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We report the first chalcogenide microwire designed with
all-normal dispersion to generate supercontinuum by opti-
cal wave breaking, a low-noise nonlinear process. The chal-
cogenide (As,S;) microwire is coated with PMMA and
tapered to a diameter of 0.58 pm to achieve the all-normal
dispersion regime. The generated supercontinuum spec-
trum spans over an octave from 960 to >2500 nm using
a microwire length of only 3 mm and a low pulse energy
of 150 pJ. © 2015 Optical Society of America
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Broadband supercontinuum (SC) sources are important for ap-
plications such as frequency metrology [1], optical coherence
tomography [2], and ultrashort pulse compression [3].
Microwires and photonic crystal fibers receive much attention
for broadband SC generation because of the ability to engineer
their dispersion and nonlinear properties [4,5]. These fibers are
usually designed to produce maximum spectral bandwidth such
that the pump wavelength is close to the fiber’s zero-dispersion
wavelength (ZDW) and lies in the anomalous dispersion range
[6-8]. For this type of SC, the spectral broadening mainly re-
sults from soliton fission, which is sensitive to shot-to-shot fluc-
tuations, and modulation instability, which is seeded from
noise [9]. Both nonlinear processes lead to phase noise and un-
stable amplitude across the spectrum [10]. However, this noise
can be reduced through suppressing soliton fission by engineer-
ing the fiber group-velocity dispersion (GVD) so that it is
normal over the SC bandwidth [11].

A wide range of normally dispersive silica fibers has been
designed for SC generation. This includes, for example,
dispersion shifted fibers [12], photonic crystal fibers [13—15],
microwires [16], and highly nonlinear fibers [17]. In silica mi-
crowires designed with normal dispersion, an octave SC was
demonstrated in the ultraviolet wavelength range [16]. A pump
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source was chosen at a wavelength of 400 nm in order to
experience a low magnitude of normal dispersion.

Chalcogenide (ChG) fibers, which exhibit a large value of
normal dispersion, have also been investigated for SC genera-
tion [18-21]. These fibers are excellent candidates for broad-
band SC generation because of their high nonlinearity and their
wide transparency [22]. A SC is generated in the normal
dispersion by pumping far below the ZDW, so that the gen-
erated spectrum does not extend into the anomalous dispersion
regime. However, the large normal dispersion value at the avail-
able commercial laser wavelengths increases the power require-
ments for broadband SC generation [20,23]. A more efficient
method, and the one used in this study, is to generate SC in a
ChG microwire with an all-normal GVD profile and a low
value of dispersion at the pump wavelength.

In this Letter, we present the first ChG microwire designed
with all-normal dispersion to generate SC by optical wave
breaking, a low-noise nonlinear process. The microwire struc-
ture of As,S; core with PMMA cladding and tapering to a
diameter of 0.58 pm are essential in the achievement of always
normal GVD. In addition to providing the microwire an all-
normal GVD, the PMMA cladding also improves the micro-
wire mechanical strength [24]. The large nonlinearity, the re-
duced chromatic dispersion from PMMA cladding, and the low
absorption loss of the microwire lead to the generation of a SC
with more than an octave of bandwidth from 960 to
>2500 nm using a microwire length of only 3 mm and a
low pulse energy of 150 pJ.

The efficiency of SC generation in the anomalous dispersion
regime can be measured by the dimensionless parameter NN,
known as the soliton number, given as [25]

L
=\ Lo A V ()

where Lp, is the dispersion length, Ly is the nonlinear length,
7 is the waveguide nonlinearity, /3, is the GVD, E is the pulse
energy, and 7 is the pulse duration. Although soliton propa-
gation is inhibited in the normal dispersion regime, N remains
a useful parameter to measure the efficiency of SC generation
by optical wave breaking [25]. Equation (1) indicates that for a
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Fig. 1. (a) Chromatic dispersion profiles of As,S;-Air and As,S;-
PMMA microwires as a function of diameter, at 1550 nm wavelength.
(b) Chromatic dispersion profiles of As,S;-Air microwire with a diam-
eter of 0.32 pm (red-line) and As,S;-PMMA microwire with a diam-
eter of 0.58 pm (black-line).

given pulse with defined pulse energy and duration, the mag-
nitude of V depends on fiber parameters y and f3,. Therefore,
in order to get a large value of /V, i.c., broadband SC gener-
ation, the value of y must be large and f#, must be small.
Figures 1(a) and 2(a) depict the values of GVD (f,) and
waveguide nonlinearity (y) of As,S; microwires surrounded
by air (red-line) or by PMMA cladding (black-line) at a wave-
length of 1550 nm. f, and y are determined by solving the
characteristic equation of an infinite cladding cylindrical wave-
guide to obtain the propagation constant f3, the electric_field
distribution £, and the magnetic field distribution A for
the fundamental mode [26]. Solving the characteristic equation
takes into account the wavelength dependence of the refractive
index of As,S; obtained from the Sellmeier formula given in
[27] and the refractive index of PMMA from the Cauchy re-
lation given in [28]. The waveguide nonlinearity is calculated
following the procedure of [29] with a nonlinear refractive in-
dex 7y, = 5.44 x 10718 m? /W [30] at 1550 nm wavelength.
Figure 1(a) reveals that As,S;-Air microwires have to be tapered
to smaller diameters than As,S;-PMMA microwires to have
normal GVD at a wavelength of 1550 nm. As,S;-Air micro-
wires with diameters smaller than 0.52 pm exhibit two ZDW's
located at wavelengths shorter than 1550 nm. At a diameter of
0.32 pum, As,S;-Air microwires have a GVD profile (red-line)
that is normal between 940 and 2100 nm wavelengths, as
shown in Fig. 1(b). For this diameter, the two ZDWs are
located at 765 and 939 nm. The figure shows also that
As;S3-PMMA microwires have a GVD profile that is normal
at all wavelengths for a diameter value of 0.58 pm. The mag-
nitude of f, at 1550 nm wavelength for As,S;-Air and
As,S3-PMMA microwires is 5.11 ps*/m and 0.70 ps®/m, re-
spectively. For the same diameter values, Fig. 2(a) shows that y
of As,S5-Air and As,S;-PMMA microwires is 3 W~ - m™! and
54 W'.m™, respectively. The waveguide nonlinearity of
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Fig. 2. (a) Waveguide-nonlinearity profiles of As,S;-Air and As,S;-
PMMA microwires as a function of diameter, at 1550 nm wavelength.
(b) Mode-field distribution of As,S;-Air microwire with a diameter of
0.32 pm and As,S;-PMMA microwire with a diameter of 0.58 pm.

As,S;-Air microwires is smaller than that of As,S;-PMMA
microwires at the selected diameters since the mode is less con-
fined in the core of As,S;-Air microwires, as shown in Fig. 2(b).
By substituting the values of y and /3, in Eq. (1), Vaq,s,_pmma
is ~12 times that of Va5, _a;- Therefore, the PMMA cladding
leads not only to achieving all-normal dispersion but also lowers
the power consumption for SC generation.

The experimental setup for the generation of SC is shown in
Fig. 3(a). Pump pulses are launched from a mode-locked
Er-doped fiber laser. The pulses have a FWHM duration of
590 fs at a repetition rate of 20 MHz. The central wavelength
and the average power of the laser are 1550 nm and 3.8 mW,
respectively. A variable optical attenuator is inserted to control
the pulse energy delivered to the tapered fiber. Two optical
spectrum analyzers (OSA) with two different detection ranges
are used to measure the generated SC spectra from the tapered
fiber. The detection ranges of the two OSAs are bounded by the
spectral ranges from 0.6-1.7 pm and 1.2-2.5 pm.

Figures 3(b) and 3(c) show respectively an input facet of the
hybrid fiber and a schematic of the tapered fiber used in
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Fig.3. (a) Experimental setup for SC generation. OSA: optical spec-
trum analyzer, VOA: variable optical attenuator. (b) Input facet of the

hybrid fiber. (c) Schematic of the tapered fiber.
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Fig. 4. (a) Absorption and transmission spectra of As,S; and
PMMA, respectively. Experimental and numerical calculations of D
for As,S3-PMMA (b) fiber of 12 c¢m long, and (c) tapered fiber of

19.4 cm long with a microwire of 0.58 pm diameter.

the experiment. The hybrid fiber is made of an As,S; core sur-
rounded by PMMA cladding, and its central part is tapered
down adiabatically into a 3 mm long microwire using a tapering
process described in [31]. The core size in the untapered region
is 14 pm and is reduced down to 0.58 pm in the microwire
region. The outer diameter of the PMMA is 500 pm in the
untapered region and is reduced in the microwire region to
21 pm. One end of the hybrid fiber is butt-coupled to an
SMEF-28, and the fibers are bonded permanently with UV ep-
oxy. The measured total insertion loss of the tapered fiber is
3.7 dB including Fresnel reflection losses, mode-mismatch at
the hybrid fiber-SMF interfaces, microwire surface roughness
losses [32], and misalignment at the SMF-As,S; interfaces.
Figure 4(a) shows the measured transmission spectrum of a
3 mm thick PMMA sheet (dashed-line) [33] and material loss
of As, S5 glass (solid-line) [34]. Figures 4(b) and 4(c) show the
calculated and experimental measurements of the dispersion
parameter (D) for a 12 cm As,S;-PMMA fiber and the average
value (D) fora 19.4 cm tapered fiber with a 3 mm microwire of
0.58 pm diameter, respectively. The figures show a good
agreement between numerical calculation and experimental
measurements of D.

Figure 5(a) depicts the experimentally generated (solid) SC
spectra from a tapered fiber with a 3 mm long microwire of
0.58 pm diameter and a hybrid fiber 12 ¢m long using pump
energy of 150 pJ. The generated SC spectrum from the tapered
fiber covers a spectral bandwidth from 960 to >2500 nm at
35 dB below the peak value with the long wavelength edge
being limited by the OSA. However, the spectral broadening
of the pump pulse from the hybrid fiber is relatively small.
This is because the pump experiences a large normal dispersion
through the fiber. The value of /V at the pump wavelength for a
hybrid fiber is 3.2. Figure 5(b) depicts the pump spectrum to-
gether with the measured autocorrelation trace. The 834 fs au-
tocorrelation duration corresponds to a pulsewidth of 590 fs.

To confirm the experimental results, numerical simulations
of SC generation are also performed by solving the generalized
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Fig. 5. (a) Experimentally generated (solid) and calculated (dashed)
SC spectra from a hybrid fiber and a tapered fiber using pump energy
of 150 pJ. Calculated input spectrum (dotted) to microwire region.
The inset shows the temporal pulse profile from the hybrid fiber
and the tapered fiber. (b) Pump spectrum together with the autocor-
relation trace.

nonlinear Schrédinger equation, using the Runge-Kutta inter-
action picture method. Figure 5(a) shows also the numerically
calculated (dashed) SC spectra and temporal pulses profile from
the hybrid fiber and the whole structure of the tapered fiber.
The numerical simulations and the experimentally measured
SC spectra agree reasonably well. The top plot in the figure
shows also the numerically calculated (dotted) spectrum before
entering the microwire region. The numerical calculations re-
veal that no significant spectral broadening occur in the unta-
pered and down-taper transition region and the dominant SC
broadening occurs in the microwire region. This is due to the
long pulse duration and low pulse energy used to generate the
SC [13,16]. The conservation of a single pulse in the time do-
main along the hybrid fiber and the tapered fiber indicates that
SC broadening occurs in the normal dispersion regime [13].
These pulses are suitable for time-resolved applications and
pulse compression. In the numerical simulation, a 590 fs sech
pulse profile is assumed to propagate a path 224 cm along an
SMF before the hybrid fiber or the tapered fiber. The pulse is
discretized into 2'% samples with a temporal window width of
64 ps. The higher-order dispersion terms are included up to the
9th order. The contribution of self steepening and the delayed
Raman response are also included with f, = 0.031, 7, =
15.2 fs and 7, = 230.5 fs. The losses (i.e., intrinsic a(1), cou-
pling, and fabrication losses), and effective mode area A4 (1)
curves are used for the simulation.

Figure 6 depicts the experimentally generated SC spectra
from a tapered fiber with a 0.58 pm microwire diameter as
a function of the pulse energy. The pulse energy values pre-
sented in the figure take into consideration the coupling loss
to the tapered fiber and correspond to NV that increases from
~14 to 47. The dips in the spectra at 1678 and 1905 nm are
attributed to PMMA absorption shown in Fig. 4.

In conclusion, we have introduced the first ChG microwire
designed with all-normal dispersion to generate SC by optical
wave breaking, a low-noise nonlinear process. The microwire
structure of As,S; core with PMMA cladding and tapering
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Fig. 6. Experimentally generated SC spectra using a 3 mm micro-
wire with a diameter of 0.58 pm and for various pulse energy levels.

to an As,S; diameter of 0.58 pum are essential in the achieve-
ment of the all-normal GVD. The tapering of the ChG hybrid
fiber to a microwire of only 3 mm long generated a SC that
covers more than an octave of bandwidth from 960 to
>2500 nm using a low pulse energy of 150 pJ.
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