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An ultrabroadband mid-infrared (MIR) region supercontinuum (SC) generation is
demonstrated numerically through dispersion-engineered traditional chalcogenide
(ChG) photonic crystal fiber (PCF). By varying structural parameters pitch (hole to hole
spacing) and air-hole diameter to pitch ratio, a number of 10-mm-long hexagonal PCFs
made employing GeAsSe ChG glass as a core and air-holes of hexagonal lattice
running through their lengths as a cladding are optimized to predict an efficient mid-
infrared region SC spectral emission by pumping them using a tunable pump source
between 2.9 pm and 3.3 pm. Simulations are carried out using an ultrashort pump
pulse of 100-fs duration with a low pulse peak power between 3 kW and 4 kW into the
optimized designs. It is found through numerical analysis that the efficient SC spectral
broadening with flattened output can be obtained by increasing the PCF pitch rather
than increasing the PCF cladding containing air-hole diameter although it could able to
be obtained a larger nonlinear coefficient through increasing air-hole diameter of an
optimized design. Simulation results show that the SC spectra can be broadened up to
12.2 ym for a certain design with a peak power of 3 kW. Using a peak power of 4 kW, it
is possible to obtain SC spectral broadening beyond 14 um with an optimized design
spanning the wavelength range from 1.8 to 14 ym which covers the electromagnetic
spectrum required for MIR molecular fingerprint region applications such as sensing
and biological imaging.
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Abstract An ultrabroadband mid-infrared (MIR) region supercontinuum (SC)
generation is demonstrated numerically through dispersion-engineered traditional
chalcogenide (ChG) photonic crystal fiber (PCF). By varying structural param-
eters pitch (hole to hole spacing) and air-hole diameter to pitch ratio, a number
of 10-mm-long hexagonal PCFs made employing GeAsSe ChG glass as a core and
air-holes of hexagonal lattice running through their lengths as a cladding are opti-
mized to predict an efficient mid-infrared region SC spectral emission by pumping
them using a tunable pump source between 2.9 pm and 3.3 um. Simulations are
carried out using an ultrashort pump pulse of 100-fs duration with a low pulse peak
power between 3 kW and 4 kW into the optimized designs. It is found through
numerical analysis that the efficient SC spectral broadening with flattened out-
put can be obtained by increasing the PCF pitch rather than increasing the PCF
cladding containing air-hole diameter although it could able to be obtained a larger
nonlinear coefficient through increasing air-hole diameter of an optimized design.
Simulation results show that the SC spectra can be broadened up to 12.2 pym for
a certain design with a peak power of 3 kW. Using a peak power of 4 kW, it is
possible to obtain SC spectral broadening beyond 14 ym with an optimized design
spanning the wavelength range from 1.8 to 14 pum which covers the electromag-
netic spectrum required for MIR molecular fingerprint region applications such as
sensing and biological imaging.
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1 Introduction

Supercontinuum (SC) generation using microstructured fibers has drawn consid-
erable attention in last decade owing to its manifold applications which include
biomedical imaging, high-resolution spectroscopy, optical coherence tomography,
high precision frequency metrology, gas sensing and food quality control (Petersen
et al. 2014). More specifically, recently SC sources designed using microstructured
and tapered fibers which provide a high brightness and high resolution broadband
light source for the applications in early cancer detection using optical biopsy (Sed-
don et al. 2016), hyper-spectral infrared microscopy (Dupont et al. 2012), multi-
spectral tissue imaging (Petersen et al. 2018) and optical biosensing (Markos et al.
2015). Microstructured fibers usually become highly nonlinear owing to the nature
of their structural formations and widely used powerful fiber technology method
for designing high brightness broadband SC sources between ultraviolet and mid-
infrared region applications (Dudley et al. 2009). Among different microstructured
fiber based designs, photonic crystal fiber (PCF) is the most prominent design due
to its flexible design procedure which is possible through the variation of its two
structural parameters pitch and hole-diameter (Knight et al. 1996; Cregan el al.
1999; Knight et al. 2002; Tajima et al. 2004; Fatome et al. 2009). To achieve
broadband SC spectral evolution, optical waveguide usually requires to pump us-
ing ultrashort optical pulses in anomalous group velocity dispersion (GVD) regime
(Agrawal 2013). Controlled GVD optimization of a waveguide geometry over a
wide wavelength range in both the anomalous and normal dispersion regions as
well as GVD parameter in a certain wavelength vicinity to the existing pump
sources can comfortably be achieved through the variation of PCF geometrical
parameters (Dudley et al. 2006).

Nowadays, researchers are focusing on mid-infrared (MIR) region SC genera-
tion (2-20 pm) which belongs to two most important transparent windows such as
3-5 pm and 8-13 pm that can be used to detect the scent of different toxic gases
which are detrimental to the various environmental and atmospheric applications
(Schliesser et al. 2012). To extend the SC spectral evolution up to this limit,
several host materials with various designs have been proposed to push the long
wavelength side of SC extension far into the MIR region. Among those materials,
fluoride (Qin et al. 2009; Swiderski et al. 2014), tellurite (Liao et al. 2011; Cheng
et al. 2015; Domachuk et al. 2008) and ChG glasses (Gai et al. 2010; Hudson et
al. 2012; Magi et al. 2007; Al-Kadry et al. 2014; Kubat et al. 2014; Eggleton et
al. 2011; Aggarwal et al. 2002; Ma et al. 2013; Shaw et al. 2011; Hu et al. 2010;
Mgller et al. 2015; Gao et al. 2013; Yu et al. 2015; Karim et al. 2015) with wider
transparency and high Kerr nonlinearity have been studied extensively for MIR
region SC generation. Fluoride and tellurite glasses have transparency up to 5 um,
however, the transparency of ChG glasses can be extended between 10 pm and
20 pm depending on the chemical composition used during fabrication. Moreover,
high refractive index, large Kerr nonlinearity (n2) and low two-photon absorption
(TPA) due to moderate band-gap around the telecommunication wavelength of
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Fig. 1 ChG PCF geometry for dispersion optimization.

ChG glasses make them most suitable host materials for MIR region SC genera-
tion (Sanghera et al. 2008; Wei et al. 2013).

Some recent theoretical and experimental demonstrations of MIR SC gener-
ation through ChG step-index and microstructured fibers are mentioned below
(Karim et al. 2018; Saini et al. 2015; Ou et al. 2016; Cheng et al. 2016; Zhao
et al. 2017; Petersen et al. 2017; Hudson et al. 2017). Karim et al. (Karim et
al. 2018) recently numerically reported ultrabroadband MIR SC generation cov-
ering the wavelength range 2.3-15 um using a 10-mm-long all-ChG triangular
core microstructured fiber (GeAsSe/GeAsS) when pumped at 4 pm with a pulse
duration of 100-fs and a low peak power of 3 kW while Saini et al. (Saini et al.
2015) numerically demonstrated MIR SC spectral evolution extending up to 15 pum
in a 5-mm long triangular core graded index As>Ses microstructured fiber using
pump at 4.1 pm with an input peak power of 3.5 kW. Ou et al. (Ou et al. 2016)
demonstrated an ultrabroadband SC generation in the MIR region up to 14 pym
with a 20-cm-long ChG step-index fiber using GejsSbasSego glass as the core and
Ge125baoSess glass for its cladding when pumped with a 150-fs pulse duration at
6 um and a peak power of 750 kW. Cheng et al. (Cheng et al. 2016) reported a
MIR SC spanning the wavelength range 2-15.1 ym in a 3-cm-long ChG step-index
fiber employing AsaSes for its core and AsSez for its outer cladding pumped with
a 170-fs pulses in 9.8 pym with a peak power of 2.89 MW. Zhao et al. (Zhao et
al. 2017) reported a MIR SC spectral evolution spanning up to 16 pm using a
14-cm-long step-index fiber fabricated from Ge-Te-Agl glass when pumped with
150-fs pulses at 7 pm having a pulse repetition rate of 1 kHz with a peak power
of 77 W. Petersen et al. (Petersen et al. 2017) reported a MIR SC spectral broad-
ening spanning from 1 to 11.5 pum with high average output power in tapered
large-mode-area ChG Ge11As22Sess photonic crystal fiber. Hudson et al. (Hudson
et al. 2017) reported an ultrabroadband MIR region SC generation covering from
1.8 to 9.5 um employing As2Ses/As2Ss3 tapered fiber by launching 230-fs pulses
with a pulse peak power of 4.2 kW. For a broadband SC generation, recently devel-
oped hollow-core band-gap guiding hybrid PCFs have also attracted considerable
attention due to their inherent ability to integrate with different fluids, solids, and
gases which can significantly extend the functionality of these fibers due to easier
tunning of dispersion and nonlinearity (Markos et al. 2017; Habib et al. 2017).

In this numerical study, we optimized a number of 10-mm-long typical hexag-
onal PCFs by employing Gei1.5As245¢e64.5 ChG glass for their cores and the air-
holes running for their outer claddings throughout the length of the fibers. Among
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all ChG chemical compositions, Gei1.5As8245€e64.5 ChG glass has a transparency
up to 14 um. By varying structural parameters, all the PCFs are optimized for
pumping them between 2.9 ym and 3.3 pym using a tunable pump source in the
anomalous dispersion regime and the pump wavelength of each design is selected
vicinity to the zero-dispersion wavelength (ZDW). Simulations are carried out us-
ing 100-fs duration pump pulses with a low peak powers between 3 kW and 4 kW
into the optimized PCF geometries. The MIR region SC spectral broadening has
been reached up to the transparency limit (~14 pm) of the ChG material proposed
by one of the optimized design.

2 Theory

A typical hexagonal PCF as shown in Fig. 1 is proposed for our modeling which
can be made from Gei1.5As245e64.5 ChG glass core and its outer cladding com-
prised of air-holes running through the fiber length. To keep confinement (leakage)
losses minimum, five air-holes rings are considered during modal analysis of the
proposed PCF structures. The frequency dependent linear refractive index data
can be evaluated over a wide frequency range from the Sellmeier polynomial pro-
posed by Ma et al. (Ma et al. 2013). The ChG PCFs are modeled and optimized
by varying their pitch (A) and air-hole diameter to pitch ratio (d/A) through our
computer code which is developed by using finite-element method (FEM) (Rah-
man and Davis 1984). In order to obtain high accuracy modal solution through
FEM mode-solver, only one-quarter of PCF geometry is simulated in transverse
directions using 720,000 first-order triangular elements through exploiting its two-
fold symmetry which eventually allows to use more dense mesh distribution in a
quarter area instead of a whole PCF geometry. To calculate the proposed PCFs
confinement loss, perfectly matched layer (PML) is placed at the boundary of the
geometry. In order to optimize a PCF geometry for pumping it using a tunable
pump source with wider anomalous dispersion, its two structural parameters A and
d/A are varied during FEM simulation to evaluate the mode propagation constant
(B) of fundamental mode (HL') which is later utilized to evaluate the GVD pa-
rameter over a wide wavelength range. The proposed PCF structure shows slight
birefringence due to its six fold symmetry. The S for the other polarization, Hzll1
is evaluated through FEM simulations and the GVD parameters are calculated
using this 8 up to the wavelength range of interest. No significant differences are
obtained between GVD values achieved from two different polarizations.

By launching short optical pulses vicinity to the zero-dispersion wavelength
(ZDW) in the anomalous GVD region, the SC spectral evolution inside the op-
timized ChG PCF structure can be studied through the widely used generalized
nonlinear Schrodinger equation (GNLSE) (Agrawal et al. 2013) including two-
photon absorption (TPA) into it (Karim et al. 2014):
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where the electric-field envelope, A(z,T) moves with the group velocity 1/51 in
a retarded frame T =t — Biz, By (r > 2) is the r*® order dispersion parameter.
~ is a nonlinear parameter which defines as v = mnowo/(cAest(w)), where ng is
the Kerr nonlinearity at pump frequency wo, ¢ represents the velocity of light,
and A.g is the frequency dependent effective mode area. The linear propagation
attenuation is added through a and the nonlinear absorption loss, TPA is added
through aTpa = 7.88 x 107 m/W (Wang et al. 2014).

Intrapulse Raman scattering plays a vital role during SC generation and the
response function of it can be represented by (Agrawal et al. 2013)

R(t) = (1 — fryd(t) + frhr(t), (2)

where instantaneous electronic and delayed Raman contributions are included.
The Raman contributions can be expressed as (Agrawal et al. 2013)

2 2
T + T t . t
hr(t) = 17_177_222 exp <—T—2) sin (E) . (3)

Here, the single-peak Lorentz function coefficients, fr = 0.148, 71 = 23-fs, and
T2 = 164.5-fs of AsaSes material (Liu et al. 2016) are used to model the Raman
response of GeAsSe material.

3 Numerical Results

In order to achieve wideband SC spectral evolution extending up to the MIR,
the PCF geometry fabricated based on hexagonal lattice is very popular among
researchers as this kind of structure has the ability to offer strong light confinement
inside the core, which yields a larger nonlinear coefficient than any other fiber
based design. This becomes possible only due to the microstructuring mechanism
that is applied on the PCF’s cladding containing air-holes. Flat GVD with smaller
magnitude over wide wavelength range, which is the another vital factor acting
behind the large SC spectral broadening, can be achieved using this mechanism

B ‘E
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- o d/A=0.50 a - A=2.6um
Q300 — d/A=0.55 -250l| — A=2.7um
375 T /=060 300l —A=28pm
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Wavelength [pm] Wavelength [pm]

(a) (b)

Fig. 2 GVD curves optimized for ChG PCF by varying (a) d/A between 0.45 and 0.6 with a
step of 0.05 keeping A constant at 2.4 pm and (b) A between 2.4 pm and 2.8 pum with a step
of 0.1 pum keeping d/A constant at 0.5 for pumping the optimized structures between 2.9 pm
and 3.3 pm.
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Fig. 3 The mode effective areas of the PCF geometries A = 2.4 ym, d/A = 0.45 and A =
2.8 pm, d/A = 0.5 and their corresponding nonlinear coefficients are calculated in (a), and
their confinement losses are shown over wide wavelength range in (b).

as well. For the proposed PCF designs, two sets of GVD curves are tailored by
varying PCF structural parameters A and d/A for pumping them between 2.9 ym
and 3.3 pm. By varying the ratio of d/A from 0.45 to 0.6 with a step of 0.05, first
four designs are optimized whose A keeping fixed at 2.4 um. The core diameter
(24-d) for these designs are calculated as 3.72 pm, 3.60 pum, 3.48 pm and 3.36 pm,
respectively. Next, four designs are optimized by varying A between 2.5 ym and
2.8 pm while keeping d/A constant at 0.5 and the core diameters are calculated
as 3.75 pm, 3.90 pm, 4.05 pm and 4.20 pm for these designs. To avoid fabrication
difficulty of the design, the proposed PCFs are optimized by keeping d/A ratio
below 0.7 (Xing et al. 2016). Figure 1 shows the tailored GVD curves for the
optimized PCF designs. Two ZDWs are observed in each GVD curve and third
ZDW can also be observed beyond 14 pm (not shown here). The position of ZDW of
each GVD curves is varied with the variation of the PCF geometrical parameters.
Between two structural parameters of PCF, it can be observed from figure that
d/A variation is more sensitive than A variation in GVD optimization. For a small
variation of d/A, it can be obsreved a large variation of GVD slope as well as a
large variation of anomalous dispersion region in Fig. 2(a). However, in case of A
variation, it is observed comparatively a smaller change of anomalous dispersion
region while maintaining GVD slope nearly constant in Fig. 2(b). It is worth noting
that the proposed design supports multimode propagation inside the PCF. Kubat
et al. (Kubat et. al. 2016) shows that the SC bandwidth at the waveguide output
would remain unaltered for the pump pulse duration of shorter than 10 ps in a
multimoded fiber owing to the temporal walk-off. Raman induced power transfer
between modes may not occur due to the short pump pulse duration. Thus, the SC
bandwidth will not be affected at output of the PCF structure by the higher-order
modes since it is considered here an ultra-short pump pulse with 100-fs duration
for the all proposed designs.

For SC simulations, GNLSE Eq. (1) has been solved through symmetrized split-
step Fourier method (Agrawal 2013) using MATLAB. Simulations are performed
by taking 2'7 grid points so that the time window can accommodate extreme
spectral broadening inside it and to avoid negative frequency generation in the
frequency grid, a minimum temporal resolution of 5.18-fs is considered. All SC
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Fig. 4 SC spectral evolution in a 10-mm-long ChG PCF (dimensional parameters and peak
powers as indicated inside the figure) pumped at (a) 3.2 pm; (b) 3.1 pm; (¢) 3 pm; and (d)
2.9 pm using 100-fs pulses.

simulations are carried out using 100,000 axial steps with a step size of 100 nm
in the pulse propagation direction. Since the higher-order dispersion terms play a
significant role in the process of SC generation inside the optical waveguide and
the inclusion of inadequate number of higher-order dispersion terms during SC
simulation can lead to a spurious spectral broadening at the waveguide output, up
to sixteenth-order higher-order terms (f16) are calculated from the GVD curves
illustrated in Fig. 2 and included them into GNLSE Eq. (1) during all SC sim-
ulations. A more conservative average material absorption loss, a = 0.5 dB/cm
is considered in comapred to the absorption loss reported in (Toupin et al. 2012;
Xing et al. 2016; Xing et al. 2017) for the proposed GeAsSe material throughout
all SC simulations. Mode effective areas are obtained through FEM mode-solver
and their corresponding nonlinear coefficients () are calculated using na of 7.33
x 107'® m?/W (Wang et al. 2014) which are shown Fig. 3(a). Fig. 3(b) shows
the confinement losses obtained through FEM mode-solver employing perfectly
matched layer (PML) surrounding to the PCF computational domain. The ultra-
short pulses with 100-fs duration tunable Raman soliton fluoride fiber laser pump
source with a tunning range between 2 and 4.3 pm, which is reported by Tang et al.
(Tang et al. 2016), is chosen to use as a pump source in all numerical simulations
for SC generation.
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Fig. 5 SC spectral evolution in a 10-mm-long ChG PCF (dimensional parameters and input
peak power as indicated inside the figure) pumped at (a) & (b) 3.1 pm; (¢) & (d) 3.2 pm
using 100-fs pulses and their corresponding spectral density evolutions are shown in (e)-(h),
respectively. Spectral density evolutions (e)-(g) and (h) are plotted at a peak power of 3 kW
and 4 kW, respectively.

For observing MIR, SC spectral evolution, initially, four PCF geometries are
optimized for pumping them with comparatively smaller GVD values close to the
1st ZDWs of the dispersion curves by varying d/A between 0.45 and 0.5 while
keeping other structural parameter A constant at 2.4 um. The GVD curves for the
optimized structures are shown in Fig. 1(a) and the GVD value, D for these four
PCF geometries at pump wavelengths of 3.2 pm, 3.1 pm, 3 pm and 2.9 pm are cal-
culated as 2.41 ps/nm/km, 5.49 ps/nm/km, 6.19 ps/nm/km and 5.01 ps/nm/km,
respectively. Utilizing the tunable pump source which can be tuned between 2 ym
and 4.3 pum, the SC simulations are carried out using a sech pulse of 100-fs du-
ration into the optimized structures with a low peak power between 3 kW and
4 kW. Figure 3 shows the MIR SC spectral output in four proposed designs (all
red color curve for 3 kW and dashed blue curve for 4 kW peak power). Spectral
broadening between 8.5 pm and 10.2 pm could be obtained with a peak power
of 3 kW at a level of -20 dB from the peak for the PCF structures having d/A
between 0.45 and 0.5 with A = 2.4 pm which can be seen in Fig. 4(a) and 4(b),
respectively. It can be observed from Fig. 4(c) and 4(d) that spectral expansion
can be extended between 12 and 13.5 pm with the same peak power at a level
of -20 dB from the peak for the PCF geometries having d/A between 0.55 and
0.6. However, a spectral dip starts to appear if PCF optimizes with d/A = 0.55
and onwards with a low peak power of 3 kW. Thus, by increasing power to 4 kW,
dip region can be improved (flatten out) as shown in Fig. 4(c) (dashed-blue line)
for the structure having d/A ratio at 0.55. In case of PCF geometry having d/A
= 0.6, spectra does not flattening out much as shown in Fig. 4(d) (dashed-blue
line) with the same peak power applied and more peak power would be required
to reach in the similar power level as compared to the earlier design.

To observe the A variation in the SC spectral evolution, next four PCF struc-
tures are optimized with the variations of A from 2.4 ym to 2.7 pm while keeping
d/A value fixed at 0.5. D calculated for these structures at pump wavelength
are 5.49 ps/nm/km, 2.31 ps/nm/km, 5.66 ps/nm/km and 5.83 ps/nm/km, re-
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Fig. 6 SC spectral evolution in a 10-mm-long ChG PCF (dimensional parameters as indicated

inside the figure) pumped at 3.3 pm using 100-fs pulses with an input peak power applied
between 3 kW and 4 kW.

spectively. Figure 5 shows the SC spectral evolution for four different geometries
optimized in two different pump wavelengths of 3.1 pum and 3.2 um, respectively.
MIR spectral spanning up to 10.2 pum could be realized for the PCF structure
containing A = 2.4 um that can be observed from Figs. 5(a) and 5(e). Subsequent
enhanced spectra can be seen from the next three PCF geometries where the high-
est spectral extension is reached beyond 13 pum for the structure having a pitch
length, A = 2.7 pm. For this structure, a small dip appears among the spectral
components belong to the spectrum between 6 pm and 10 pm. Raising input peak
power from 3 kW to 4 kW, spectral expansion can be realized up to 13.5 pm and
the spectral dip can significantly be flattened as can be seen in Fig. 5(d) (dashed-
blue line). Thus, we have observed in A variations of PCF geometry that it is
possible to predict MIR region SC spectral evolution up to 12.2 ym (-30 dB level
from the the peak) with a low peak power of 3 kW without inducing a dip by
considering the largest A at 2.6 um while keeping d/A constant at 0.5. Further
increasing A to 2.7 um induces a spectral dip with a peak power of 3 kW and
more input peak power is required to obtain the similar spectral power level as
compared to the earlier design.

To achieve spectral broadening beyond 14 pm up to the material transparency
limit, one more PCF structure is optimized for pumping it at 3.3 pm wavelength
by considering A = 2.8 pum while keeping the d/A value as same as before. The
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Table 1 Output SC BW ranges predicted for various PCF geometries optimized

PCF Parameters Input Peak Power BW range

Afpm] — d/A (kW] [pm]
2.4 0.45 2.0-8.5
2.4 0.50 1.8-10.2
2.4 0.55 1.8-12.0
2.4 0.60 3 1.8-13.5
2.5 0.50 1.8-115
2.6 0.50 1.8-12.2
2.7 0.50 1 18135
2.8 0.50 1.8-14.2

GVD, D evaluated for this structure at a pump wavelength is 5.83 ps/nm/km.
After carrying out numerical simulation into this final optimized structure, the SC
spectral broadening beyond 14 pum could be observed which can be clearly seen in
Figs. 6(a) and 6(c) where a spectral dip appears between 7 pm and 11 pm with a
peak power of 3 kW. In this case, the SC spectrum extends up to 14 um, however,
more power depletion occurs at the middle of the spectrum than that of the earlier
design. By increasing peak power from 3 kW to 4 kW while keeping all other
parameters same, another SC simulation for the same PCF structure is carried
out and its corresponding simulation results are illustrated in Figs. 6(b) and 6(d).
Although spectral broadening extends beyond 14 um, still dip remains despite the
peak power enhanced up to 4 kW. Another alternative way to spanning the SC
spectra beyond 14 pm by changing or shifting the current pump source beyond
3.3 um. In that case, the PCF geometries have to be optimized by increasing their
A beyond 2.8 ym which will definitely induce more power depletion at the middle
of the spectrum which eventually requires more input peak power to flatten out
the dip. On the other hand, one can ask about what may happen if we enhance the
other PCF parameter d/A during optimization. It is already observed that the PCF
optimizes by increasing d/A ratio more than 0.5 would give us broad anomalous
dispersion region GVD curve with a larger GVD slope which eventually does not
extend the spectrum similar to a lower slope design. Nevertheless, keeping the
input peak power at 4 kW with a tunning pump source and keeping the length
of A between 2.7 pm and 2.8 pm while maintaining d/A ratio at 0.5, it could be
possible to extend the SC spectrum up to 14 um. Table I illustrated the MIR SC
bandwidth (BW) ranges at the proposed ChG PCFs output corresponding to the
different structural parameters considered.

The evolution of broadband SC spectra over the entire PCF length can be
described from the spectral density plots (bottom rows) shown in Figs. 5 and 6.
Since the pump source falls in the anomalous GVD regime of an each optimized
PCF structure and when an ultrashort pulse transmits in this regime, the initial
SC broadening is started with the self-phase modulation (SPM) and later more
broadening is occurred through the soliton fission process. Solitons order (N =
v/ Lp/Lnt1,) for all the proposed PCF structures can be calculated between 12 and
25 from the dispersion length, Lp = Tp2/|B2| and the nonlinear length, Lyi, =
1/4P. In 10-mm-long PCF geometries, soliton fission occurs between 2 mm and
3 mm distance along the length of all the proposed structures. In the case of
Fig. 5, if we observe the spectral density plots in bottom row, we can see that



Generation of an ultrabroadband supercontinuum in the mid-infrared region 11

soliton fission occurs around at 2 mm distance along the length of each optimized
PCF. As a result of fission process, 14 to 25 fundamental solitons are induced owing
to pulse envelop break up inside the optimized PCF geometries shown in Fig. 5.
Fundamental solitons, which are induced after fission, are continuously red shifted
yielding a number of spectral peaks in the spectra as a result of Raman induced
frequency shift (RIFS). Solitons stop their red shifting movement due to spectral
recoil effect (Biancalana et al. 2004) which occurs at 2nd ZDW of each GVD
curve. However, according to the law of conservation of energy, a large red shifted
dispersive wave (DW) emits owing to the presence of higher-oder dispersion terms
after the 2nd ZDW of the each optimized structures where energy transfer occurs
from soliton to DW by spectral recoil effect. This phenomena can clearly be seen
in Figs. 5(e)-5(h), respectively. On the other hand, a blue shifted resonant narrow
DW, which is nearly located around 1.9 pm, is observed as a result of shedding
energy from the solitons due to the influence of same higher-order dispersion terms
in the normal dispersion region before the 1st ZDW of each optimized structures.
These phenomena can be clearly observed from the Figs. 5(e)-5(h), respectively.

Microstructured fibers made from ChG glasses with a periodic air-hole ar-
rangements can be fabricated using the Stack-and-Draw method. This method is
particularly suitable for the PCF's with a regular pitch. As an alternative to Stack-
and-Draw method, the extrusion principle can also be employed to fabricate the
PCFs made from soft glass material. Soft glasses made from ChGs can accept high
dopant concentrations whcin helps to modify the optical and mechanical charac-
teristics of these glasses more widely than silica glass. This is highly conducive
to fabricate the PCFs with a more intricate microstructure incorporating a high
refractive index contrast which results in a large nonlinear coefficient (Brilland et
al. 2006).

4 Conclusions

We have numerically designed and modeled a number of 10-mm-long dispersion-
engineered conventional hexagonal PCFs for ultrabroadband MIR region SC gen-
eration through the variations of their geometrical parameters A and d/A. The
rigorous analysis through structural variations of microstructured fiber proposed
in this paper revealed that it is possible to generate MIR SC broadening up to the
lowest spanning of 8.5 um to transparency limit of the GeAsSe material which is
near to 14 pym by applying low input peak power between 3 kW and 4 kW with
a tunable pump source which can be tunned between 2 pm and 4.3 pm. Initially,
spectral broadening can be obtained up to 8.5 ym using a pump source at 3.2 ym
for the PCF structure of A = 2.4 and d/A = 0.45 with a low input peak power
of 3 kW. Subsequent spectral variations show that SC spectral spanning can be
broadened up to 12.2 um with the same pump and low peak power for the PCF
structure of A = 2.6 and d/A = 0.5. To enhance the spectrum further in the MIR,
next PCF structure optimized by increasing A to 2.7 ym while keeping pump and
all other parameters same as applied before. By this design, spectral extension can
be achieved up to 13 yum. However, a dip appears between 6 ym and 10 gm which
belongs to the middle of the spectrum. Raising input peak power to 4 kW into
this structure, spectral broadening can be predicted up to 13.5 pm covering the
wavelength range 1.8-13.5 um which is measured at -20 dB level from the peak
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where long wavelength edge of the spectrum reached near to the transparency
limit of the proposed ChG material. The SC broadening can be extended beyond
14 pm with further structural parameters variations which will induce more spec-
tral dip into the SC spectrum with the same peak power applied and the input
peak power has to be enhanced further to realized a SC output in similar spectral
power level as compared to the earlier designs. The output SC broadening may
be varied somewhat owing to the polarization perturbations of the fiber. The pro-
posed broadband SC source, which is numerically designed based on traditional
hexagonal PCF, would be highly suitable for MIR region SC generation and can
be utilized for a variety of MIR region sensing and imaging applications.
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