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Cascaded Raman wavelength shifting up to the fourth order ranging from 2092 to 2450 nm is demonstrated using a
nanosecond pump at 1995 nm in a low-loss As38 Se62 suspended-core microstructured fiber. These four Stokes shifts
are obtained with a low peak power of 11 W, and only 3 W are required to obtain three shifts. The Raman gain coefficient for the fiber is estimated to ð1:6  0:5Þ × 10−11 m=W at 1995 nm. The positions and the amplitudes of the Raman
peaks are well reproduced by the numerical simulations of the nonlinear propagation. © 2011 Optical Society of
America
OCIS codes: 190.5650, 060.4370, 060.2390.

Chalcogenide glasses are remarkable not only for their
strong optical nonlinear refractive index, which can be
up to 800 times higher than in silica [1], but also for their
large transparency extending far in the IR. Combining
with the microstructure, one can make extremely nonlinear microstructured optical fibers (MOFs) [2]. These
glasses are a good candidate for telecom applications
such as signal regeneration [3], supercontinuum generation [4–6], and wavelength conversion in the IR using
Raman shifting [7–9]. The Raman gain coefficient of chalcogenide fiber has already been measured at 1:55 μm
with typical values of gR ¼ 2:3 × 10−11 m=W for an AsSe
step-index fiber (SIF) [8] and 5:7 × 10−12 m=W for an
As40 Se2 S58 SIF [7]. In [7], Kulkarni et al. observed a
cascaded Raman wavelength shift (CRWS) up to three
orders using a nanosecond source centered around
1550 nm with 350 W of peak power. The fiber core diameter was 6:5 μm, and the fiber length was 12 m. More
recently, using a similar configuration, Ducros et al. obtained up to four CRWSs using 1 kW of peak power in a
10 μm diameter core and 3 m long As2 S3 SIF [9]. In this
Letter, we report, for the first time to our knowledge,
the observation of four CRWSs in an AsSe suspendedcore MOF pumped around 2 μm with only 11 W of peak
power and of their quantitative modeling using the generalized nonlinear Schrödinger equation (GNLSE). We
also measure the Raman gain coefficient around 2 μm.
In our study an As38 Se62 MOF with a suspended core of
3:5 μm diameter is used (Fig. 1). The fiber was fabricated
using the casting method we have developed to prepare
low-loss chalcogenide MOFs [10]. The losses are measured approximately to 0:8 dB=m at 1:55 μm. Using our
finite element method software [11], the dispersion curve
was obtained from the fiber profile captured by scanning
electronic microscopy (SEM) and the glass refractive index was especially measured in the IR region in an
As38 Se62 prism. It gives a zero dispersion wavelength
(ZDW) around 3:15 μm (Fig. 1). This fiber is pumped with
a gain-switched thulium-doped fiber laser using the
0146-9592/11/152859-03$15.00/0

experimental setup shown in Fig. 2 [12]. The nanosecond
pump source emits pulses with a central wavelength at
1995 nm. An isolator is used to prevent light reflections
from the fiber cleave back to the laser. To improve the
coupling efficiency to the chalcogenide fiber (∼25%), a
few centimeters of ultrahigh numerical aperture fiber
(UHNA) are spliced after the isolator. The UHNA and
the AsSe fiber are butt coupled using a splicer. Indium
gallium alloy is deposited along the fiber to remove cladding modes. The output of the chalcogenide fiber is
collected by a 100 μm diameter multimode fiber into
an optical spectrum analyzer up to 2400 nm.
In a first experiment, up to three CRWSs appear for a
4:4 m long MOF by varying the power [Fig. 3(a)]. Only 3 W
of peak power is required to generate three shifts. The
Stokes orders appear at wavelengths of 2092, 2205,
and 2330 nm. By using a monochromator coupled to a
liquid-nitrogen-cooled InSb detector, we could even observe a fourth Raman peak at 2450 nm for 1:7 m of fiber
and an injected power of 11 W [Fig. 3(b)]. Because of injection stability and uncertainty in coupling efficiency,
the peak power is known within 20% of error. Injection
of 1995 nm nanosecond pulses into the AsSe fibers in the

Fig. 1. Computed chromatic dispersion Dc of the fiber together with the material dispersion Dmat . (inset) Cross section
of the fabricated fiber captured by SEM.
© 2011 Optical Society of America

2860

OPTICS LETTERS / Vol. 36, No. 15 / August 1, 2011

Fig. 2.

Experimental setup for the Raman spectra.

normal dispersion regime leads to Raman scattering as
modulation instability is prevented by dispersion and
self-phase modulation is negligible for ns pulses. The
CRWS occurring in this fiber at low peak power (2 W)
indicates that the suspended-core structure considerably
enhances the fiber nonlinearity and that the overall fiber
losses are still low in the studied wavelength range. We
observe a linear transmission by varying the injected
peak power, which means that there is no two-photon
absorption above 2 μm.
The modeling of the experiment has been performed
using the GNLSE [13] with the fourth-order Runge–Kutta
in the interaction picture (RK4IP) method [14], the MOF
linear properties obtained from the simulations (mode
area Aeff ¼ 7:4 μm2  0:04 μm2 at 2 μm, and dispersion),
and the pulse parameters [Fig. 3(b)]. It is in good agreement with the experimental results. Numerical simulations using this method with a pump wavelength
around 2 μm and with stimulated Raman scattering has
already been used for a tellurite MOF [15]. The nonlinear
coefficient for As2 Se3 is fixed to 1:3 × 10−17 m2 =W [16].
To describe the Raman response, we start from the
data provided by Ung and Skorobogatiy [17]. But we

determine a second set of optimized parameters
(τ1 ¼ 22:5 fs, τ2 ¼ 225 fs, and f R ¼ 0:132) within 15% of
the initial ones so as to reproduce all our experimental
results and not only the first Raman peak of the recorded
spectra. The simulations describe well the appearance of
the Raman peaks and their central wavelengths as a function of the peak power. Nevertheless, their widths are
slightly smaller than in the experimental results and
the fourth Raman peak is not perfectly described. Several
reasons may help to understand such differences. First,
the studied suspended-core MOF is multimode in the
considered wavelength range. Second, the exact Raman
response of AsSe glass is not yet fixed accurately in
the available literature (and the glass composition is
As38 Se62 , not the usual As2 Se3 ). Third, the fiber cross section is not strictly invariant along the fiber axis. Fourth,
the temporal shape of the injected pulse is not a simple
perfect secant hyperbolic like the one used in the simulations. Contrary to most other publications, we determine
the modelling parameters with not only one Raman shift
but with three or even four, and for many experiments.
The estimated parameters are therefore more reliable.
To measure the Raman gain coefficient gR , we use the
same setup as we did previously (Fig. 2). Several curves
are recorded corresponding to different injected peak
powers ranging between 3 and 5 W. For this measurement, a 0:8 m long piece of our fiber is used. The output
spectra were compared to a modeling of CRWS. We start
from the Raman continuous equation given by [18] modified to take into account spectral and time-dependent
intensity (the spectrum is divided in N ¼ 600 bands λi ,
i ¼ 1; …; N):
X gR ðλi ; λj Þ
dAi
¼ −αAi þ
εij
Ai jAj j2 ;
dz
A
eff
i;j

ð1Þ

with

εij ¼

Fig. 3. (Color online) Cascaded Raman peaks in our AsSe suspended-core MOF. (a) Output spectra for different injected
peak power up to 2400 nm in a 4:4 m long fiber. (b) Experimental
data (black solid line) and simulation results with RK4IP method using data given in [17] for Raman response function (blue
line) and using optimized parameters for this response (red
line) in a 1:7 m long fiber and 19 W peak power. Experimental
results above 2400 nm recorded with an InSb detector for 1:7 m
long fiber.

−1 if λi < λj
;
λ
þ λij if λi > λj

ð2Þ

where P
Ai is related to the total pump power by
PðtÞ ¼ i jAi ðtÞj2 , α is the linear attenuation of the fiber,
and Aeff is the mode area. The Raman gain, gR ðλi ; λj Þ, is
generated at λj by the pump λi . It has a Lorentzian spectral shape with an FWHM of 3 THz. The amplitudes Ai are
initialized with quantum noise. The simulation results are
in good agreement with the measured spectra for gR ¼
ð1:6  0:5Þ × 10−11 m=W (see Fig. 4). Reference [8] gives
a Raman gain coefficient of 2:3 × 10−11 m=W at 1:56 μm
in a small core As2 Se3 SIF. It is known that Raman gain
coefficient scales inversely with the pump wavelength
[13]. This would lead to a value of 1:8 × 10−11 m=W at
2 μm for the Raman gain coefficient for As2 Se3 . Consequently, the value found for our As38 Se62 suspended-core
MOF is in good agreement with the literature.
In summary, we observed, for the first time to our
knowledge, four orders of CRWSs in a suspended-core
AsSe chalcogenide fiber pumped in normal dispersion regime at 2 μm with an input peak power as low as 11 W.
Light is shifted up to 2:45 μm. The positions and the
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Fig. 4. (Color online) Evolution of the first Raman peak for
different injected peak power in a 0:8 m long piece of our fiber.
(inset) The Raman efficiency between the top of the pump peak
and the top of the first Raman shift is plotted as a function of the
injected peak power for experimental data (black line) and simulated data with gR ¼ ð1:6  0:5Þ × 10−11 m=W (red line).

amplitudes of the Raman peaks obtained from numerical
simulations of the nonlinear pulse propagation fit well
the experimental data. We have also estimated the
Raman gain coefficient to be ð1:6  0:5Þ × 10−11 m=W
around 2 μm. This value is approximately 350 times larger
than in silica fiber. Reducing further the core size will
shift the ZDW around 2 μm, so this AsSe MOF is a good
candidate for supercontinuum generation in the mid-IR.
The authors want to thank French ANR (Confian), Délégation Générale pour l’Armement (DGA), and Région
Ile de France for their financial support.
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