ME AR M WM, BA BT PR RERRE (5 T IMER S AT, R i o5 1AM RE DL 2T 1Y
REAAREZ — o MBI 2 38 WA WS040 o) 0 S5 4 A 40 o8 7 07 TR T, SR R G0 /R (OB 2800 T (R ) /3 (B 0
O Al 2 R Bk 2 5 s ARG 27 WO FE , A 52 T = 28306 S 0URR AR SE , K 0 5 58 T 016 2T 1A 788 B4 oK I oK 20 Y
BB, Ak T2 B ARG 2T SO 5 RS | i 4% R 5URE O 0.087 dB/m(@4.778 pm) BT R BEFE LT . 40 SR G 4T Bok 2%
(PR 2.0 pm) FDBLE B R B9OG% 2 4R 5 A (OPO) O 2 (B 3.8 pm A1 4.7 pm) BEATHOG A% RESL 50, 76 A

LM LRG3 52T 6.10 W(@2.0 pm) 1 6.12 W(@3.8 pm F1 4.7 pm) HOGAE i .
KER MR AL MR, BB, BOLER BOLHi

hES%ES TN213; TN 253 XERFRERS A

1 51 5

SR E AR\t e v N S N I I R AW
SO R RE L AN AR T SR B s bt
TENLE/ HE P 2L R rh RO 28105 25 Ml
BRI R 1T S PR R O R AT A UG Y 32 v AL e, AT
R B AR L1002 3 G0 i AR, 388 v 2847 A Jm) 1 2R 0
P B ROGLF Rt — BT T % (S.Se. Te)
b W 3505 28 AR RIS £0 A1 6 B 214 %
1E 058 A AR R AT SR A TR B L
REE P2 RBORFR A . B 1963 4F £ H
Hughes Aircraft 23 &) 8 H B R GLF LISE A X/ &
TR — H&EZEMW., RGBT E 1
AT 53 R G AL P C £ Al AL G5 R Ak o 27,
Hof % 1 43 A 1.0~6.5 pm  1.5~10.0 pm Al
3.0~12.0 pm. As-S & & i 1k 9 3% 3 (L As, S, M AR
FONE R B R DT Y B 2R RS, B AR TR B L 2H ot
R o a L RE O v A R AL, OGS A LB AR 2
9 0.05 dB/km@5.0 pm'" o H i, &Mk B R 3% 5Ok 2R
il 38 7 S 2 5% [ IR flex 2 ] 14 [ art photonics 23
Al PRAER As,STBEF AL T 0.05 dB/m@2.8 pm'™
0.20 dB/m@2.0~4.0 um"™" o 78 E N, o ERk2E B v %
G2 K 3 BRI 5 T 77 I8 O 2 VL 95 D 3 K 2% 45
& TR AR As,SOGEF M IFoE " S B A L LT IR FE LY

DOI: 10.3788/A0S5232009

0.2 dB/m, 5 EAMIFIE R AH B A RN 228

it R OGCLFIFE BRI A B 24, B A B
W C VH L O 55 44 J5T i) W WSO HE A 5 35 355 v S A A0RE 2% ot
(L35 AE 4 8 A4 I8 NI ) LA BCAS 249 50 (AL 35 30
G3 R R4 BCAE ) 51 1 B 0 A 5 ' 2 e A0 A T R s A
TR I AR o R A T B G A R B A B
ARFFERS T, 68 FOCLFEH S H AR D AERREE.
HE— 20 ¥ e i 2R B 4 A DG AT ] A HOR LR
PR PFE /NI G AT, R B0 FR O AR U ) AR 5L PR R T Y
HEMFRIREZ —

A 5T A R BB 5 4% L 5 A TR 2% 5 2% S0
il 45 7 TR T IR AMEGE, b T bR 2% T2 % B 3 3%
B o H L O 2% 5 Y S5 20 ORI L F5RE A 5 1) 5 2R =
Y WO AR AR AT T il A TR R B
SR ORL RN 4% SRR DA SO R FE S . R AR
L A B S S A ) R 2R I T
SFAURE W 5T T B 40 T 20X 64T SO I RE A 52 i, 43 1)
FI LT BOE 2% (B K 2.0 wm) FUBUE K it 0625
Z ik 45 (OPO) WO (P K 4 3.8 pm F14.7 pm)
HEAT T OGLF oL RESE 5 .

2 % B

21 TadlEH &
%Z:FTLL‘;%?E%%:’ Ay S, R/Z%éﬂﬁﬂ‘j AsySeio Ji

KRS EHEE: 2023-12-28; 1EEIBH: 2024-01-20; RABHA: 2024-01-23; MEEEXHE: 2024-02-20
HEWHE: BHEAARBERES (61935006, 62090063) Bk 76 45 A H 35 4F 542 (2023-JC-TQ-31) B PG 45 & 5 WF & 11 %1 (2023-YB-

GY-426) HL 28 a2 4 4 TS LR = 54
BIS1E#&E . guoht 001@opt.ac.cn

0716001-1


https://dx.doi.org/10.3788/AOS232009
mailto:E-mail:guoht_001@opt.ac.cn
mailto:E-mail:guoht_001@opt.ac.cn

L FH v 46 BA R, As FIS Y 4l 3 5 R 99.99999 % |
99.9999% . i FH AT, JFURl e 48 Bo2s ok B HE AT B
PEal | AR 25 JEORE i) C A W B A K a8 R0y T AR
Fe T, 2N 200 CCHE, 4 S PEAT DU R ZE R IR E 24
350 CHf, % As AT — IR JH A o JeORHZ I LG FR &
B BRI R BUNT 5X10 Y% 1Y A
SRR K Z A S S TR A 750 CTF
12 h, J5 BRI I 0 Ve 3R A5 B 55 2kt . B 38 HORHA
T AT Rk g e b B BRI R A 5 — 4

@ T w o

|
@ L) o

@ (e

.1-1:»

445 ETH/2024 £ 4 B/RFEEIR

RS (NPT (NI 4 50 ml/min) , 76 1 h N ¥
I S BORE 0 TR T 2 0 Rl R B R e gl R
(CL,) 3l A A7 H2 2235 (CLF 298 5 ml/min, B 8]
300~600 s) , Z J& W A7 5% 42 4l B 25 I B, B
Hl 5], e A B s AR H 2R B L HCLIE 28 B
AW HE AT B B A B 2R D TERR A B RS
S & 43800 0.3% 4R §E , 78 600 ‘CF #4794 il
i B0 4 5 B B 0 TP i O R AT UL, 22 J R B H 0
AT ZENR  ARAFBR A B A R AR & 1 s .

©
iqm *:

dynamic
2 distillation

®

BT B AR B4R A s TP () BRSO 5 5 (D) SRR A5 (o) B S 2818 5 (D B IR R 5 (e) B PR AR 40 (1) B (R 2R 1R

Fig. 1 Schematic diagram of chalcogenide glasses purification process. (a) Preparation of glass clinker; (b) chlorine gas dehydrogenation;

(c) dynamic distillation; (d) integral distillation; (e) aluminum deoxygenation and purification; (f) integral distillation
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Fig. 3 Schematic diagram of multi-mode and single-mode chalcogenide glass fibers preparation process
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Fig. 4 Schematic and physical diagram of three-dimensional laser scattering microscopy imaging system
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Fig. 9 Scattering imaging, image after adding false color and gray value distribution for As, S, glasses under different discharge
temperatures. (a)(d)(g) 400 “C; (b)(e)(h) 450 °C; (c)(D)(i) 500 C
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*National Key Laboratory of Electromagnetic Space Security, Tianjin 300308, China
Abstract
Objective  With the continuous development of infrared optics, the demand for infrared laser transmission in such fields

as national defense and security, biomedicine, and advanced manufacturing is becoming increasingly urgent, and therefore
infrared energy transmission fibers are receiving increasing attention. The chalcogenide glass, as an excellent infrared
material, features a wide transmission range, stable physic-chemical properties, and easy fiber formation, which makes it
an ideal material for infrared energy transmission fibers. The high optical loss of domestically produced chalcogenide glass
fibers currently limits their widespread applications. The origin of the optical loss for chalcogenide glass fibers mainly
includes the absorption loss of C, H, O, and other impurities; scattering loss caused by heterogeneous particle impurities
and striae; scattering loss caused by the interface defects between the core and cladding. For suppressing the absorption loss
and scattering loss in chalcogenide glasses and obtaining ultra-low loss fibers, gas (chlorine gas)-gas (glass vapor) and solid
(aluminum)-liquid (glass melt) chemical reactions are employed to reduce the absorption loss of fibers. A three-dimensional
laser microscopic imaging system is established and adopted to detect micron- and submicron-sized defects inside the glass
and fiber, and the preparation process is correspondingly optimized to reduce the scattering loss of fibers. The laser energy
transmission experiments of fiber laser (wavelength is 2.0 pum) and dual wavelength optical parameter oscillator (OPO) laser

(wavelength is 3.8 um and 4.7 pm) are also carried out.

Methods High purity S and As elements are utilized to prepare rod (As,Sy) and tube (AssSy,). S distilled at 200 “C and

As sublimed at 350 °C are encapsulated in the ampoule and then melted at 750 °C for 12 h to obtain preform glasses.
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Further, hydrogen impurities with the high purity Cl, are eliminated. Cl, 1s introduced into the molten glass and the

quantity of flow is 5 ml/min for 300-600 s. The glass is melted again to allow a reaction between the Cl, and hydrogen
ions. Then the melted product is distilled under a dynamic vacuum to eliminate any gaseous byproducts from the reaction
with Cl,. The third step is to eliminate oxygen impurities with elemental aluminum. Al foils with a mass fraction of 0.3%
are introduced into the glass and melted at 600 ‘C. Oxygen impurities react with Al foils to form Al,0, which is left on the
surface of Al foils, thus obtaining high-purity glasses. The optical fiber is prepared by the rod-in-tube method. The core
and cladding diameters are 200 pm/250 pm for multi-mode fiber and 9 pm/140 pm for single-mode fiber, respectively.
The single-mode fiber can maintain single-mode transmission in the 3-5 um band. The fiber is drawn at about 320 C in a
nitrogen-protected environment. The optical fiber loss is measured by the cutback technique and the scattering intensity of
the chalcogenide glasses and fibers are examined by a highly sensitive InGaAs detector from the direction perpendicular to
the light path (Fig. 4).

Results and Discussions The additive amounts of Cl, are 300, 480, and 600 s, and the samples are recorded as C1, C2,
and C3, respectively. The absorption spectra of C1, C2, and C3 samples show that with the increasing Cl,, the absorption
intensity at 4.1 um decreases significantly while the absorption intensity rises gradually at 7.6 pm (Fig. 5). Hydrogen
impurities are effectively removed when Cl, is employed to purify the chalcogenide glasses for reducing the H—S
absorption at 4.1 pm. However, more oxygen impurities are also introduced into the glass due to the hydrophility of Cl,,
which enhances the absorption intensity of As—O impurities at 7.6 pm. For further elimination of oxygen impurities,
aluminum is introduced into the C3 glass, with the sample signed as C3A. The absorption intensity at 7.6 um decreases
significantly and the mass fraction of oxygen impurities reduces from 1.55% to 0.22% (Fig. 6). There is a linear
relationship between the mass fraction of oxygen and absorption coefficient at 7.6 pm in chalcogenide glasses (Fig. 7). The
striae of the glass is compared for three samples quenched from three different temperatures of 400, 450, and 500 C, and
the results show that the sample quenched at 450 °C has the best uniformity (Fig. 8). The scattering intensity of these three
samples also confirms the above conclusions. The gray values of the scattering image for samples quenched at 450 °C are
more concentrated in the low grade region, which means that the background scattering intensity at 450 °C is the lowest
(Fig. 9). The fiber attenuation is 0.150 dB/m, 0.087 dB/m at 4.778 pm for C3 and C3A samples respectively (Fig. 11). A
laser power output of 6.10 W is obtained in a single-mode fiber when the input power is 12.30 W at 2.0 pm wavelength.
The transmission efficiency is about 50% . The output power of 6.12 W is obtained in a multi-mode fiber when the input

power is 10.20 W at 3.8 um and 4.7 um wavelength. The transmission efficiency is about 59% (Fig. 13).

Conclusions The purification technique of chalcogenide glasses is studied. Cl, is introduced in chalcogenide glasses to
eliminate the hydrogen impurities, and the absorption caused by hydrogen impurities decreases with the Cl, input volume.
However, the As—O absorption intensity rises gradually at 7.6 pm, and the absorption coefficient is linearly proportional
to the mass fraction of oxygen. The mass fraction of oxygen impurity in the glass is reduced from 1.55% to 0.22% by
introducing the reducing agent aluminum. A detection system is set up for examining the defects in the glass using the
scattering technique. The glass quenched at 450 °C has the least defects. The glass fiber with a loss of 0.087 dB/m
(@4.778 pm) is prepared. The output power of 6.10 W is obtained when the input power is 12.30 W at 2.0 pm wavelength
for single-mode fiber, and the transmission efficiency is about 50%. Meanwhile, the transmission efficiency is about 59 %
for multi-mode fiber at 3.8 pm and 4.7 um wavelength. The laser damage of the end face is mainly caused by the position
deviation generated by thermal expansion, which restricts the transmission power of optical fibers. The transmission power

of optical fibers is expected to be further improved by adding a fiber cooling system and reducing energy penetration.

Key words material; infrared fiber; chalcogenide glass; ultra-low loss; laser transmission; laser damage
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