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Abstract

We numerically investigate the use of photonic crystal fiber (PCF) through dispersion engineering of its cladding
containing air-holes for supercontinuum (SC) generation in the mid-infrared region using low peak power. A
3.6-cm-long PCF made using Gej5Asy4Sees.5 chalcogenide (ChG) glass with a hexagonal array of air-holes was
optimized for obtaining zero-dispersion wavelength through dispersion tailoring around the pump wavelength of 4
pm. We have performed numerical simulations for such dispersion tailored ChG PCF with the peak power range
between 0.25 kW and 2 kW. It was found through rigorous numerical simulations that an ultrabroadband mid-
infrared SC spectra covering the wavelength range 2-8 um which is equivalent to 2 octaves could be generated
using pump pulses of 320 fs duration at a wavelength of 4 um with a relatively low peak power of 2 kW by using
our proposed ChG PCF design.
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1. Introduction

Supercontinuum (SC) generation is a complex spectral broadening process where a narrow bandwidth pulse un-
dergoes a substantial spectral expansion through the interplay between various linear and nonlinear phenomena
that occur during the propagation of the optical signal along the length of the waveguide. SC generation using
nonlinear effects in optical waveguides has attracted extensive attention in nonlinear optics in the past decade as its
use provides an optical source with properties such as large bandwidth, brightness, high coherence, and potential
compactness (Dudley et al., 2006). Recently the generation of ultrabroadband spectra through SC sources in the
mid-infrared (MIR) region is of considerable interest because of their applications in the field of optical sensing,
molecular fingerprint spectroscopy, bio-imaging, pulse compression, optical coherence tomography, and high pre-
cision frequency metrology (Aggarwal et al., 2002; Dudley et al., 2009 ; Andreasen et al., 2014). In the past
years, numerous efforts were taken on silica fibers to produce broadband SC spectra which cover the visible and
near-infrared regions (Ranka et al., 2000; Gao et al., 2012; Gao et al., 2012). However, silica fibers cannot be used
in the MIR regime owing to their high losses in the spectral range beyond 3 ym which caused a gradual shift to-
wards other types of glasses that posses large transmission windows having transparency into the long wavelength
region. Alternative to fused silica, SC generation was also demonstrated using bismuth (Ebendroff-Heidepriem et
al., 2004), lead silicate (Petropoulos et al., 2003), fluoride (Qin et al., 2009), tellurite (Domachuk et al., 2008; Liao
etal., 2012; Agrawal et al., 2013), and ZBLAN fibers (Kulkarni et al., 2011).

Recently chalcogenide (ChG) glasses have shown a number of advantages over the other materials mentioned
above due to their wider transmission window extending from 2 to 20 um and higher nonlinearity into the MIR
region (Eggleton et al., 2011). Such glasses are attractive for fabricating optical planar waveguides and microstruc-
tured based fibers owing to possessing low nonlinear absorption, low TPA, no FCA, and fast response time because
of the absence of free-carrier effects. Moreover, ChG glass can provide MIR transparency up to 14 ym when
selenide-based materials are employed and have third-order nonlinearity several hundred times larger than silica
glass (Ma et al., 2013). Therefore, emphasised has given in most of the earlier theoretical and experimental inves-
tigation on chalcogenide based planar waveguides and step-index fibers for extending SC into the MIR region,but
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the longest wavelength reached was limited owing to cladding absorption of step-index fiber (Kubat et al., 2014;
Hudson et al., 2014; Petersen et al., 2014; Moller et al., 2015; Yu et al., 2015) and cut-off of the asymmetric
nature of planar waveguide (Lamont et al., 2008; Gai et al., 2012; Yu et al., 2013; Yu et al., 2014; Karim et al.,
2015) design. Photonic crystal fiber based design still attracts researcher attention much to employ it for MIR SC
generation due to having no cladding absorption in the long wavelength edge and can be fabricated easily (Fatome
et al., 2009; Hu et al., 2010; Weiblen et al., 2010; Wei et al., 2013). In our theoretical study, we show that the use
of PCF instead of planar and conventional fibers can overcome this limitation and SC spectrum can be extended
far into the MIR regime.

In this paper, we have shown through rigorous numerical investigations that a 3.6 cm long, dispersion engineered,
Gej1.5A5245€64.5 ChG PCF with hexagonal arrays of air-holes in its cladding can be used to generate a broadband
SC with sufficient wavelength extension in the MIR regime. It was found in many previous experiment based works
that for achieving sufficient extension of SC spectrum in the long wavelength region depends on the availability
of pump pulses at a suitable wavelength, among other factors, and the pump wavelength needs to be around 4 ym
or longer. To achieve ZDW of a PCF around such a long pump wavelength, the nonlinear coefficient of the PCF
decreases due to decreasing effective mode area of the PCFE. Therefore, to obtain longer wavelength extension of
SC in the MIR region, higher pump powers are required which can cause damage to ChG PCF if relatively wide
pump pulses are employed (Yu et al., 2013). Paying attention to this factor, we launched a fundamental mode with
low peak power sub-picosecond sech pulses of 320 fs duration at a pump wavelength of 4 um with a repetition
rate of 21 MHz (Yu et al., 2014) in our numerical simulations. The attenuation («) and nonlinear refractive index
(n,) are taken to be 0.5 dB/cm and 2.6 x 107! m?/W, respectively (Ma et al., 2013; Yu et al., 2014). The nonlinear
refractive index, n, was reduced by a factor of three at the pump wavelength of 4 ym from its measured value at
1.55 ym (Yu et al., 2014). The peak power of pulses is varied in the range 250-2000 W. A broadband MIR SC
covering the wavelength range from 2 to 8 um equivalent to 2 octave at the —15 dB level from the peak could be
generated with our proposed ChG microstructured fiber. Our calculated bandwidths are the largest reported so far
for SC generated using GeAsSe PCFs pumped at a wavelength of 4 ym with a low peak power of 2000 W.

Air-hole

Core

Figure 1. ChG PCF geometry used for dispersion optimization

2. Theory

Group velocity dispersion (GVD) and higher order dispersion parameters play a crucial role in determining the
SC bandwidth at the PCF output. Ultrawide spectral broadening depends on how dispersion parameters interact
with the nonlinearity of the PCF. The influence of a small anomalous GVD over a wide wavelength range pro-
duces a large soliton induced self frequency shifts through forming the Raman soliton inside the PCF. To realize
PCF’s zero-dispersion wavelength (ZDW) close to the pump wavelength, relatively larger waveguide dispersion is
required to offset the material dispersion of ChG glasses. We use a finite element (FE) based full-vectorial mode-
solver (Rahman et al., 1984) to obtain the propagation constant of the fundamental mode over a wide range of
frequencies and to calculate the effective mode index, which is subsequently used for numerically evaluating GVD
and various higher order dispersion parameters. The FE mode-solver used here is based on the vector H-field for-
mulation that is one of the most accurate and numerically efficient approaches available for the solution of a wide
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range of guided-wave problems. It can be easily applied to optical waveguides with any refractive index distribu-
tion and to those with anisotropic or nonlinear materials. The cross section of the waveguide is discretized using a
large number of triangular elements. All three components of the magnetic fields can be represented as piece-wise
polynomials within the elements. The field over each element is then expressed in terms of polynomials weighted
by the fields over each element. By differentiating the functional with respect to each nodal value, the problem is
reduced to a standard eigenvalue matrix equation, which is solved to obtain the propagation constants S(w) and
field profiles of various modes. In the full-vectorial formulation one needs to minimize the full H-field energy
functional using (Rahman et al., 1984),

, SB[V X HY &7 1(V X H) + p(V H) (V.H)| dQ2
v [J, H" iH dQ

where H is the vectorial magnetic field, * denotes a complex conjugate and transpose, w is the angular frequency, p
is a weighting factor for the penalty term to eliminate spurious modes, €2 is the computational domain of waveguide
proposed, and € and j1 are the permittivity and permeability tensors, respectively.

, (D

Generalized nonlinear Schrodinger equation (GNLSE) can be solved for studing the process of SC generation
inside our proposed ChG PCF. It is more important to include the dispersion parameters and intrapulse Raman
scattering into GNLSE as accurately as possible during the modelling of SC generation in an optical waveguide.
Therefore, the pulse evolutions in our proposed ChG PCF were modelled using GNLSE from (Gai et al., 2010):
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where A(z, T) is the slowly varying envelope of the pump pulse in a retarded time frame 7' = ¢ — 81z moving at
the group velocity 1/, Bx (k > 2) is the kth order dispersion parameter, @ accounts for linear propagation losses,
and wy is the pump angular frequency. The nonlinear coefficient is defined as y = nywo/(cAe), Where ny is the
nonlinear refractive index, c is the speed of light in vacuum, A.g is the effective area of the mode at the pump
frequency, and s = 9.3 x 10™'* m/W is the two-photon absorption coefficient (Gai et al., 2010). The material
response function R(?) includes both the instantaneous Kerr response, 6(¢), and the delayed Raman response, /g (?),
expressed as

R@) = (1 = fr)6(1) + frhr (1), (3)
2., .2
hr(t) = T;“:-Zz exp (—T—tz) sin (%) (@)
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where the parameter fr = 0.148 represents the fractional contribution of the nuclei to the total nonlinear polariza-
tion.

3. Results and Discussions

To study SC generation, we solve GNLSE Eq. (2) for scalar calculations with single-polarization using split-
step Fourier method including dispersion terms up to 10" order. The design of a ChG PCF for SC generation
depends on the accuracy of GVD and higher-order dispersion parameters. The accuracy of dispersion parameters
depend on how accurately calculates the mode propagation, S(w) for the fundamental mode through FE modal
solutions. Therefore, accuracy of any design critically depends on the accuracy of modal solutions of a waveguide.
For our ChG PCF, we represent the waveguide structure with 360,000 first order triangular elements to obtain
higher accuracy modal solutions. A powerful extrapolation technique (Rahman et al., 1985) was then used to test
the accuracy of modal solution for this waveguide structure. We tested the FE results by Aitken’s extrapolation
through convergence between the raw FEM results and extrapolated values as the number of elements increased.
The mode propagation constant S(w) of the fundamental mode over a range of frequencies are evaluated from
the modal solutions obtained using the FE method described above. The effective indices (neg = AB(w)/2x) of
the fundamental mode are then calculated from the mode propagation constant obtained through modal solutions.
The effective mode index of the fundamental mode is calculated up to fifteen decimal place so as to accurately
determine the GVD and higher-order dispersion coefficients. The GVD curves obtained through FE mode-solver
were tested by the data fitting method applying Taylor series expansion by which it was observed good matching
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between the GVD curve obtained through both methods. The spatial profile of the fundamental mode at a pump
wavelength of 4 ym, shown as an inset of Fig. 2(a), exhibits excellent field confinement to the central core region
which thus enables an enhanced nonlinear interaction inside the ChG PCF.
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Figure 2. Dispersion curves for the ChG PCF design shown in Fig. 1 when (a) A is varied with d/A constant and
(b) d/A is varied with A constant. Vertical dotted line indicates pump wavelength and the inset shows the spatial
profile of the fundamental mode at a pump wavelength of 4 um

PCF became popular since the first demonstration of Ranka et al., (Ranka et al., 2000) as it has the ability to
obtain large nonlinearity and flat GVD through microstructuring its cladding containing air holes around the pump
wavelength for wideband SC generation. The ZDW of Ge;;sAsy4Seqss ChG material is located near 7 um and
to shift this ZDW to shorter wavelengths, a number of techniques were proposed in (Hu et al., 2010; Weiblen et
al., 2010; Wei et al., 2013). Here, we propose to design a Ge|j5As4Sess s PCF and pump it at 4 ym using 320 fs
pulses with a peak power of 2000 W from an optical parametric amplifier (Yu et al., 2014) to generate MIR SC
that extends beyond 8 um. We chose the PCF geometry because the ZDW of a PCF can be engineered over a much
wider wavelength range compared to that of planar waveguides and step-index fibers. To shift the ZDW of a ChG
PCF near 4 ym with a small value of anomalous dispersion at the pump wavelength, our proposed PCF structure
for dispersion optimization is shown in Fig. 1. Its air holes follow hexagonal symmetry with the central air hole
missing. Both the diameter (d) and pitch (A) of the air hole array can be varied to engineer PCF’s dispersion
properties. Through a rigorous numerical procedure, we obtain two sets of dispersion curves for our proposed PCF
structure. Figure 2(a) shows how the dispersion curve D(1) changes when the pitch A is varied while keeping the
ratio d/A constant. Figure 2(b) shows the situation in which the ratio d/A is changed while keeping A constant.
These figures show that a ChG PCF can be designed to exhibit relatively small anomalous dispersion over a wide
wavelength range extending from 3 ym to beyond 9 um. For SC generation we need to pay attention on pump peak
power as the ChG glass has the lowest damage threshold which is an average power density of 30 kW/cm?. The
damage threshold decreases when sulphide-based glass is progressively replaced with the selenium-based glass
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(Yu et al., 2015). The ChG fiber core could be damaged if the peak intensity of pump pulses reaches 30 GW/cm?
or the average power density at the input facet of the PCF exceeds 100 kW/cm?. Considering these factors, we
designed our GeAsSe PCF for MIR SC generation such that the required peak power of pump pulses is at most
2000 W. Among the many dispersion curves shown in Fig. 2 for our proposed ChG PCF structure, we chose the
one with A = 3.75 um and d/A = 0.5 (red-dotted line). The effective mode-area for these parameters is A.g =
17.61 um?, resulting in a nonlinear coefficient y = 0.23 W~!/m and D = 22.25 ps/nm/km.
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Figure 3. Simulated SC spectra when ChG PCF is pumped at a pump wavelength of 4 um and the peak power of
320 fs pulses is varied from 250 to 2000 W

Evaluating higher-order dispersion terms up to 10" order at a pump wavelength of 4 ym from the red-dotted curve
shown in Fig. 2(a) for A = 3.75 um and d/A = 0.5, we have performed numerical simulations exciting fundamental
mode propagating in the form of higher-order solitons with the peak power levels in the range between 250 and
2000 W, and the results are shown in Fig. 3. For the largest peak power of 2000 W, the SC spectrum at the PCF
output clearly extends beyond 8 ym. To study how the SC evolves along the PCF length, we plot in Fig. 4 the
evolution of pulse temporal (left) and spectral (right) density over the entire PCF length of 3.6 cm. The dispersion
length of 320 fs pump pulse for our PCF is Lp = 17.45 cm, and the nonlinear length at a peak power of 2000 W is
Lnp = 2.2 mm, resulting in a soliton order N = /Lp/Lxp = 9. As the pump lies in the anomalous GVD regime,
SC generation is mainly dominated by the soliton-fission process. Initially the broadening of the optical pulse is
dominated by self-phase modulation and then the propagation of pulse compressed due to the higher-order soliton
dynamics. As a result, a broadened spectrum produced from strong temporal contraction. Further propagation
now leads to a break-up of the higher-order soliton into a number of fundamental solitons through soliton fission
process. For the soliton order of 9, fission occurs at around 1.5 cm as shown in Fig. 4(a), and nine fundamental
solitons are produced after the fission, whose spectra shift toward the long-wavelength side owing to intrapulse
Raman scattering, producing multiple spectral peaks in the spectra seen in Fig. 4(b). Since the generated solitons
through fission process do not reach at the steady state instantaneously, the decay proceeds via bound soliton states
with corresponding temporal contraction and expansion. One can see the non-solitonic radiation in the form of a
dispersive wave is generated at a wavelength around 2 yum lying in the normal dispersion regime of our dispersion
optimized photonic crystal fiber. It can be observed from Fig. 4(b) that the SC extends over more than 2 octaves
covering a wavelength range from 2 yum to beyond 8 um. The temporal and spectral differences are also apparent in

the spectrogram shown in Fig. 5 and the SC extension beyond the 8 um is clearly observed with a low peak power
of 2000 W.

4. Conclusion

In conclusion, we have presented numerical study of 3.6-cm-long dispersion engineered ChG hexagonal PCF
which allows us to generate ultrabroadband SC spectra in the MIR regime with a low peak power. We proposed
here the microstructured fiber made with Ge;;sAsysSeqss glass and optimized its dispersive properties at the
chosen pump wavelength by varying the pitch and diameter of air-holes which running periodically along the
length of the PCF cladding. Using pump pulses at a wavelength of 4 ym with a relatively low peak power of 2 kW,
we obtained a SC spectrum covering a wavelength range from 2 um to beyond 8 um (> 2 octave).
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Figure 4. Output SC evolution of (a) temporal intensity and (b) spectral density along the PCF length for pump
pulses launched at 4 ym with a peak power of 2000 W
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Figure 5. Temporal and spectral evolution of output SC presented by spectrogram for pump pulses launched at
4 um with a peak power of 2000 W

This is the broadest MIR SC realized at a relatively low peak power of 2 kW using a GeAsSe based chalcogenide
PCF so far reported. By shifting the pump wavelength to around 5-6 ym depending on the availability of the pump
sources in this wavelength range, or increasing the pump power, or by adjusting both while paying attention to the
damage threshold limit of ChG glass, it could be possible to extend the SC to beyond 14 yum with our proposed
Gej1.5A8245€e¢4.5 chalcogenide glass photonic crystal fiber.
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