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Linear and nonlinear characterizations of
chalcogenide photonic crystal fibers

J. Fatome, C. Fortier, T. N. Nguyen, T. ChartierSmektala, K. Messaad, B. Kibler, S. Pitois, G.
Gadret, C. Finot, J. Troles, F. Desevedavy, P. HuuG. Renversez, L. Brilland and N. Traynor

Abstract—In this work, we investigate the linear and nonlirar
properties of GeSbS and AsSe chalcogenide photonarystal
fibers. Through several experimental set-ups, we k& measured
the second- and third-order chromatic dispersion, le effective
area, losses, birefringence, the nonlinear Kerr cdficient as well
as Brillouin and Raman scattering properties.

Index Terms—Chalcogenide optical fiber, Microstructured
optical fiber, Nonlinear optics.

I. INTRODUCTION

hotonic crystal fibers (PCFs) are particularly ative

since they offer the possibility to significantigtence the

nonlinearity of the bulk medium by means of a siréght
confinement of the electromagnetic fie[d]-[2]. Another
advantage is the ability to tailor the materialpeision by
adjusting the waveguide dispersion design. Consetylea
wide range of applications has strongly benefitexdnf these
remarkable features to generate octave-spanningcabpt
supercontinuuni3], for biology [4] or optical metrology5],
to process nonlinear effects with high efficiencynda
compactness[6], and even to levitate particleg7].
Nevertheless, silica PFCs have a limited nonlitgdrécause
of the weak nonlinear index of silica and more imanotly,
their intrinsic losses ban any application beyondr2. Non-
silica glass PCFs have therefore to be considerextder to
enhance the field of applications of microstructuptical

attractive for their nonlinear characteristics utthg
Chalcogenide, Bismuth, Tellurite or lead silicatasges which
nonlinear index are over two to three orders of mitadge
higher than fused silic§9]-[16]. Despite the fact that the
material dispersion of these glasses is often i@ge around
1.5 um, several results have demonstrated thatFes EI€sign
allows to shift significantly the fiber zero-disgem towards
lower wavelengths[10]-[12]. A relevant illustration of
powerful nonlinear compactness and PCF disperdiift &f
this non silica PCFs was reported in féfl] in which a 4-um
bandwidth supercontinuum has been generated thtanks8-
mm long sample of Tellurite PCF. In another hand,
Chalcogenide glasses offer one of the strongesssgla
nonlinearity (up to 500 x silica) and has been isidin
several works and applicatiorj&3]-[28]. Eggleton and co-
workers have recently demonstrated a high compssth60-
Gbit/s demultiplexing device and a supercontinugmegation
by means of a chalcogenide fiber taper which nealiity
reaches 80.000 times that of fused silit8]-[15]. Recently,
we have also investigated the Brillouin and Ramanperties
of a PCF chalcogenide fiber and shown Brillouin &waman
gains 100 and 180 larger than fused silica whiathedime the
potential of this kind of fiber for amplificationr cslow/fast
light applicationd17]-[18].

In this work, we review recent progress in the ii@dtion of
chalcogenide microstructured fibers. We will prasdor the
first time of our knowledge, an extensive set ofedir and
nonlinear characterizations of three chalcogeni@&<based
on GeSbS and AsSe glasses including second- amdattder

fibers [8]-[20]. Several glasses have been found to be Veliromatic dispersion, effective area, losses, birgénce,
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nonlinear Kerr coefficient as well as Brillouin arRbman
scattering properties.

Chalcogenide glasses are based on Sulphur, Selenium
Tellurium and the addition of other elements sustAesenic,
Germanium, Antimony, Gallium... They are well knowor f
their large infrared transmission window as wellfas their
large non linearity. In this paper, we have focusma
attention on three PCFs based on two compositishigch
have been chosen for their great stability againstallisation
effect: GesShSs (GeSbS) for two fibers (GeSbS_1 and
GeSbS_2) with two different core diameters and,,es
(AsSe). These glasses present any crystallizatiesks in
classical differential scanning calorimetry meameets
(DSC).

MICROSTRUCTUREDCHALCOGENIDE FIBERS



JLT-11118-2008

A crucial difficulty in the fabrication of this typof fiber is
to control carefully the impurity level of the diag products
as well as of the final fiber. Indeed, carbon aratew are
frequent contaminant, especially in the case gbtaul. They
must be removed from the glass batch by a combimaif
static and dynamic distillations. The contaminatlpn water
during the drawing step must also be avoided bgguai dry
drawing atmosphere. The different process stepg havbe
conducted at optimised temperatures
crystallization phenomenon of the glass in the kadkwell as
on its surface.

 as236a

81
X886 25mm

to avoid anyFig. 1 (a) Cross section of GeSbS_2 PCF (b) Gseston of AsSe PCF.

Table 1 gives, for the three fibers, the average thaf

The stack and draw method was used to elaborate @fgOmetrical parameters, and d. The pitchA, is the hole to

chalcogenide PCFR1]. First of all, glass rods are realize
with typical sizes around 18-cm length and aroudnin
outside diameter, respectively. The first parthaf glass rod is
used to draw a single index fiber which allows &g the
material level of losses. The other part of thisl tie then
remelted to obtain the glass tube by centrifugatibnbes
around 12 mm outside diameter, about 5 mm insidel2ncm
length are then obtained by the centrifugationhef previous
rod. Theses tubes are finally drawn down to obtaipillaries
of around 600 um outside diameter. They were tkecked in
a hexagonal lattice around a central rod of theesdimmeter
and placed in a larger jacket tube. This jackee tiskcollapsed
around the microstructure under depression in tineate of
the drawing tower. Parameters of furnace temperaturd
depression have to be adjusted to prevent anypsalaf both
capillary and interstitial holes. These differembgess steps
have to be conducted at optimised temperaturesdi any
crystallization phenomenon of the glass in the kadkwell as

ghole distance and d is the hole diameter. We @port in this

table the index of refraction and the transitiomperature Tg
for the two kind of glasses. The outer diametehefGeSbhS_1
and AsSe PCF was measured to be 125 um and 286rithef

GeSbS_2 PCF.
Glass .
) Glass transition R_efracnve A
Fiber " index at dia
composition | temperature 1,55 um (um)
Tg (°C) '
GeSbS_1| GgShSes 250 2.30 9 0.31
GeSbS 2| GgShSss 250 2.30 13.25 0.31
AsSe AsoSe&o 185 2.83 7 0.42

Table 1: optical and thermal properties of the Ge&bd AsSe PCF fibers.

Propagation losses are of crucial importance failinear
phenomena, since they could dramatically reduce the
interaction length to a shortest effective lendtfilwer defined

PROPAGATIONLOSSES

on its surface. During the fabrication of tubes b3és[29]:

centrifugation, the thermal profile is also draroally
important since the glass after its synthesis eated from
room temperature to a temperature above the gagsarature
(Tg). This is necessary to obtain a suitable visgdsr the
centrifugation process but very sensitive, sinoenid mobility
could allow a crystallization. Another critical ptds the
stretching of the tube, which can lead to an ditemaof the
surface quality of capillaries inducing diffusion the final
fiber. The contamination by water during the drayistep
must also be avoided by using a dry drawing atmexsph

A preform for each glass composition was realizedhie
same experimental conditions. During the fibre dingw
process, capillary holes and interstitials are taaied under
positive pressure in order to obtain fibers witleopnterstitial
holes. Indeed their presence improves greatly tiher f
transmission as they enable to diminish the oveblefveen
the guiding electric field and the interface regafrcapillaries

where numerous scattering centres such as bubldes h
already been observel@2]. Figure 1 represents the SEM

central region of PCFs for both considered glasses.

During the drawing, the variation of geometricatgraeters
of the fibers (core and holes sizes) doesn't ex@dfor
several meters. The uniformity of the geometry astolled
after the drawing by microscopy.

= et Vs 1
L = 1 expl-at)] @)

wherelL is the fiber length and the linear losses inTn

The attenuation losses were first monitored at J.Bbin the
400 pum single index fibers drawn from the initiEdsp rod and
found to be 0.5 dB/m for the GeSbS glass and 1B&dor

the AsSe[22]. For comparison, the losses in these kinds of
multimode fibers can reach 0.1 dB/m at 1.55 [38]. After
drawing the PCFs, the propagation losses of theerdiit
fibers were then measured at 1550 nm by meanseo&th
called cut-back technique. Experimental resultsvel as all
optical properties of our three PCF chalcogenideer§
described thereafter are summarized in Table 2e BagAny
significant change of the physical properties hesnbobserved
between the bulk rod and the fibers. But, interfadefects
have been observed between the capillaries in the
microstructured22]. The presence of these defects explained
the excess of losses observed in the PCF fibecsrimparison
with the materials losses. The nature of the deseatt clearly
identified. But, it can be bubbles and surface ati@h of the
capillaries before the realisation of the stackn€awning the
theoretical guiding losses, in ref[31], it has been
demonstrated that three rings of holes are suffidie ensure
guiding losses below 1 dB/m.
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IV. EFFECTIVE AREA

reference arm was made of an integrated fiberedydile

The effective ared.s was measured at 1550 nm following aSPliced to two broadband 50:50 couplers. The clyginile
near field method[29]. Using an adequate microscopé'ber under-test was inserted into the test pathmans of a

objective, the intensity at the output of the fileerecorded on
a CCD camera. Note that the camera is calibratety uke
near field of a well-known fiber, i.e. a standaidgge-mode
fiber. Figure 2 gives some experimental example8ddine)
of the intensity distribution along several axestted camera
plane for the GeSbS_1 and AsSe fibers. As we cants®h
fibers exhibit single mode behaviour. Indeed, fibrsactions,
the output profiles were accurately fitted by meafsa
Gaussian function and moreover, by changing imgecti
conditions, no any higher order mode was observes éor
sections shorter than 10 cm. Finally, the Gausdi&n
distributions of Fig. 2 (squares) allow us to detiee the
mode field diameter & (at 1l/e intensity point) and to
calculate the effective area thanks to the follgfiormulaAgs

= TTwg2.

N

R — Experiments
== Gaussian fit

— Experiments
== Gaussian fit

=4 o
Y )

Normalized intensity
1
=

Normalized intensity

4
N

-10 5 [ 5
X (micrometer)

SR
-10 5 0 5
X (micrometer)

Fig. 2. Experimental traces (solid line) of theeimsity distribution in the near
field of the GeSbS_1 fiber (a) and the AsSe fil®xr Squares represent a
Gaussian fit distribution.

The measured effective areas of our three PCF apaiide
fibers are indicated in Table 2.

V. CHROMATIC DISPERSION

Measuring the chromatic dispersion of short sampies
optical fibers with a reasonable accuracy has becofa
major interest for the special glass optical filuksigners,
manufacturers and researchers. Various methods been
reported in the literature to measure chromatipetision[32]-
[35]. For example, in ref[32] and [33], four wave mixing
(FWM) and modulation instability (MIl) were proved be
efficient ways to simultaneously measure the Kend a
dispersion coefficients. The variation of the tiwfeflight of
short pulses could be also used to measure themaltico
dispersion of sufficiently long fibers. In rgf34], the authors
exploit the higher order soliton compression phesioom in
order to determine the parameters of a silica PB&r.f But
these methods often require a long length of fimeare only
suitable for the anomalous dispersion regime.

In this work, we based our dispersion measuremamtan
interferometric method which is able to handle slsegments

of optical fiber[35]. The home-made interferometric set-up is
illustrated in Fig. 3 and was based on a Mach-Zehnd

interferometer designed with all-fibered compongentsus
providing both alignment simplicity and system digh The

face to face clived-fiber injection set-up ensut®d micron
precision holders. The resulting interference pattevas
monitored in the frequency domain thanks to an capti
spectrum analyzer (OSA). In order to measure threnshtic
dispersion of our chalcogenide fibers on a widegeaof
wavelengths, we have first generated a supercamtinu
spanning from 1100 nm to more than 1750 nm (OSAeupp
limit). The supercontinuum was obtained through the
amplification and nonlinear propagation of a 10ppfse train
into a highly nonlinear fiber (HNLF). More precigelthe
picosecond-pulse train was delivered by a 22-MHzdero
locked fiber laser centered around 1553 nm, areplifit an
average power of 28 dBm by means of an Erbium ddiped
amplifier and finally injected into a 500-m long HN from
OFSwhose parameters at 1550 nm are a chromatic disper
D = 0.5 ps/km.nm, a dispersion slope S = 0.01 psifmand

a nonlinear Kerr coefficient = 10.5 W".km™. The resulting
supercontinuum is illustrated in Fig. 4a and shawsigh
spectral brightness allowing measurement from nltqu1.75
pm. Figure 4b (solid line) shows a typical inteefece pattern
monitored around 1550 nm where a central fringelésurly
visible. The dispersion of the fiber sample in th&-1.7 um
range was then obtained by monitoring the positibrthis
central fringe as a function of the temporal defaprovided
by the reference arm. Experimental results (cijces plotted
in Fig. 4c and are well fitted by a two order paymal
function (black solid line). The dispersion curvieoar sample
is then simply deduced from the delay variations thg
following relation:

_1a

= 2)
Lc dA

D(1)
Figure 4d shows the resulting dispersion curvehef2S1G_2
chalcogenide fiber as a function of wavelength. diispersion
and dispersion slope value at 1550 nm were fourlzetd = -
406 ps/inm/km and S dD/di = 1.1 ps/nrfikm. In order to
validate our measurements, we have finally chedked the
resulting dispersion values allowed us to retriethe
experimental interference pattdyn theoretically given by:

I =12 +12+21,1, cos(®), ®)

where @ is the relative phase between the two arms of the
interferometer calculated thanks to the followinxgression:

q):cbo-i-i(w_%)k(dkBCHA

CHA_dkBREF REF |, 4
< | aa L L J (4)

daf

k=1

In this expressiong, is a constant phase differeng&™ and

S5 are the mode-propagation constants of the chahidge
fiber and reference fiber, respectively, wheregsorresponds
to the optical frequency for which the temporal agel
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mismatchs between the two arms vanishes. Figulerébses)
shows the theoretical interference spectrum obdiaihg
reporting the value of D and S in expression (4) é3). As

can be seen, a good agreement is obtained between t

experimental and theoretical spectra, thus vahdatie values
of group-velocity dispersion and slope calculatemf
equation (2).

10-ps 22-MHz
Laser

L—eo———o
50:50 Chalcogenide
fiber

HNLF
500 m coupler

Fig. 3. Experimental set-up for chromatic dispmmstharacterization.

Power [dBm]

Intensity [arb. units]
o o o O SN
D w2 N D BN

{1%00 1200 1400 1600 1800 2000 2200
Wavelentgh [nm]

Delay [ps]

Dispersion [ps/km.nm]

ha S

-900 1200 130\([)\[1400 1500 1600 1700

avelength [nm]

)
1200 1300 1400 1500 1600 1700
Wavelength [nm]

Fig. 4. (a) Supercontinuum generated at the outpuhe HNLF fiber (b)
Interference fringes at the coupler output (c) Beles wavelength,
experimental values for the GeSbhS_2 fiber (cir¢lpslynomial fit (solid line)
(d) Dispersion vs wavelength, experimental valu@ecles), linear fit (solid
line).

The same experiment was completed for all
chalcogenide fibers and results at 1550 nm areated in the
Table 2.

VI.

The polarisation mode dispersion properties isngportant
parameter for any optical signal processing fumcsmce it
could induce large pulse distortion or broaderBg&j-[37]. In
our work, the birefringence properties of the métroctured
chalcogenide fibers were measured by means ofghetrsl
interference based experimental set-up describeéign 5
[38]-[39]. An amplified spontaneous emission source (ASE
passing through a polarizer (Pol) and is injected the fiber
under-test by means of the alignment option of kcieg
device. At the output of the fiber, both slow ardtfreplicas
of the signal interfere on an analyzer (A) befoetedtion in
the frequency domain thanks to an optical spectanalyzer
(OSA)[38]-[39].

BIREFRINGENCE

Chalcogenide

N g By

Splicer

[  AsE

Fig. 5. Experimental set-up for birefringence eltéerization.

Due to the first order frequency dependence ofestait
polarization, a fringe-like spectrum is observedtioen OSA at
the output of the analyzer. More precisely, theeristty
detected by the OSA is of the fof38]-[39]:

| =a+bcos(AB(w)L), (5)
wherea and b are constant coefficients which depend on the
relative angle positions of input and output paerianalyzer.

L is the length of the fiber andf the propagation constant
difference between the slow and fast axes of ther fivhich
can be expanded into:

Aﬂ(w):w(%){djj)%m ©)

wheredw=w-w, is the frequency detuning with respect to the
carrier frequencywy of the signal. The polarization mode
dispersion of the fiber is then characterized ke differential
group delayDGD) given by:

11 _[dA,B] ,
Vo) Voyw) \dw ),
whereVgxandVgy are the group velocities along the slow and

fast axes, respectively.

We can see by injecting expressions (6) and (€gumtion
(5) that the spectrum monitored on the OSA at thipwt of
the analyzer consists of a periodic signal whighge spacing
Q provides a direct measurement of the DGD thankth¢o
following relation:

DGD (7

DGD=2".
QL

Figure 6 represents a typical spectrum recordéaeabutput
of a 0.73-m long GeSbS_1 chalcogenide fiber saraftier
optimization of input and output polarizer/analyzangle

(8)

of thRositions maximizing the fringe contrast. We care sk

interference periods leading to a DGD of 5.5 ps/m.

O_

-5

Power [dBm]
& 3

Ny
=

1645 1550 1555 1560 1565

Wavelength [nm]

1540
Fig. 6. Interference fringes at the chalcogenidSIigs_1 fiber output.

Note that several irregularities appear in the rfatence
fringes and arise from the fiber structure inhonmeges. We
have reported the experimental values of DGD idet&bas
well as the optical index difference between the taxes.
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Typical high values around TOwere found, close to typical
values of standard silica polarization maintainfibgrs. More
importantly, we have found a dramatic strongerfhitgence
for the GeSbS_1 fiber compare to the GeSbS_2 sampleh
originates from the core-size reduction occurringirty the
drawing process and underlines the practical igsuseach
symmetric microstructures of small dimensions. Rney
works have already reported similar analysis shgwiinat
small silica core PCFs (large air holes and smidlhp are
more sensitive to fabrication-induced asymmetrias thie
microstruture giving rise to higher form of birefgence that
makes the polarization maintaining fiber [40]-[42]
Experimental results obtained for the three mictmstired
chalcogenide fibers are summarized in Table 2.

VIl. SELF-PHASE MODULATION

A. Experimental setup

In this section, we have focused our attention ba t
nonlinear characterization of our chalcogeniderb&/e have
studied the well-known self-phase modulation effeatd
compare our experimental results to nhumerical sitiahs so
as to deduce the Kerr nonlinear coefficient. Figushows the
experimental set-up employed to characterize thelimear
Kerr properties of the microstructured chalcogenfiteers
[19]-[20]. A mode-locked fiber laser generates 8.3-dsezmuat
a repetition rate of 19.3 MHz around 1556 nm. Tigaa is
then passing through a polarization controller (B@usted to
maximize the self-phase modulation (SPM) induceecsgl
broadening within the chalcogenide fiber. The sigmaver is
controlled by a variable attenuator (VA) and meeduby a
power-meter (PwM) before injection into the fibarder-test.
Note that the input signal was coupled into theladgenide
fiber by means of the alignment option of an optitber
splicing device, which permits an efficient fibesupling with
losses around 2.8 dB. At the output of the fibke signal is
finally monitored thanks to an optical spectrum lprer
(OSA).

[8.3 ps laser X2 VA HPwvl—

Splicer

Chalcogenide
fiber (1.45 m)

OSA

Fig. 7. Experimental set-up for self-phase modotatharacterization.

B. Experimental results

Figure 8a illustrates the spectra recorded at thipub of the
1.45-m long GeSbS_1 chalcogenide fiber as a fumaifcthe
input average powerPg). The values oP, are obtained by
means of the power-meter with a subtraction tociepling-
loss in the splicer. Experimental results exhibtygical self-
phase modulation behavior with spectral broadenamgl
oscillations. An asymmetry can also be observetthénoutput
spectra, which we attribute to the initial asymmyetpectrum
of our picosecond laser source. In order to detezrttie Kerr
coefficient of the GeSbS_1 chalcogenide fiber, waveh
completed numerical simulations and compared ouremical

predictions to the experimental results of Fig. 8Séhe
numerical evolution of pulses was obtained by meaihsa
split-step Fourier algorithm including experimentdta of
chromatic dispersion and losses. Results are dlatté&ig. 8b
and show a good agreement with experimental resflEg.
8a. From these simulations, we deduced a nonlitesar
coefficient ofy = 517 W'km™* which is 400 times larger than a
conventional single mode fused silica fiber (SMF)e same
experiment was done in the GeSbS_2 chalcogenide fdy
which the electric field is less confined by thecrostructure
(Aei=50um?) than in the GeSbS 1 fibedAsfE=22uM?2). As
previously, the nonlinear Kerr coefficient of thee®S 2
fiber was deduced from the comparison between the
experimental and numerical spectra and was fourtoketp =
227 Wkm',

-17.2dBm

AN B U N Ay
Vi N
0.1 dBm 4 AN

_________

PRTEEN
/ \
12dBm | b e mme- s *

P, = Py =

(@)

-17.2 dBm U

[ANYA)
U
22d8m | | ______- 4 ‘oo 22d8m
7\ /N
/ v
32dBm | | _____.+ ¥ So__ 3.2dBm

N\ VS
SN
a7dBm | | _____- ’ S 47dBm]
\ N
/, N
52dBm | | ___._- . < ~. 52dBm]
N\ Y
NN
62dBm | | ___. L WM N s2dBm

T T T T T T T T T T
-400 -200 0 200 400 -200 0 200

v -V,(GHz) v -V, (GHz)
Fig. 8. (a) Experimental results: output speabratfie 1.45-m long GeSbS_1
chalcogenide fiber as a function of input power [)merical simulations
corresponding to results of Fig. a.

Figure 9 shows the experimental results obtainedhi® AsSe
21-pumz chalcogenide fiber.

Simulation

.
Experiment  » :_

s,
s
..

-200 0 200
v —V,(GHz)

Fig. 9. Output spectrum for the 1.15-m long As8elcogenide fiber for an
input average power of 1 mW, dashed-line: corredpmn numerical

simulation.

Results are similar to those of Fig. 8 and showoadg
agreement between experiment and simulation. Nuwaleri
simulations provide a good estimation of the nadinKerr
coefficient, which was found to be 2000 Wkm*. One can
however notice, in both Figs. 8 and 9, that thetra¢part of
the spectrum exhibits some ripples and that sonsztsy
pedestals have developed in the spectrum. Thogserdsa
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outline the strong interaction between self-phaselutation
and the high dispersion of the AsSe fiber, leadiogthe
development of the wave-breaking phenomept#j. Finally,
the nonlinear Kerr coefficienty and nonlinear indexn,
obtained for the three microstructured chalcogefiigers are
indicated in Table 2 and are quite close to theuesl
mentioned in the literaturd44]-[46], 2.4.10" m%W for
As,Se in [45] and 2.13° m/W for GesShi,Sss in [46]. Note
that n, was calculated from the Kerr coefficient followitige
relation[29]:
_ VA,
2
It's important to note that the self-phase moduolatinduced
spectrum broadening is here only limited by theedffe
length of the fiber (0.7 m for the GeSbS_1 PCF) roicby the

dispersion length (40 m), thus underlining theicaitissue of
linear losses.

9)

2

Parameter Fiber
GeSbs 1 GeShSs 2 AsSe

A (um) 9 13.25 7
dia 0.31 0.31 0.42

Aest (LNT) 22 50 21

a (dB/m) 5 5.5 10
D (ps/nm/km) -421 -406 -760

S (ps/nritkm) 0.9 1.1 2.7
DGD (ps/m) 5.5 0.8 1.24
4n 1.6 10° 2.410° 3.710"
y (Wkmt) 517 227 2000
n, (M?/W) 2.810% 2.810% 1.1 10"

Table 2: Measured optical properties of the thredécrastructured
chalcogenide fibers.

VIIl.  BRILLOUIN SCATTERING EFFECT

The Brillouin scattering effect in step-index clajenide
fibers has already been investigated in previousksvfl8],
[23]-[25]. The Brillouin gain was measured to be moranth
150 times larger than fused silica fig&8], [23]-[25] which
enables a high degree of integration in a hostpplieations
such as amplification of a small optical sigf#8], fiber-based

port #2 is used to inject the incident light inkee tfiber under-
test by means of a splicing device and port #3ditect the
backscattered light. The intensity of the BrillouBtokes
component is then measured at port #3 thanks topginal
spectrum analyzer (OSA) having a spectral resaiutiv0.07
nm.

Chalcogenide
DFB Diode #: fiber 2 m

Brillouin
Control

Fig. 10. Experimental set-up for Brillouin Chamxization.

Inset in Fig. 11 shows a typical backscattered capti
spectrum obtained at port #3 of the circulator. ighhpower
backscattered Stokes Brillouin component is loealiaround
-8.2 GHz which is close to the -7.95 GHz value woistd by
Abedin in a single mode ASe fiber [23] and much lower
than in a classical fused silica fiber (11 GH29]. In order to
determine the threshold and gain of the Brillowdattering, we
have illustrated in Fig. 11 the transmitted andkisaattered
Brillouin component powers as a function of theeaigd
power. We can clearly observe a typical Brillouiehbviour
with an exponential growth of the amount of energy
backscattered from the fiber as well as a quasratédn of the
transmitted power. The Brillouin threshdhg,, usually defined
as the power leading to an amount of backscattereugy
equal to the transmitted on@9], corresponds here to a
threshold value of 1.95 W while the Brillouin gaip is then
calculated by means of the following relati@d]:

gB Pth Leff /'%ff = 21’ (10)
which corresponds to a Brillouin gain g§=8.10'° m/W that
is to say 100 more than in a standard silica fijdél]. This
value is smaller than those reported in rg8§] and[24] but
could be explained by the definition of the Briliouhreshold
used in these references. Finally, we have alsplied the
measurements by determining the linewidth of th@ldiin-
gain by means of an auto-heterodyne techniffud. The
Brillouin bandwidth was found to be 9.5 MHz (vs Wz for
standard silica fiber) which is slightly smalleathin ref.[36],

lasing system$25] or tunable delay lines via slow and fastpresumably due to the different glass compositiod the

light processes[18]. In this section,
experimental characterization of the Brillouin $eghg
occurring in the 2-m

set-up. A continuous wave (cw) is first generated%62 nm
by means of a distributed feedback (DFB) laser @ioaving a
spectral linewidth given by the manufacturer of 1&fz. An
acousto-optical switch (AO) converts this cw intol40-ns
quasi Gaussian pulse train at a repetition rate06fkHz. The
pulse train is then amplified by means of an EDRAaa

average power of 30 dBm. A variable attenuator (VA)

associated with a 90:10 coupler and a power-méeM), is
then used to adjust the injected average powertirgdiber.
Finally, the resulting signal is launched into ecalator whose

long GeSbS_2 microstructured
chalcogenide fibefl7]. Figure 10 illustrates the experimental

we present thepresence of the microstructure.

800,

800
0f
_ Pump E
£
%600 g2 lsoo &
= T -40) o
P z 7]
g 2 60 5
S 400 S5 5 = 4002
c Frequency [GHz] o
<] €
(010 2 S — £200 &
@ PP o
J el =
&0 7500 1600 2000 2400 °
Pump Power [mW]
Fig. 11. Inset: Experimental Brillouin spectruntaeded at port #3 of the

circulator for the 2-m long GeSbS_2 chalcogenitherfi Backscattered and
transmitted powers as a function of the input poBlealcogenide fiber.
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IX. RAMAN SCATTERING EFFECT

In this section, we have focused our attentionhenRaman
scattering effect occurring in the GeSbS_ 2 mictmstred

chalcogenide fibefl7]. The strong nonlinear feature of the %-20
in chalcogenide fibers was previous € 3g
underlined through the third order cascaded Ramzn?_

Raman process

wavelength generation occurring in a step-indexSAdiber
[26]. In this last work, Kulkami and co-workers leav
determined the Raman gain coefficient, which waméas
large as ~89 times higher than fused sili2é]. The strong
efficiency of Raman effect was also employed ineortb
design a Chalcogenide glass Raman fiber [@5gr In another
hand, very recently, a numerical study by Varsheesl. has
also shown that As-Se photonic crystal fibers cdoliease
the Raman gain efficiency by a factor four compaoe
conventional As-Se fiberR8], thus underlining the practical
interest of this kind of fiber for Raman applicaiso

Figure 12 shows the experimental set-up used
characterize the Raman effect occurring in the Ge3b
microstructured chalcogenide fiber. A 1-kHz 10-rpuae
pulse laser emitting around 1553 nm is used as Rgump.
In order to determine the Raman gain, we have medshe
amplification undergone by a seed-signal injectedai co-
propagating configuration and shifted from the Rarpamp
by 83 nm for the chalcogenide fiber (see belowk TB36-nm
seed component was obtained through the generafica
broad frequency-comb via the propagation of anaini80-
dBm beat signal centred around 1555 nm into a 5069
highly nonlinear fiber (HNLF)[47]-[49]. Note that, at the
output of the fiber under-test, only the part of gignal wave
which has been amplified was injected into the agbti
spectrum analyzer thanks to an acousto-optic sgnised on
the Raman pump.

10-ns laser

Splicer

HNLF
500 m

50:50

coupler Chalcogenide

I
coupter fiber 1.5 m

Fig. 12. Experimental set-up for Raman characéon.

Figure 13a illustrates the spontaneous Raman resp(n
absence of seeding) occurring into the chalcogefili for

an input pump power of 80 W. The Raman detuning Wz’ilﬁ

measured at 83 nm (9.7 THz) with a typical FWHM@& nm.
In the stimulated regime, we have measured theubyipwer
of the 1636-nm amplified signal as a function o timput

Raman pump powe?,ump As can be seen in Fig. 13b, a strongg,

amplification of the input signal was observed with

maximum gain close t& = 37 dB. This value corresponds tol4]

a gain per unit length of 24dB/m and a Raman gain of
9r=IN(G).Actt IPoumpLerr = 1.8.10"" m/W, that is to say 180
times larger than a fused silica fij&7] and three-fold higher
than the previous result reported in f@6]. Finally, the inset
in Fig. 13b illustrates a typical amplified signgpectrum
recorded for a pump power Bfymp=24.5 W.

7
3
’ (@ | St
=10 g |F"
5-20 & 16355 1636 1636.5
e Wavelength [nm]
g -30
40 ‘55’-40 (b)
S Pinput Signai
-50 3 -50
1550 1600 1650 ©O™Y15 20 25 30 35
Wavelength [nm] Input Pump Power [W]
Fig. 13. (a) Spontaneous Raman scattering at titgub of the GeSbS_2

chalcogenide fiber for an input pump power of 80(#).Output signal power
as a function of input pump power for the chalcaderfiber. Inset: Output
amplified signal spectrum for a pump power of 24/5

X. CONCLUSION

In this paper, we have investigated the linear rowlinear
properties of GeSbS and AsSe chalcogenide miciiated
%ptical fibers. The manufactured fibers were fowmdchave a

onlinear coefficient two order of magnitude highiéian
standard silica fibers as well as a Brillouin andn@n gain
100 and 180 larger than fused silica, respectively.

In order to enlarge the field of applications ofstkind of
fiber, for example so as to generate supercontinausignal
processing device around 1550 nm, a careful desfgthe
microstructure has to be performed in order totghé zero
dispersion wavelength in the C band, losses shoeilceduced
thanks to a dramatic purification of the glassesenabs
nonlinearity could be still enhanced by reducing size of the
core. Finally, we believe that if dimensions of thilger are
suitably designed and manufactured, chalcogenimdicould
find many applications in nonlinear optics and wblle a
promising candidate for ultra compactness nonlideaices.
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