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Abstract—In this paper, we investigate the linear and nonlinear
properties of GeSbS and AsSe chalcogenide photonic crystal
fibers. Through several experimental setups, we have measured
the second- and third-order chromatic dispersion, the effective
area, losses, birefringence, the nonlinear Kerr coefficient as well
as Brillouin and Raman scattering properties.

Index Terms—Chalcogenide optical fiber, microstructured op-
tical fiber, nonlinear optics.

1. INTRODUCTION

HOTONIC CRYSTAL FIBERS (PCFs) are particularly
P attractive since they offer the possibility to significantly
enhance the nonlinearity of the bulk medium by means of a
strong light confinement of the electromagnetic field [1], [2].
Another advantage is the ability to tailor the material dispersion
by adjusting the waveguide dispersion design. Consequently,
a wide range of applications has strongly benefited from these
remarkable features to generate octave-spanning optical su-
percontinuum [3], for biology [4] or optical metrology [5], to
process nonlinear effects with high efficiency and compactness
[6], and even to levitate particles [7]. Nevertheless, silica PFCs
have a limited nonlinearity because of the weak nonlinear index
of silica and more importantly, their intrinsic losses ban any
application beyond 2 pm. Therefore, nonsilica glass PCFs have
to be considered in order to enhance the field of applications
of microstructured optical fibers [8]-[20]. Several glasses have
been found to be very attractive for their nonlinear characteris-
tics including chalcogenide, bismuth, tellurite or lead silicate
glasses which nonlinear index are over two to three orders of
magnitude higher than fused silica [9]-[16]. Despite the fact
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that the material dispersion of these glasses is often very large,
around 1.5 pm, several results have demonstrated that a PCF
design allows to shift significantly the fiber zero-dispersion
towards lower wavelengths [10]-[12]. A relevant illustration
of powerful nonlinear compactness and PCF dispersion shift
of this nonsilica PCFs was reported in [11] in which a 4-pum
bandwidth supercontinuum has been generated thanks to a
8-mm-long sample of tellurite PCF. On the other hand, chalco-
genide glasses offer one of the strongest glass nonlinearity (up
to 500 times silica) and has been studied in several works and
applications [13]-[28]. Eggleton et al. have recently demon-
strated a high compactness 160-Gb/s demultiplexing device
and a supercontinuum generation by means of a chalcogenide
fiber taper which nonlinearity reaches 80000 times that of
fused silica [13]-[15]. Recently, we have also investigated the
Brillouin and Raman properties of a PCF chalcogenide fiber
and shown Brillouin and Raman gains 100 and 180 larger than
fused silica which underlines the potential of this kind of fiber
for amplification or slow/fast light applications [17], [18].

In this paper, we review recent progress in the fabrication
of chalcogenide microstructured fibers. We will present, to
our knowledge for the first time, an extensive set of linear and
nonlinear characterizations of three chalcogenide PCFs based
on GeSbS and AsSe glasses including second- and third-order
chromatic dispersion, effective area, losses, birefringence,
nonlinear Kerr coefficient as well as Brillouin and Raman
scattering properties.

II. MICROSTRUCTURED CHALCOGENIDE FIBERS

Chalcogenide glasses are based on sulphur, selenium, tel-
lurium, and the addition of other elements such as arsenic,
germanium, antimony, gallium, etc. They are well known for
their large infrared transmission window as well as for their
large nonlinearity. In this paper, we have focused our attention
on three PCFs based on two compositions, which have been
chosen for their great stability against crystallization effect:
Ge155b2oSg5 (GeSbS) for two fibers (GeSbS_1 and GeSbS_2)
with two different core diameters and AsygSegg (AsSe). These
glasses present any crystallization peaks in classical differential
scanning calorimetry measurements (DSC).

A crucial difficulty in the fabrication of this type of fiber is
to control carefully the impurity level of the starting products as
well as of the final fiber. Indeed, carbon and water are frequent
contaminants, especially in the case of sulphur. They must be
removed from the glass batch by a combination of static and
dynamic distillations. The contamination by water during the
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Fig. 1. (a) Cross section of GeSbS_2 PCF. (b) Cross section of AsSe PCF.

drawing step must also be avoided by using a dry drawing at-
mosphere. The different process steps have to be conducted at
optimized temperatures to avoid any crystallization phenom-
enon of the glass in the bulk as well as on its surface.

The stack and draw method was used to elaborate the chalco-
genide PCFs [21]. First, glass rods are realized with typical sizes
around 18-cm length and around 12-mm outside diameter, re-
spectively. The first part of the glass rod is used to draw a single
index fiber which allows checking the material level of losses.
The other part of this rod is then remelted to obtain the glass
tube by centrifugation. Tubes around 12-mm outside diameter,
about 5-mm inside diameter, and 12-cm length are then obtained
by the centrifugation of the previous rod. These tubes are finally
drawn down to obtain capillaries of around 600-xm outside di-
ameter. They were then stacked in a hexagonal lattice around a
central rod of the same diameter and placed into a larger jacket
tube. This jacket tube is collapsed around the microstructure
under depression in the furnace of the drawing tower. Param-
eters of furnace temperature and depression have to be adjusted
to prevent any collapse of both capillary and interstitial holes.
During the fabrication of tubes by centrifugation, the thermal
profile is also dramatically important since the glass after its
synthesis is reheated from room temperature to a temperature
above the glass temperature (Tg). This is necessary to obtain
a suitable viscosity for the centrifugation process but very sen-
sitive, since atomic mobility could allow a crystallization. An-
other critical step is the stretching of the tube, which can lead
to an alteration of the surface quality of capillaries inducing
diffusion in the final fiber. The contamination by water during
the drawing step must also be avoided by using a dry drawing
atmosphere.

A preform for each glass composition was realized in the same
experimental conditions. During the fiber drawing process, cap-
illary holes and interstitials are maintained under positive pres-
sure in order to obtain fibers with open interstitial holes. Indeed
their presence greatly improves the fiber transmission as they en-
able to diminish the overlap between the guiding electric field
and the interface region of capillaries where numerous scattering
centres such as bubbles have already been observed [22]. Fig. 1
represents the scanning electron microscope (SEM) central re-
gion of PCFs for both considered glasses.

During the drawing, the variation of geometrical parameters
of the fibers (core and holes sizes) does not exceed 2% for sev-
eral meters. The uniformity of the geometry is controlled after
the drawing by microscopy.

Table I gives, for the three fibers, the average of the geomet-
rical parameters, A and d. The pitch A is the hole to hole distance
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TABLE I
OPTICAL AND THERMAL PROPERTIES OF THE GESBS AND ASSE PCF FIBERS
Glass .
. Glass transition R-ef ractive A
Fiber L index at d/A
composition | temperature 1,55 um (um)
T2 (°0) i
GeSbS_l GewazoSas 250 2.30 9 0.31
GeSbS_2 | Gei5SbaoSes 250 2.30 13.25 | 0.31
AsSe AsgoSeso 185 2.83 7 0.42
TABLE II

MEASURED OPTICAL PROPERTIES OF THE THREE MICROSTRUCTURED
CHALCOGENIDE FIBERS

Parameter Fiber
GeSbS_1 GeSbS_2 AsSe
A (um) 9 13.25 7
d/A 0.31 0.31 0.42
A (um’) 22 50 21
o (dB/m) 5 5.5 10
D (ps/nm/km) -421 -406 -760
S (ps/nm*/km) 0.9 1.1 2.7
DGD (ps/m) 55 0.8 1.24
An 1.6 107 2.410* 3.710*
y (Wkm™) 517 227 2000
n, (/W) 2810 2810™" 1.1107"

and d is the hole diameter. We also report in this table the index
of refraction and the transition temperature Tg for the two kind
of glasses. The outer diameter of the GeSbS_1 and AsSe PCF
was measured to be 125 and 280 pm for the GeSbS_2 PCF.

ITII. PROPAGATION LOSSES

Propagation losses are of crucial importance for nonlinear
phenomena, since they could dramatically reduce the interac-
tion length to a shortest effective length of fiber defined as [29]

Lot = é [l — exp (—al)] ()

where I is the fiber length and « is the linear losses in m~?.

The attenuation losses were first monitored at 1.55 pm in the
400-pm single index fibers drawn from the initial glass rod and
found to be 0.5 dB/m for both GeSbS and AsSe glasses [22].
For comparison, the losses in these kinds of multimode fibers
can reach 0.1 dB/m at 1.55 pm [30]. After drawing the PCFs,
the propagation losses of the different fibers were then measured
at 1550 nm by means of the so-called cutback technique. Ex-
perimental results as well as all optical properties of our three
PCF chalcogenide fibers described thereafter are summarized in
Table II. Any significant change of the physical properties has
been observed between the bulk rod and the fibers. However, in-
terfaces defects have been observed between the capillaries of
the microstructure [22]. The presence of these defects explained
the excess of losses observed in the PCF fibers in comparison
with the material losses. The nature of the defect is not clearly
identified. However, it can be bubbles and surface oxidation of
the capillaries before the realization of the stack. Concerning
the theoretical guiding losses, in [31], it has been demonstrated
that three rings of holes are sufficient to ensure guiding losses
below 1 dB/m.
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Fig. 2. Experimental traces (solid line) of the intensity distribution in the near field of (a) the GeSbS_1 fiber and (b) the AsSe fiber. Squares represent a Gaussian

fit distribution.

IV. EFFECTIVE AREA

The effective area A.g was measured at 1550 nm following
a near-field method [29]. Using an adequate microscope ob-
jective, the intensity at the output of the fiber is recorded on a
charge-coupled device (CCD) camera. Note that the camera is
calibrated using the near field of a well-known fiber, i.e., a stan-
dard single-mode fiber. Fig. 2 gives some experimental exam-
ples (solid line) of the intensity distribution along several axes
of the camera plane for the GeSbS_1 and AsSe fibers. As we
can see, both fibers exhibit single-mode behavior. Indeed, for
all sections, the output profiles were accurately fitted by means
of a Gaussian function. Moreover, by changing injection condi-
tions, any higher order mode was observed even for sections
shorter than 10 cm. Finally, the Gaussian fit distributions of
Fig. 2 (squares) allow us to determine the mode field diameter
2wy (at 1/e intensity point) and to calculate the effective area
thanks to the following formula: A.¢ = 7rw(2).

The measured effective areas of our three PCF chalcogenide
fibers are indicated in Table II.

V. CHROMATIC DISPERSION

Measuring the chromatic dispersion of short samples of op-
tical fibers with a reasonable accuracy has become of a major
interest for the special glass optical fiber designers, manufac-
turers, and researchers. Various methods have been reported in
the literature to measure chromatic dispersion [32]-[35]. For ex-
ample, in [32] and [33], four wave mixing (FWM) and modu-
lation instability (MI) were proved to be efficient ways to si-
multaneously measure the Kerr and dispersion coefficients. The
variation of the time of flight of short pulses could be also used
to measure the chromatic dispersion of sufficiently long fibers.
In [34], the authors exploit the higher order soliton compres-
sion phenomenon in order to determine the parameters of a silica
PCF fiber. But these methods often require a long length of fiber
or are only suitable for the anomalous dispersion regime.

In this work, we based our dispersion measurements on an
interferometric method which is able to handle short segments
of optical fiber [35]. The homemade interferometric setup
is illustrated in Fig. 3 and was based on a Mach—Zehnder
interferometer designed with all-fibered components, thus
providing both alignment simplicity and system stability. The

10-ps 22-MHz
Laser

L—e0——o
50:50 Chalcogenide
fiber

HNLF
500 m coupler

Fig. 3. Experimental setup for chromatic dispersion characterization.

reference arm was made of an integrated fibered delay line
spliced to two broadband 50:50 couplers. The chalcogenide
fiber under-test was inserted into the test path by means of
a face to face clived-fiber injection setup ensured by micron
precision holders. The resulting interference pattern was mon-
itored in the frequency domain thanks to an optical spectrum
analyzer (OSA). In order to measure the chromatic dispersion
of our chalcogenide fibers over a wide range of wavelengths,
we have first generated a supercontinuum spanning from 1100
to more than 1750 nm (OSA upper limit). The supercontinuum
was obtained through the amplification and nonlinear prop-
agation of a 10-ps pulse train into a highly nonlinear fiber
(HNLF). More precisely, the picosecond-pulse train was de-
livered by a 22-MHz mode-locked fiber laser centered around
1553 nm, amplified at an average power of 28 dBm by means
of an Erbium-doped fiber amplifier and finally injected into a
500-m-long highly nonlinear fiber (HNLF) whose parameters
at 1550 nm are a chromatic dispersion D = 0.5 ps/km.nm, a
dispersion slope S = 0.01 ps/km.nm?, and a nonlinear Kerr
coefficient v = 10.5 W—1.km~!. The resulting supercontinuum
is illustrated in Fig. 4(a) and shows a high spectral brightness
allowing measurement from 1.1 to 1.75 pm. Fig. 4(b) (solid
line) shows a typical interference pattern monitored around
1550 nm where a central fringe is clearly visible. The dis-
persion of the fiber sample in the 1.1-1.7-pm range was then
obtained by monitoring the position of this central fringe as
a function of the temporal delay A provided by the reference
arm. Experimental results (circles) are plotted in Fig. 4(c) and
are well fitted by a second-order polynomial function (black
solid line). The dispersion curve of our sample is then simply
deduced from the delay variations by the following relation:

1 dA

( ):L_cﬁ' 2)
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Fig. 4. (a) Supercontinuum generated at the output of the HNLF fiber. (b) Inter-
ference fringes at the coupler output. (¢) Delay versus wavelength, experimental
values for the GeSbS_2 fiber (circles), polynomial fit (solid line). (d) Disper-
sion versus wavelength, experimental values (circles), linear fit (solid line).

Fig. 4(d) shows the resulting dispersion curve of the GeSbS_2
chalcogenide fiber as a function of wavelength. The dispersion
and dispersion slope value at 1550 nm were found to be D =
—406 ps/nm/km and S = dD/d\ = 1.1 ps/nm?/km. In order to
validate our measurements, we have finally checked that the re-
sulting dispersion values allowed us to retrieve the experimental
interference pattern ¢ theoretically given by

L = I7 + I3 + 2/ 11 15 cos (D) )

where @ is the relative phase between the two arms of the inter-
ferometer calculated thanks to the following expression:

_ = (w— Wo)k dkﬂCHA CHA dkﬂREF REF
P = <1>0+kz=:1 o L S L),
4)

In this expression, @ is a constant phase difference. and
BREF are the mode-propagation constants of the chalcogenide
fiber and reference fiber, respectively, whereas wq corresponds
to the optical frequency for which the temporal delay mismatch
between the two arms vanishes. Fig. 4(b) (crosses) shows the
theoretical interference spectrum obtained by reporting the
value of D and S in expression (4) and (3). As can be seen,
a good agreement is obtained between the experimental and
theoretical spectra, thus validating the values of group-velocity
dispersion and slope calculated from (2).

The same experiment was completed for all of the chalco-
genide fibers and results at 1550 nm are indicated in Table II.

,BCHA

VI. BIREFRINGENCE

The polarization mode dispersion properties is an important
parameter for any optical signal processing function since it
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Chalcogenide
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[ASE

Fig. 5. Experimental setup for birefringence characterization.

could induce large pulse distortion or broadening [36], [37]. In
our work, the birefringence properties of the microstructured
chalcogenide fibers were measured by means of the spec-
tral-interference-based experimental setup described in Fig. 5
[38], [39]. An amplified spontaneous emission source (ASE)
is passing through a polarizer (Pol) and is injected into the
fiber under-test by means of the alignment option of a splicing
device. At the output of the fiber, both slow and fast replicas of
the signal interfere on an analyzer (A) before detection in the
frequency domain thanks to an OSA [38], [39].

Due to the first-order frequency dependence of state of po-
larization, a fringe-like spectrum is observed on the OSA at the
output of the analyzer. More precisely, the intensity detected by
the OSA is of the form [38], [39]

I'=a+bcos(AB(w)L) ®)

where a and b are constant coefficients which depend on the
relative angle positions of input and output polarizer/analyzer.
L is the length of the fiber and AJ is the propagation constant
difference between the slow and fast axes of the fiber which can
be expanded into

dA
AB (@) = AB (wo) + (d—f) Aw ©)
wo
where Aw = w — wy is the frequency detuning with respect to
the carrier frequency wq of the signal. The polarization mode
dispersion of the fiber is then characterized by the differential
group delay (DGD) given by

1 1 dAB
DGD = - = 7
Vgz (wo)  Vgy(wo) < dw >w0 @

where V gz and V gy are the group velocities along the slow and
fast axes, respectively.

We can see by injecting expressions (6) and (7) in (5) that the
spectrum monitored on the OSA at the output of the analyzer
consists of a periodic signal which fringe spacing 2 provides a
direct measurement of the DGD thanks to the following relation:

2T
DGD = oL )

Fig. 6 represents a typical spectrum recorded at the output of
a 0.73-m-long GeSbS_1 chalcogenide fiber sample after opti-
mization of input and output polarizer/analyzer angle positions
maximizing the fringe contrast. We can see 15 interference pe-
riods leading to a DGD of 5.5 ps/m.

Note that several irregularities appear in the interference
fringes and arise from the fiber structure inhomogeneities.
We have reported the experimental values of DGD in Table II
as well as the optical index difference between the two axes.
Typical high values around 10~* were found, close to typical
values of standard silica polarization maintaining fibers. More
importantly, we have found a dramatic stronger birefringence
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Fig. 6. Interference fringes at the chalcogenide GeSbS_1 fiber output.
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Fig. 7. Experimental setup for self-phase modulation characterization.

for the GeSbS_1 fiber compare to the GeSbS_2 sample, which
originates from the core-size reduction occurring during the
drawing process and underlines the practical issue to reach sym-
metric microstructures of small dimensions. Previous works
have already reported similar analysis showing that small silica
core PCFs (large air holes and small pitch) are more sensitive
to fabrication-induced asymmetries in the microstruture giving
rise to higher form of birefringence that makes the polarization
maintaining fiber [40]-[42]. Experimental results obtained for
the three microstructured chalcogenide fibers are summarized
in Table II.

VII. SELF-PHASE MODULATION

A. Experimental Setup

In this section, we have focused our attention on the nonlinear
characterization of our chalcogenide fibers. We have studied
the well-known self-phase modulation effect and compare our
experimental results to numerical simulations so as to deduce
the Kerr nonlinear coefficient. Fig. 7 shows the experimental
setup employed to characterize the nonlinear Kerr properties
of the microstructured chalcogenide fibers [19], [20]. A mode-
locked fiber laser generates 8.3-ps pulses at a repetition rate
of 19.3 MHz around 1556 nm. The signal then passes through
a polarization controller (PC) adjusted to maximize the self-
phase modulation (SPM)-induced spectral broadening within
the chalcogenide fiber. The signal power is controlled by a vari-
able attenuator (VA) and measured by a power meter (PwM) be-
fore injection into the fiber under-test. Note that the input signal
was coupled into the chalcogenide fiber by means of the align-
ment option of an optical fiber splicing device, which permits an
efficient fiber coupling with losses around 2.8 dB. At the output
of the fiber, the signal is finally monitored thanks to an OSA.

B. Experimental Results

Fig. 8(a) illustrates the spectra recorded at the output of the
1.45-m-long GeSbS_1 chalcogenide fiber as a function of the
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responding to results of (a).
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Fig. 9. Output spectrum for the 1.15-m-long AsSe chalcogenide fiber for an
input average power of 1 mW; dashed line: corresponding numerical simulation.

input average power (P). The values of Py are obtained by
means of the PwM with a subtraction to the coupling loss in the
splicer. Experimental results exhibit a typical self-phase mod-
ulation behavior with spectral broadening and oscillations. An
asymmetry can also be observed in the output spectra, which
we attribute to the initial asymmetry in the spectrum of our pi-
cosecond laser source. In order to determine the Kerr coefficient
of the GeSbS_1 chalcogenide fiber, we have completed numer-
ical simulations and compared our numerical predictions to the
experimental results of Fig. 8(a). The numerical evolution of
pulses was obtained by means of a split-step Fourier algorithm
including experimental data of chromatic dispersion and losses.
Results are plotted in Fig. 8(b) and show a good agreement with
experimental results of Fig. 8(a). From these simulations, we de-
duced a nonlinear Kerr coefficient of ¥ = 517 W—1km ! which
is 400 times larger than a conventional single-mode fused silica
fiber (SMF). The same experiment was done in the GeSbS_2
chalcogenide fiber for which the electric field is less confined
by the microstructure (A.g = 50 pm?) than in the GeSbS_1
fiber (Aeg = 22 um?). As noted previously, the nonlinear Kerr
coefficient of the GeSbS_2 fiber was deduced from the compar-
ison between the experimental and numerical spectra and was
found to be v = 227 W~ lkm~!.

Fig. 9 shows the experimental results obtained for the AsSe
21-pm? chalcogenide fiber.
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Fig. 10. Experimental setup for Brillouin characterization.

Results are similar to those of Fig. 8 and show a good
agreement between the experiment and simulation. Numerical
simulations provide a good estimation of the nonlinear Kerr
coefficient, which was found to be v = 2000 W—lkm~!. One
can notice, however, in both Figs. 8 and 9, that the central part
of the spectrum exhibits some ripples and that some spectral
pedestals have developed in the spectrum. Those features
outline the strong interaction between self-phase modulation
and the high dispersion of the AsSe fiber, leading to the devel-
opment of the wave-breaking phenomenon [43]. Finally, the
nonlinear Kerr coefficient v and nonlinear index n, obtained
for the three microstructured chalcogenide fibers are indicated
in Table II and are quite close to the values mentioned in the
literature [44]-[46], 2.4.10~'"m?/W for As,Ses in [45] and
2.10718m2/W for Geo3Sb12Sgs in [46]. Note that no was
calculated from the Kerr coefficient following the relation [29]:

7)‘Aeﬂ'

N9 = o - (9)

It is important to note that the self-phase modulation induced
spectrum broadening is here only limited by the effective length
of the fiber (0.7 m for the GeSbS_1 PCF) and not by the disper-
sion length (40 m), thus underlining the critical issue of linear
losses.

VIII. BRILLOUIN SCATTERING EFFECT

The Brillouin scattering effect in step-index chalcogenide
fibers has already been investigated in previous works [18],
[23]-[25]. The Brillouin gain was measured to be more than
150 times larger than fused silica fiber [18], [23]-[25], which
enables a high degree of integration in a host of applications
such as amplification of a small optical signal [25], fiber-based
lasing systems [25], or tunable delay lines via slow and fast
light processes [18]. In this section, we present the experimental
characterization of the Brillouin scattering occurring in the
2-m-long GeSbS_2 microstructured chalcogenide fiber [17].
Fig. 10 illustrates the experimental setup. A continuous wave
(cw) is first generated at 1552 nm by means of a distributed
feedback (DFB) laser diode having a spectral linewidth given
by the manufacturer of 150 kHz. An acousto—optical switch
(AO) converts this cw into a 140-ns quasi Gaussian pulse train
at a repetition rate of 500 kHz. The pulse train is then amplified
by means of an EDFA at an average power of 30 dBm. A VA,
associated with a 90: 10 coupler and a PwM, is then used to
adjust the injected average power into the fiber. Finally, the
resulting signal is launched into a circulator whose port #2
is used to inject the incident light into the fiber under-test by
means of a splicing device and port #3 to collect the backscat-
tered light. The intensity of the Brillouin—Stokes component is
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Fig. 11. Inset: experimental Brillouin spectrum recorded at port #3 of the cir-
culator for the 2-m-long GeSbS_2 chalcogenide fiber. Backscattered and trans-
mitted powers as a function of the input power chalcogenide fiber.

then measured at port #3 thanks to an OSA having a spectral
resolution of 0.07 nm.

Inset in Fig. 11 shows a typical backscattered optical spec-
trum obtained at port #3 of the circulator. A high-power
backscattered Brillouin—Stokes component is localized around
—8.2 GHz which is close to the —7.95-GHz value obtained by
Abedin in a single-mode AssSes fiber [23] and much lower
than in a classical fused silica fiber (11 GHz) [29]. In order to
determine the threshold and gain of the Brillouin scattering,
we have illustrated in Fig. 11 the transmitted and backscattered
Brillouin component powers as a function of the injected
power. We can clearly observe a typical Brillouin behavior with
an exponential growth of the amount of energy backscattered
from the fiber as well as a quasi saturation of the transmitted
power. The Brillouin threshold P, usually defined as the
power leading to an amount of backscattered energy equal to
the transmitted one [29], corresponds here to a threshold value
of 1.95 W while the Brillouin gain gp is then calculated by
means of the following relation [29]:

9B PinLeg

~ 21
Aeﬂ

(10)
which corresponds to a Brillouin gain of g = 8.10~°m/W,
that is to say 100 more than in a standard silica fiber [17]. This
value is smaller than those reported in [36] and [24] but could
be explained by the definition of the Brillouin threshold used
in these references. Finally, we have also completed the mea-
surements by determining the linewidth of the Brillouin-gain
by means of an auto-heterodyne technique [17]. The Brillouin
bandwidth was found to be 9.5 MHz (versus 13 MHz for stan-
dard silica fiber) which is slightly smaller than in [36], presum-
ably due to different glass composition and the presence of the
microstructure.

IX. RAMAN SCATTERING EFFECT

In this section, we have focused our attention on the Raman
scattering effect occurring in the GeSbS_2 microstructured
chalcogenide fiber [17]. The strong nonlinear feature of the
Raman process in chalcogenide fibers was previously under-
lined through the third-order cascaded Raman wavelength
generation occurring in a step-index AsySs fiber [26]. In this
last work, Kulkami ef al. have determined the Raman gain
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Fig. 13. (a) Spontaneous Raman scattering at the output of the GeSbS_2
chalcogenide fiber for an input pump power of 80 W. (b) Output signal power
as a function of input pump power for the chalcogenide fiber. Inset: output
amplified signal spectrum for a pump power of 24.5 W.

coefficient, which was found as large as ~ 89 times higher than
fused silica [26]. The strong efficiency of Raman effect was
also employed in order to design a chalcogenide glass Raman
fiber laser [27]. On the other hand, very recently, a numerical
study by Varshney et al. has also shown that As—Se photonic
crystal fibers could increase the Raman gain efficiency by a
factor four in comparison to conventional As—Se fibers [28],
thus underlining the practical interest of this kind of fiber for
Raman applications.

Fig. 12 shows the experimental setup used to characterize the
Raman effect occurring in the GeSbS_2 microstructured chalco-
genide fiber. A 1-kHz 10-ns square pulse laser emitting around
1553 nm is used as a Raman pump. In order to determine the
Raman gain, we have measured the amplification undergone
by a seed signal injected in a copropagating configuration and
shifted from the Raman pump by 83 nm for the chalcogenide
fiber (see below). The 1636-nm seed component was obtained
through the generation of a broad frequency comb via the prop-
agation of an initial 30-dBm beat signal centred around 1555
nm into a 500-m-long highly nonlinear fiber (HNLF) [47]-[49].
Note that, at the output of the fiber under-test, only the part of
the signal wave which has been amplified was injected into the
OSA thanks to an acousto—optic synchronized on the Raman
pump.

Fig. 13(a) illustrates the spontaneous Raman response (in
absence of seeding) occurring into the chalcogenide fiber for
an input pump power of 80 W. The Raman detuning was
measured at 83 nm (9.7 THz) with a typical FWHM of 5.5
nm. In the stimulated regime, we have measured the output
power of the 1636-nm amplified signal as a function of the
input Raman pump power I,,mp,. As can be seen in Fig. 13(b),
a strong amplification of the input signal was observed with a
maximum gain close to G = 37 dB. This value corresponds
to a gain per unit length of 24.7 dB/m and a Raman gain of
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gr = In(Q).Acgt/ Ppump-Leg = 1.8.1071'm/W, that is to say
180 times larger than a fused silica fiber [17] and threefold
higher than the previous result reported in [26]. Finally, the
inset in Fig. 13(b) illustrates a typical amplified signal spectrum
recorded for a pump power of P,ymp = 24.5 W.

X. CONCLUSION

In this paper, we have investigated the linear and nonlinear
properties of GeSbS and AsSe chalcogenide microstructured
optical fibers. The manufactured fibers were found to have a
nonlinear coefficient two order of magnitude higher than stan-
dard silica fibers as well as a Brillouin and Raman gain 100 and
180 larger than fused silica, respectively.

In order to enlarge the field of applications of this kind of
fiber, for example, so as to generate supercontinuum or signal
processing device around 1550 nm, a careful design of the mi-
crostructure has to be performed in order to shift the zero dis-
persion wavelength in the C band, and losses should be reduced
thanks to a dramatic purification of the glasses whereas nonlin-
earity could be still enhanced by reducing the size of the core.
Finally, we believe that if dimensions of the fiber are suitably de-
signed and manufactured, chalcogenide fibers could find many
applications in nonlinear optics and would be a promising can-
didate for ultra compact nonlinear devices.
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