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Fig. 1. Experimental setup for mid-infrared SC measure-

ments.
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F£ 1 Ge-As-S BEFAEHLIEK A 3.6 pm, ki 5E
JEH 170 fs, EEMHRN 100 kHz BOCHIR T 1,
Table 1. L), of Ge-As-S glasses under the irradi-
ation of 170 fs pulses with the repetition rates of
100 kHz at 3.6 pm.

Composition ds Jat. % I;,/GW-cm 2
Gep1As01S08 45 462
Gey 1548015075 30 498
Geg1As) 2507 20 550
GeyaAs1S07 15 589
Geg.15A80.250.65 5 609
Gey 2545015065 0 638
Geg2As)2506 10 530
Ge 37801506 -15 465
Gey25A80.2050.55 25 425
Gey 3545015055 =30 392
Ge 3802505 —40 350
650 °
600 | ° »
ol/l_\ 550 ° o
§ s00] °
(gﬁ ° 9
9 450t
= )
= 400 f °
350+ @

7‘40 7‘30 7‘20 7‘10 (.) 1‘0 2.() 3.() 4‘0
ds
B2 Ge-As-S BT I, 5o 41 Al 1
Fig. 2. Correlation between the I, and dg of Ge-As-S
glasses.
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As-S B, FiEOGEUE S AT 280450 cm ! Y
SePRENE, VBT [GeS,) PUHIARI [AsS,) = ff4E
MRFIEIRZN. X T S i s B8, Fr 8Otk &
S BEFEEE A I, 2 I S £ (492 em ) L)
Je Sg R (151, 218 Al 472 em ) BHFAEIE. XFF S
AR, HiE S &b, SR —1 190—
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i 2 P 2R S5 A 6T B A A T TG b Y B R
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PR S A B L ) A B B B R Y B BB, Ge—S,
As—S, S—S, As—As Il Ge—Ge By RE 4> ] K
551, 478, 425, 382 il 274 kJ /moll'7. K, fb2Fit
G L Y B3 B A 1Y SRR, SRR AROR
B Ly [FIBE, H1T S—S #E A Ge—Ge/As—As
O R AR, B S BRI A LBk S B S Y
FIEERE, IR B Y Ly,

FERR R LI CEF rh ™A SC A ZBRI T, dh
B WO A SC AL T rh 2L A B SCHR (23]
i T Ge-As-S BEESAEIT L AP K 1.03 pm KFP
HWOGYERIT Y Ly, X5 B A9EOGH 55 067 Il
AR, AHIZ B IS AE P LA BN AR T T 19
Ly 52567 (I 6-8 67) M 81 A 5¢, It Ge-
As-S BEISTE P LLAMEAC Y 1y, 5 HAEITLLAME I
W) Ly, SRR E 2. MHILZ T, AR T Ge-
As-S BEIAE R L AN K 3.6 pm KEPBOBMERTT
FBOER G, v R AR Hh 2T ik B S B o A
CINCE 2 CIE A= 26/

YRS F R Ly, S S AR S e Y
SC, WA 45 HA 1R Y Gegos
Asg1So.65 BEIEAEAOCA LR EARL, IfE—2Dl e
THOGEICAVERE, e T 5 HARVEACHY Geg o
Asg 0sS0.66 BIEVEREZPPEL [ 3(a) AR T Gegos
Asg.1S0.65 1 GegagAsg 50,66 B Y& L 6T, . 25
SRR, XL 1—8 pm JEHNEAE ST
B P EA B AR, 7E 4 pm KM
HA MR S-H 28 i, mi7e 4.3 pm 4B Il
Rl Z AP COy SRS BY, 75 8 pm B 3T 1Y
W2 Ge-O A= 2 B2 ARG 3(b) Frasiy
DSC M2k, GegasAsg1So.65 ZFBBEIEFT Geg 06AS) s
So.66 CLEIIERY T, 73514 344 °C H1 332 C. W&
AT AR DE G, mT LAZEAH ] I B2 R B il o't 2t
PSS ng NE] 4 FT7R. GegasAsg 1S 65
I Geg o6As0.0850.66 BB 7E 2—10 pm St 3% X 1
no 43 2.1454—2.0982 F1 2.1312—2.0836. X Fif
HA BB AT LIPLH NA £ 0.24 BOGEF. MR
MK Geg 254501065 M Geg a6Asg 050,66 B 1 19
ny WA T2 Sellmeier 772453710
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M0 (cladding)” = 1 + A2 — 0.254952 + A2 — 26.5582 ®)

Horb, N, R, T TSI GegasAsg
So.65 BIEALHL, W&l 5 Frzn, HEERUEK (zero disp-
ersion wavelength, ZDW) A 4.57 um. 2548 R
15 pm B, SCEFFEIZ A M i IH — i v &y

80 (a)
¥ 60}
0
%}
g
<
Z 4ol
g
12}
g
g — Geo.25A50.150.65
= 201
- Geo.26A80.0850.66
0 . . . . . .
0 2 4 6 8 10 12
Wavelength/pm
(b) Geo.25A80.150.65
""" Gep.26A80.0850.66
3 T, = 344 °C
&0 ="
% /—\\/\
<
z
5
= =332°C
-
< S -
5] -
N
100 200 300 400
Temperature/C

Bl 3 Ge-As-SHIEN (a) FEiOGIE BIBEE N 3.7 mm)
Il (b) DSC 2k

Fig. 3. (a) Transmission spectra and (b) DSC curves of Ge-
As-S glasses.

2.18 1.0
Geo.25A50.150.65

2.16

- GeoaeAsoosSoes | (g

2.14
212}
2.10 F

n0

2.08
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2.04 - 0.2
2.02

2.00 L ! ! : 0
2 4 6 8 10 12

Wavelength/pm

Kl 4 Ge-As-S BIERLRAEITIT R ny FOLLTHY NA
Fig. 4. Measured refractive indices of Ge-As-S glasses and
the calculated NA of the fiber.

2.4, JCEF AT AR, DGR ZDW 292
4.50 pm (WLIE 5), B/NFEF S B ZDW.

T —— Geg.25A50.150.65/ Geo.26A80.0850.66 fiber
_E 10 .. Gep.25A50.150.65 glass .
7
g
=
2, 0
<
o
S
wn
E-‘) 10 -
g -
2
o
3
S} 2 . . . .
H _20 14 =G4
3.0 3.5 4.0 4.5 5.0 5.5 6.0
Wavelength/pm

Bl 5 GegasAsgiSoes B I S 12 0 15pm B9 Geg a5Asg,
So.65/ Geo.26A50.0850.66 YEET 1 T I 28

Fig. 5. Dispersion curves of GeygsAs)1S045 glass and
Geg.asAs).150.65/ Geg.a6AS) 0850.66 fiber with a core diameter of
15 pm.

FKHEERIR T80 15 pm 1Y Geg g5Asg
So.65/ Geg.26A80.0850.66 JCET, FRATAICEF T AN AT 6
TS, B TIZOE AR SRS RV, el
FIRGEABARN R G AT, B, AEFSEie
P TS EHARZA 70 pm LR H T HFEDNR,
K6 o 1IN OCEFBAETS. JLer i S
< 2 dB/m, FXTEGE AHFE HBAE 3 pm, 4.1 pm
1 4.9 pm BT, X2 & 6 RIS 4 B s |
EHY 2L SR BT RO 6 pm TF IR HGE B R
X IR HDGEF AR 22 75 7 Wi 2 1 159

18

15+

100" 1m

Loss/(dB-m~1)

Wavelength/pm

6 Gey.25A80,150.65/ Ge0.26480.0850.66 BT ET B B FE T,
140 181 A 6 £F B B AR e
Fig. 6. Attenuation of fabricated Gega5As)1S0.65/Gen.26A80.08

So.66 fiber. The inset is the cross section of the fiber.

e, LZOGE AR DAl 7 A T
A RELA SC R 1. WHFER M, I T K
F8 S €8 T X I a2 DG £F R 1 R 55 A SClTs1.
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RIC AW IR IERE T 4.8 pm KAz YELF. Kzt
(4.8 um, 170 fs, 100 kHz) # & 2542 K 15 um,
KA 10 em 1 Geg 95A80,150.65/ Geo.26A50,0850.66 76
£F b, SRILLAMSE R AT S AG I G AT /Y
. WIS 7(a) Fr7s, SRS A0S e N 28 IR
S HE AR LR, ] 7(b) T AR R
B (G A B R RIS R HOEEhR) oterh
PR SC. AT LAE H, B - B4his D3R K,
Jok et i R T P hE DI AR E) 30 mW
(TEABSE B BRI I A X D 30) I, FES 3R Yy
H50%, SR A HOCEF I EIRZ 0y 15 mW,
Xof L AR T R 2y 882 kW, $iAS T 75 2.5—
7.5 pm B SC it , i AP D22 5.5 mW.

(a)

40'(b) — 40 mW
20
0 I I I I I I I I I I
40 + — 30 mW
QOWL&
0 P P S S R T S S
m 40 — 20 mW
T 20
>
£ 0 Ly
£ 40} — 10 mW
E QOM
0 P S S
40 — 5 mW
QOMMM
O- 1 I 1 I I n
40 — Pump
20

0 . . L
2.0 2.5 3.0 3.5 40 45 5.0 55 6.0 6.5 7.0 7.5 8.0
Wavelength/pm

Kl 7 (a) Ge-As-SOGZF iy L BE; (b) KA 4.8 pm #OL
(170 fs, 100 kHz) iz 5780 15 pm %) Geg 95A80.150.65/ Geo.26
AS[)_[)SS[)_(;G —Ib&l% HEF AR SC %ﬁ ih

Fig. 7. (a) Measured light spot at the output end of the Ge-
As-S fiber; (b) Measured SC generated in the GeggsAsg;
So.65/ Geg.osAS).0850.66 fiber with a core diameter of 15 pum
when pumped at 4.8 um (170 fs, 100 kHz).

JGEF T SC ™ A J— A th B DREO G ik 7
LML e SE Y S e Bt e ol
AT LU T AR AR R AE 15 )7 (generalized

nonlinear Schrédinger equation, GNLSE) f#i 4

aA(Z7t) + @A — iIFT{[ﬁ(UJO +Q) - B(WO)

0z
— 028, (wo)]A(z,2)}

=iy (1+ia) {A(z,t) " R(t —t)|A(z, ) dt'|
wo Ot oo

(4)
Hrr A (2, t) REGEYREL, w2 A B0
By s OGRS A A AR M R
(7= %ﬁ Ay BRLFBIAE R, ¢ B2z h ik
), Blwy) AR E AL, a(w) BT
FEFAFE, By (wy) & Blw) EIFBYEE —Ti, IFT{}
TR S Al A g 2 s A R A (2, Q)4
FeMmnk st e AR S ) A gt
FOCL W FIFER ], A2 IR A Bk
FEME R R 2 AT A TS0 R AR A 9
(SPM) ., PUIRA (FWM) J 32 B 2 B9 (SRS)
AR MR A, Mz BN T %
O K L i T A 0 B LS A X, il ik e
TE SRS MBI T, r= Az A ) S fift a4 2 K
T RIBTAE R R T, ez 6 ik il
FEAE FZ IR T /2 FWM AR DT ) €4 0. X
FELEBK T e LT iE fE H , Fhaz kbt e 7 fg =
T 382 R0 260 00 AT A IR 2 A8t ol 1) K U0 92 vt 7 -
IR0 [ o D A e P (LR, L R TS BE R R AR
S A, WG AR ME R By B9 E LT LR
2|, B R B ES ) AR AR YT B R n, A TSR
iz Bk P RE A 254 R P AR e SCES3L R, AR
SCHE BRI | IEREEUE @AY 4.8 um CRMY
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Abstract

High-brightness broadband mid-infrared supercontinuum sources are highly demanded for many
applications such as remote sensing, environmental monitoring, manufacturing industry, medical surgery and
thermal imaging. For fulfilling these applications, high average power output is required. Compared with all
other mid-infrared glass fibers, chalcogenide glass fiber possesses low phonon energy, long wavelength
transmission edge, and high Kerr nonlinearity, thereby becoming a uniquely ideal nonlinear optical material for
generating broadband mid-infrared supercontinuum. Unfortunately, due to weak chemical bonds forming the
glass network, the commonly used As-S chalcogenide glass has a relatively low laser damage threshold. Thus
from the material aspect, it limits high power yielded from a chalcogenide fiber based mid-infrared
supercontinuum source. A chalcogenide glass host with enhanced laser damage threshold is therefore needed for
further power scaling up of such a mid-infrared fiber supercontinuum.

In this work, we introduce germanium into a traditional As-S glass system. The laser damage threshold of
Ge-As-S glass is investigated systematically. A 3.6-pm femtosecond laser is employed as an excitation source.
The relationship between the laser damage threshold and the glass composition indicates that of the studied Ge-
As-S chalcogenide glasses, stoichiometric Geg 95Asy15) 65 glass possesses the highest laser damage threshold.

In the following fiber design and fabrication, the optimized stoichiometric Gejo5As)1Sg65 glass therefore is
chosen as a core material of the designed fiber, while a compatible Geg95A50.0550.66 glass is selected as a cladding
material. A step-index nonlinear fiber with a core diameter of 15 pum is fabricated by the traditional rod-in-tube
method. The numerical aperture and the background loss of the fabricated Gega5Asg 15065/ Geg26A80.0850.66 fiber
are ~0.24 and < 2 dB/m, respectively.

Broadband mid-infrared supercontinuum is generated in the fiber by using an anomalous-dispersion
pumping scheme. A 4.8-um femtosecond laser with a pulse duration of 170 femtosecond and a repetition rate of
100 kHz is adopted as a pump source. The guidance of the fundamental mode is confirmed under low pump
power level. With the increase of the pump power, the supercontinuum shows to be significantly broadened.
Broadband supercontinuum ranging from 2.5 pm to 7.5 pm is generated in an only 10-cm-long fiber, when the
maximum coupled pump power is 15 mW, equivalent to a peak power of 882 kW. The power output of the
supercontinuum is 5.5 mW.

All in all, the results indicate that the Ge-As-S chalcogenide glass fiber is a promising nonlinear medium for

broadband mid-infrared supercontinuum sources with high brightness.

Keywords: optical materials, chalcogenide glass fiber, mid-infrared laser damage, supercontinuum
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