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Abstract

We theoretically investigate and propose a promising 8-mm-long cascade planar waveguide made of SigN4 and AssSes
glass system for mid-infrared supercontinuum generation by employing a commercially available femtosecond pump
source operating at 1550 nm wavelength. A rigorous numerical investigation has been performed considering three
different dispersion regions of the optimized cascade waveguide for expanding the SC coverage far into the mid-infrared.
Based on the tailored dispersion region whether the anomalous or normal, the pump pulse is applied at the input of the
initial waveguide segment of SizN, and the output of which is then coupled into the final waveguide segment made of
AsySes glass system. The output supercontinuum spectrum for all-anomalous dispersion region expanded up to 10 pm
by one of the best reported so far using cascade design with coherency of unity over the entire spectrum region predicted.
This would be the widest spectral coverage expanded into the mid-infrared, to the best of the authors’ knowledge, by
the cascade planar waveguide design employing a commercially available pump source in telecommunication window
with a peak power of 5 kW. Such a highly coherent cascade planar waveguide, designed and proposed based on the
concatenating principle for a broadband mid-infrared supercontinuum generation using the two-step process, would be
highly suitable for many mid-infrared based applications such as sensing and biological imaging.
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1. Introduction MIR through different kinds of highly nonlinear materials:
. i chalcogenides (ChG) [I10, 1I] and tellurides [I7, 18] glass

Broad}.aand supercontinuum (SC) sources ma@le usig  gystems. The efficient SC generation in the MIR have suc-
chalcogenide glass systems are the promising candidate for cessfully demonstrated up to 14 ym by ChG [I0] and 15
mid-infrared (MIR) sensing, imaging, and spectroscopic
applications [I]. To be particular, generation of SC in the
MIR has drawn attention as this wavelength region offers
strong absorption bands for organic compounds such as
sugars, proteins, lipids which can be useful for separation
of malignant from benign tissue in regard of skin cancer
investigation [2] B]. The design of SC light sources, in de-
tecting air pollution [4] and tracing hazardous components
[5] through atmospheric molecules absorption bands in the
MIR spectrum range, have grown interest among the re-

searchers in recent years. To date, an intense amount of sign. Modern well developed integrated waveguides fabri-

research has concentrated on spanning the wavelength over .4;,y, facilities have accelerated the MIR SC generation in
MIR in the range 2-20 ym as the molecular fingerprint re- 10 jptegrated photonics platforms [I9, 20} 2T, 22, 23, 24.
gion has fallen in this range which covers up the various

crucial MIR applications [6} [7, 8, @, 10, 11, 12| 13| 14 15|
16].

In recent decades, exploration of the SC generation
theoretically and experimentally were performed in the

pm by telluride material [I8] based fiber systems. Tech-
nological development in optics has given the researchers
a platform with the freedom to focus the SC spanning in
different types of optical systems such as integrated waveg-
uides and optical fiber system. Fiber systems have design
flexibility, easy control on the nonlinearity and dispersion.
However, long length fiber based design have incurred high
propagation losses during SC generation. To address this
problem, short length low cost planar waveguides can be a
promising candidate as a counterpart in the SC source de-

It is important to know that an effective effort to real-
ize the MIR SC experimentally and theoretically by tuning
the center wavelength of the femtosecond pump source in
the MIR [24], 25]. However, such pump sources are not
widely available for commercial purposes due to higher
cost and complexity [26]. The pump source with wave-

*Corresponding author length range between 2.5—4.1 pm and peak power of 1-10
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kW are potential candidates because of commercial fea-
sibility [27), 28] 29]. However, they are confined in aca-
demic interest due to unavailability as commercial prod-
ucts. Thus, to address these issues, new approaches for
expanding the MIR SC with commercially available short
wavelength pump sources are baldly required. Cascading
two optimized waveguide segments using the easiest ex-
perimental setup to implement in practice with the aid of
commercially available pump sources can be a good choice
[30]. The cascade system creates the opportunity to use
readily available pump source at the telecommunication
band. Through step-wise extension toward the MIR due to
progressively red-shifting of initial pulse in the cascade sys-
tem is performed. The main key idea behind the extension
of MIR SC through cascading dispersion-engineered highly
nonlinear waveguides is that the propagated pulse strongly
enhances the soliton self-frequency shift (SSFS) while it
progressively propagated inside the cascaded waveguides
[31].

Several research groups successfully demonstrated the
MIR SC generation through optical fiber based cascaded
system employing pump source relatively to shorter wave-
length regions in the telecommunication window [26] [32]
33, 34, 35 36, BI]. Kubat et al. [20] realized the SC spec-
trum spanning up to 7 pm by concatenating a ZBLAN
fiber with the ChG fiber by utilizing a 2 pym Tm fiber
laser source. Tang et al. [32] demonstrated concatenat-
ing photonic crystal fiber (PCF) with fluoride fiber to ob-
tained spectral coverage of 2-4.3 pm. Doped and undoped
ZBLAN fiber with ChG fiber concatenating for SC expan-
sion up to 8 um was reported by Robichaud et al. [33].
Highly coherent SC generation from 0.78 to 8.3 pum using
a pump at 2 pum wavelength through two-step SC (2S-
SC) by cascading tellurite and ChG fibers was numeri-
cally demonstrated by Nguyen et al. [34]. Theberge et
al. [35] reported an MIR SC coverage between 1.4 um
and 6.4 pm using a concatenated step-index InFj3 and
AsySes fibers pumped by an all-fiber laser source. Pe-
terson et al. [36] demonstrated the MIR SC up to 7 ym
using cascaded silica-fluoride-ChG fiber. The experimen-
tal demonstration of cascaded silica-ZBLAN-ChG fibers
system using commercially available components was re-
ported by Venck et al. [3I] and they have demonstrated
the SC spanning in the range 2-10 pm by using commer-
cially available pump source at 1.55 pym. There is no doubt
regards on the successful demonstration of the SC gener-
ation in the fiber based system by cascading approaches
described above. However, the cascading approaches em-
ploying in integrated planar waveguide system is still un-
explored. The realization of this issue has motivated us
to carry out the rigorous study on MIR SC generation at
the output of cascade waveguide by considering the var-
ious combination of dispersion regions as anomalous to
anomalous, anomalous to normal or all-normal dispersion
pulse propagation inside the waveguide structure employ-
ing pump at telecommunication wavelength.

In this study, we have proposed a 8-mm-long cascade
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Figure 1: Schematics and refractive index profile for 2S-SC genera-
tion: (a) Proposed cascade waveguide system consists of SNW and
ChGW; (b) Transverse dimensional view of the proposed waveguide;
and (c) Refractive index profiles and propagation (absorption) loss
plots for the materials used.

waveguide made of two independent waveguide sections
for 25-SC generation in the MIR. Spectral coverage at the
output of cascade waveguide is investigated for three differ-
ent GVD regions: 1) All-anomalous dispersion region SC
generation; 2) Normal to anomalous GVD region SC gen-
eration; and 3) All-normal dispersion SC generation. At
the output of cascade waveguide optimized using the three
GVD regions mentioned above, MIR SC spectral coverage
from 0.86 to 10 pm can be obtained with a commercially
available telecom wavelength pump source at 1550 nm and
peak power of 5 kW. To the best of the authors’ knowl-
edge, this would be the widest MIR spectral coverage pre-
dicted using the cascade planar waveguide proposed by us-
ing commercially available pump source employed at 1550
nm wavelength. Finally, the effect of power variations and
the degree of spectral coherence at the output of proposed
cascade waveguide have been performed and discussed.

2. Theoretical Model

The proposed waveguide setup for 2S-SC generation is
demonstrated in Fig. 1(a). Here two optimized dispersion-
engineered rectangular channel waveguides are concate-
nated. The core of first waveguide segment (SNW) where
the input pulse from pump source applied is made of SigNy
and the core of second waveguide segment (ChGW) is
made with AssSes glass material. During carrying out
simulations, two separate initial SNW segments are consid-
ered: one is made of air-SizN, (Air-SNW, upper-cladding
and core) and other is made of SiO3-SizNy (Silica-SNW,
upper-cladding and core). MgF5 is chosen for upper cladding
of 2nd waveguide segment and lower claddings of both of
the waveguide segments proposed. To achieve minimum
coupling loss during cascading, same material is used as



Table 1: Material properties considered during simulation of 2S-SC generation

Material Properties

AsySes 37,38 SizNg [39 40]

Kerr-index (n2) [m?/W] 1.1 x 10°Y7 2.5 x 10719
Material Propagation Loss [dB/cm] 0.65 0.7
Transmission Limit [pm] 0.85-17.5 0.4-4.6
fr 0.148 -
T1 [fS] 23 -
Ty [fs] 164.5 -
bottom cladding for both of the waveguide segments. The follows [40]:

vision of this work is to analyze pulse propagation inside
the cascade structure in different dispersion region rigor-
ously. Initial waveguide, SNW is optimized by consider-
ing its transverse dimensional parameters width (W) and
thickness (H) for pumping it either of anomalous or nor-
mal GVD region separately. Similar approach is employed
for optimizing the final segment of the waveguide, ChGW.
The waveguide transverse cross-section indicating core and
cladding materials is illustrated in Fig. 1(b).

To perform the linear analysis of a cascade structure,
the required refractive index of proposed materials up to
the interesting wavelength region are calculated from [23]
411 [42] 43]. The refractive index plots corresponding to
the materials proposed: SigNy, SiOo, AssSes, and MgFs
are illustrated in Fig. 1(c). The propagation loss edge [44]
considered for the AsySes glass system is also illustrated in
Fig. 1(c) and the absorption loss for this glass system is re-
ported 0.65 dB/cm at 10.6 ym by Shiryaev et al. [37]. The
required optical properties at 1.55 pm wavelength for gen-
erating efficient SC in the MIR are mentioned in Table 1.
The optical transparency of MgF, material beyond 7 pm
is reported by Duchesne et al. [45]. The cascade struc-
ture, which is a concatenated form of SNW and ChGW,
has been optimized through finite-element based COM-
SOL Multiphysics. COMSOL provides the effective re-
fractive index (nes) and mode effective area (Acg) of the
fundamental quasi-transverse electric (FQTE, H;l) mode
for the proposed structure up to the interested wavelength
region, which is later used to compute the most signifi-
cant parameters: group-velocity dispersion (GVD, D) and
nonlinear co-efficient () [46] [47].

The mode field mismatch at the junction point between
the two segments of the cascade waveguide structure can
be calculated using the overlap integral (OI) [47] as fol-
lows:

oI = ([ Hiy.Hoy dxdy)
\/(ff H3, dwdy).([[ H3,dwdy)

where Hy, and Hy, are the mode field distribution of the
fundamental mode of the initial and final segments of the
cascade design, respectively.

To observe the 25-SC evolution inside the cascade waveg-
uide proposed, the generalized nonlinear Schrodinger equa-
tion (GNLSE) for the fundamental mode is employed as

(1)

5 .
aA(ZvT) = —*A + Z 75/@ 8Tk <

X (A(z,T) /Z

2
o OT

R(T)| A(2, T -T") |? dT’) ,

(2)
where A(z,T) is expressed as the complex amplitude of
time-domain pulse envelop; z and T are, respectively, the
propagation distance and the time related to the group-
velocity at the center frequency (wp) of optical pulse; v is
the nonlinear co-efficients of the proposed cascade waveg-
uide; By is the k™ order GVD coefficient calculated for
the cascade waveguide at the wp; and R(T) is the nonlin-
ear (Raman) response of the material considered for our
proposed design, which is given by [30, [46]:

R(t) = (1 = fr)o(t) + frhr (1), (3)
which includes the Kerr component and the Raman con-
tribution having the form

T2+ 712 t . t
hr(t) = 171722 exp (—T2> sin (ﬁ) , (4)
2

where the values of fgr, 71 and 7o corresponding to the
material proposed are mentioned in Table 1.

The GNLSE is solved by our in-house developed MAT-
LAB code following split-step Fourier method (SSFM) [21
30, [406]. Since SisN4 has low Raman response [23], there-
fore, it is ignored during simulation by modifying the GNLSE
equation as mentioned in [22]. The detailed simulation
procedure, which is described in [211 23], are followed. To
avoid the spurious solution during simulation higher-order
dispersion B(w) up to 12" order are considered.

To test the phase stability of the simulated SC spectra,
the modulus of complex degree of first-order coherency

(\gg)()\ﬂ) is tested by considering quantum short noise
one photon per bin by following the procedure described
in [48, 49, 50, B1):

(ET(A)E2(A)

93’ W] = s >2 R (5)
[(IEL(M2) ([ E2(A)P)]

where the angular brackets indicate an ensemble average of

independently generated pairs [E1 (), E2(A)] of SC spec-

tra.




Table 2: Fresnel reflection and mode profile mismatch losses calculated at the cascade point

GVD Region Cascade Structure  Fresnel Reflection Mode Field Mismatch
Loss [dB] Loss [dB]

All-anomalous Air-SNW & ChG 0.1145 0.0431
All-anomalous Silica-SNW & ChG 0.0958 0.1348
Normal to anomalous  Air-SNW & ChG 0.1579 0.5704
Normal to anomalous Silica—SNW & ChG 0.1407 0.6737
All-normal Air-SNW & ChG 0.1608 0.4835
All-normal Silica-SNW & ChG 0.1434 0.6228

3. Results and Discussion

The proposed 8-mm-long cascade waveguide, whose
initial segment is made of SizN4 and the final segment
is made of AsySes glass system, has been optimized for
2S-SC generation far into the MIR by considering com-
mercially feasible pump source at the telecom wavelength
of 1550 nm. The first waveguide segment is 6-mm-long
and the final waveguide segment is 2-mm-long. Before
concatenating, both the structures are tailored and are
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Figure 2: Tailored GVD curves, wavelength dependent A g(w) and
its corresponding 7v(w) (final waveguide segment) for all-anomalous
GVD regions 2S-SC generation in cascade waveguide: (a) GVD curve
optimized for Air—-SNW segment for pumping at 1550 nm wave-
length; (b) GVD curve optimized for final segment, ChGW; and
(¢) Aer(w) and y(w) plots up to the desired wavelength for the final
waveguide segment of the cascade waveguide.

made suitable for pulse propagation in either of anoma-
lous or normal GVD region separately. Based on whether
the pump is to employ in the anomalous or in the normal
GVD regime, three different cascaded structures have been
proposed and investigated for MIR SC generation by two-
step pulse propagation process as follows: i) All-anomalous
GVD regions 2S-SC generation; ii) Normal to anomalous
GVD regions 2S-SC generation; and iii) All-normal GVD
regions 25-SC generation. In each case, cascade design
between Air—-SNW and ChGW is analyzed first and then
investigation has been carried out for the cascade structure
between Silica-SNW and ChGW segments.

3.1. All-anomalous GVD regions 2S-SC generation
in cascade waveguide

To investigate spectral coverage far into the MIR, the
initial SNW segment considering air as an upper cladding
is optimized for pumping in the anomalous GVD region.
To attain the zero-dispersion wavelength (Azpw) vicinity
to the wavelength selected for pumping the initial waveg-
uide section at 1550 nm for 1st-step SC generation, the
waveguide structure, W = 3 ym and H = 0.65 ym has been
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Figure 3: All-anomalous GVD region 1st-step SC generation by
pumping the initial Air-SN'W segment of cascade waveguide at 1550
nm wavelength: (a) Pulse intensity at the input and output end of
the segment; (b) Spectrum at the input and output end of the seg-
ment; (c) Temporal profile along the 6-mm-long segment; and (d)
Spectral density plot along the length of segment.
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Figure 4: All-anomalous GVD region FQTE mode-field profiles
(Hél) for Air-SNW & ChGW cascade waveguide plotted at: (a)
1.55 pm; (b) 3 pm; (c) 2.5 pm; (d) 5 pm; (e) 7.5 pm; and (f) 10 pm.
Subplots (a)—(b) for initial waveguide segment and (c)—(d) for final
segment of the cascade structure proposed.

optimized from several dimensional variations. The disper-
sion profile for the initial Air-SNW segment is illustrated
in Fig. 2(a). From Fig. 2(a), the 1st Azpw is obtained at
1.12 pm and the 2nd Azpw is crossed from anomalous to
normal GVD region at 1.94 yum. The GVD, D is calculated
as 47.25 ps/nm/km at 1550 nm and at this wavelength
the estimated values of A.g and 7 are recorded as 1.602
pm? and 0.633 W/m, respectively. The average propa-
gation losses are taken as 2.5 dB/cm including material
absorption loss, coupling and other reflection/refraction
losses incurred at the cascade point during the simulations
throughout. Detailed loss values calculated at the cascade
point for the various optimized cascade designs considering
different GVD regions are depicted in Table 2. Wavelength
dependent nonlinear coefficients (y(w)) are used through-
out all the simulations carried out in this work. Now, a
TE polarized (full-width half- maximum, Trwayv= 50 fs,
peak power, P, = 5 kW) secant pulse at the chosen pump
wavelength is launched into the Air-SNW section (initial
segment) of the cascade waveguide. The pulse intensity
at the input and output end of the 6-mm-long structure
is illustrated in Fig. 3(a). The spectral coverage is shown
in Fig. 3(b). The temporal and spectral profiles for this
segment are depicted in Fig. 3(c) and Fig. 3(d), respec-
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Figure 5: All-anomalous GVD region SC generation along the final
waveguide segment: (a) Pulse intensities at the different length of
ChGW; (b) Spectral coverage estimated at the different length of
ChGW after an input given from initial Air-SNW segment; (c) Tem-
poral evolution along the length of ChGW; and (d) Spectral density
evolution along the length of ChGW.

tively. From spectral and temporal profiles, the soliton
fission length, Lggs can be estimated at 2.06 mm. From
Figs. 3(b) and 3(d), it can be clearly seen that the 1st-step
SC coverage can be predicted the range from 860 nm to
3257 nm [-40 dB equivalent].

The pulse obtained at the end of Air-SNW segment is
needed to couple into the input of the 2nd segment of the
cascade waveguide, ChGW. During coupling the amplifier
stage is ignored. The 2nd step and final spectral coverage
is completely relied on soliton self-frequency shift (SSFS)
inside the 2nd segment of the cascade design. To see the
further spectral extension keeping SSFS continuing in the
second waveguide section, the final ChGW segment is tai-
lored by the concepts discussed in [26] [31], [36]. Since the
long wavelength SC spanning end of the Air—=SNW is 3.257
pm, the 2nd and final waveguide segment, ChGW has been
optimized to obtain a suitable anomalous GVD region by
varying its H and W in such a way that the 1st Azpw
of this segment can be obtained below 3.257 ym so that
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Figure 6: All-anomalous GVD regions spectral coverages with dif-
ferent peak power variations at the output of 8-mm-long Air—-SNW
and ChGW cascade waveguide.

it could be closer to the 2nd Azpw of Air—-SNW. By fol-
lowing these criteria, the 2nd waveguide segment, ChGW
has been optimized with structural dimension, W = 3 pym
and H = 0.8 um. The tailored anomalous GVD profile for
this waveguide segment and its corresponding wavelength
dependent mode effective areas (Aqg(w)) and nonlinear co-
efficients (y(w)) up to the suitable wavelength region are
illustrated in Figs. 2(b) and 2(c), respectively. The FQTE
mode profiles including two from initial waveguide segment
at 1.55 ym and 3 pm, four from final segment at 2.5 um,
5 pm, 7.5 pm and 10 pm are also depicted in Fig. 4. The
obtained field profiles with different wavelength show ex-
cellent mode confinements for the cascade design. The val-
ues of Acg and v at the pump wavelength are calculated as
1.39 pum? and 18.71 W/m, respectively. From the anoma-
lous GVD curve illustrated in Fig. 2(b), the 1st Azpw is
achieved at 2.56 um and the 2nd Azpw is crossed at 5.7
pm. The pulse intensities and the spectral coverages at
the four different length of the 2-mm-long ChGW are illus-
trated in Figs. 5(a) and 5(b), respectively. The temporal
and spectral density profiles along the 2-mm length of the
final waveguide section are also illustrated in Figs. 5(c) and
5(d), respectively. Finally, it can be observed that owing
to enhanced SSFS inside the final segment of the cascade
structure, the SC coverage can be predicted up to 10 pm
with a bandwidth in the range 0.86-10 pym at the output
of cascade design between Air—-SNW and ChGW.

An interesting phenomenon is observed during initial
Air-SNW segment optimization for all-anomalous region
2S-SC generation. To obtain sufficient MIR SC extension
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Figure 7: Coherence at the output of Air-SNW and ChGW cascade
waveguide for all-anomalous GVD regions 2S-SC generation.

at the cascade structure output, initial segment must be
tailored in such a way that its anomalous GVD region
between 1st Azpw and 2nd Azpw should not be so large
or so small in the wavelength range. To observe the sit-
uation described as well as to obtain minimum coupling
loss at the cascade point, we have tested and optimized
a few more Air—-SNW structures raising H near to the H
of 2nd waveguide segment which result in deterioration of
SC expansion not only at the Air—-SN'W output but also at
the cascade structure output as well. Larger H increases
the range of anomalous GVD region resulting in reduc-
tion of solitons energy due to longer wavelength region
propagation. On the other hand, decreasing H and W
reduce the anomalous GVD region so small that the ex-
pansion at the Air—-SN'W output falls substantially. Thus,
1st waveguide segment should be optimized in a manner
that higher-order solitons are able to propagate inside of it
with enough energy up to the cascade point and then enter
into the 2nd waveguide segment via coupling. As a con-
sequence, the higher-order solitons with sufficient energy,
during propagation inside the 2nd waveguide segment, can
interact with larger v which enhance the SSF'S that even-
tually yields the sufficient MIR extension at the cascade
structure output.

The effect of P, variations on the SC coverage at the
output of Air-SNW and ChGW is demonstrated in Fig. 6.
Increasing P, from 0.5 kW to 10 kW enhances the flatness
of the evolved SC coverage rather than further extension.
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Figure 8: All-anomalous GVD regions 25-SC generation for Silica—
SNW and ChGW cascade structure: (a) GVD curve is optimized for
Silica—SNW segment considering pump at 1550 nm wavelength in the
anomalous GVD regime; and (b) Spectral coverages are estimated
at the input (solid-black curve), at the cascade point (solid-green
curve), and at the output (solid-blue line) of cascade waveguide.
Also first degree of coherence (|gi12]|) is shown by solid-red line at the
cascade waveguide output.



The coherence of the spectrum obtained using 5 kW peak
power is analyzed and is illustrated in Fig. 7. The esti-
mated values of degree of coherence, |gi2| up to the entire
SC coverage region, as it maintains near unity up to SC
bandwidth predicted, suggested that the obtained SC is
highly coherent.

The MIR spectral coverage is next investigated of the
cascade waveguide replacing top air cladding of initial SNW
segment by SiO5 keeping the final ChGW structure (W x H
= 3 pm X 0.8 um) same as before. According to the ap-
proach followed earlier, the Silica—SNW segment is tailored
with a structure of W x H = 3 pym x 0.8 pm for anoma-
lous GVD region pumping considering pump operating at
1550 nm wavelength. The optimized GVD curve for this
waveguide segment is illustrated in Fig. 8(a). It is appar-
ent from Fig. 8(a) that the 1st Azpw is obtained at 1.18
pm and the 2nd Azpw which again goes back to the nor-
mal GVD region at 2.23 pym. The obtained D, A.g, and
~ for this segment at 1550 nm are 54.71 ps/nm/km, 1.91
pm?; and 0.5295 W /m, respectively. For ChGW segment,
the GVD curve tailored in Fig. 2(b) is kept same with
all simulation parameters obtained and considered dur-
ing cascading with Air-SNW segment. After concatenat-
ing between Silica—SNW and ChGW, a TE polarized sech
pulse with the same pulse parameters is applied into the
input of cascade design. The output spectrum obtained
at the end of Silica-SNW is illustrated as solid-green-line
curve in Fig. 8(b) with a long wavelength extension up to
4200 nm. The output pulse is then coupled as an input
of ChGW segment. The pulse is propagated in the 2nd
waveguide section with SSFS, which eventually enhance
the pulse spectrum further into the MIR. As solid-blue line
curve shown in Fig. 8(b), the SC spectrum expands up to
8650 nm with a bandwidth in the range 830-8650 nm. In
this case, more flat coverage up to 7200 nm can be observed
compared to the spectral coverage predicted by the cascade
design made of Air-SNW and ChGW segments. The |g12]
calculated, as shown in Fig. 8(b) with solid-red-line, with
unity over the entire spectral outcome proves that the out-
put spectrum obtained using all-anomalous GVD regions
cascade design between Silica—SNW and ChGW is highly
coherent. The main advantage of cascade design between
Silica-SNW and ChGW over Air-SNW and ChGW is that
both the segments of Silica-SNW and ChGW have been
optimized with same structural thickness H, which is very
crucial for reducing the coupling loss at the cascade point
significantly. Especially, obtaining equal H, as it provides
the significant reduction of coupling losses, should be the
prime target during cascade waveguide design.

3.2. Normal to anomalous GVD regions 2S-SC gen-
eration in cascade waveguide

To observe normal to anomalous GVD region SC gen-

eration at the output of a cascade design, initial waveg-

uide section, Air—-SNW is tailored and made suitable for

all normal dispersion pumping at the chosen wavelength

in such as way that the minimum GVD point of all-normal
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Figure 9: Tailored GVD curves, wavelength dependent A.g(w) and
its corresponding ~v(w) (final waveguide segment) for normal to
anomalous GVD regions 25-SC generation in cascade waveguide: (a)
GVD curve optimized for Air—-SNW segment for pumping at 1550 nm
wavelength; (b) GVD curve optimized for final segment, ChGW; and
(¢) Aef(w) and y(w) plots up to the desired wavelength for the final
waveguide segment of the cascade waveguide.

dispersion GVD curve should be located around 1550 nm
wavelength. After a number of Air-SNWs analyzed, the
optimized structure, W = 3 ym and H = 0.55 pum has
been selected for 1st-step SC generation and the tailored
all-normal dispersion GVD curve for this waveguide sec-
tion is illustrated in Fig. 9(a). It is apparent from all-
normal dispersion GVD curve depicted in Fig. 9(a) that
the minimum GVD point is obtained near to the chosen
pump wavelength which is expected for 1st-step SC cov-
erage by Air-SNW in normal to anomalous dispersion re-
gion 25-SC generation. The calculated values of Aeg, v,
and D at 1550 nm wavelength for the initial waveguide
segment are 1.48 ym?, 0.6833 W/m, -50.68 ps/nm/km re-
spectively. Now, a TE polarized secant pulse with a pulse
peak power of 5 kW is launched into this waveguide seg-
ment and the spectral coverage for all-normal dispersion
output is illustrated in Fig. 10. The estimated spectrum
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Figure 10: Normal GVD region 1st-step SC generation by pump-

ing the initial Air-SNW section of cascade waveguide at 1550 nm
wavelength: (a) Pulse intensity at the input and output end of the
segment; (b) Spectrum at the input and output end of the segment;
(¢) Temporal profile along the 6-mm-long segment; and (d) Spectral
density plot along the whole length of the segment.

covers the wavelength region 962-2050 nm [-40 dB equiva-
lent]. Figure 10(a) shows the initial and final pulse inten-
sities at the input and output end of 6-mm-long Air—-SN'W
waveguide. Owing to all-normal dispersion pulse propaga-
tion, the pulse has been broadened at the output end of
this waveguide segment. The input and the output pulse
spectrum are shown in Fig. 10(b). As expected, output
spectrum does not broaden enough due to pumping this
segment in the all-normal dispersion regime. Figures 10(c)
and 10(d) show the corresponding temporal and spectral
density plots of spectrum predicted in Fig. 10(b).

Next, cascading between Air-SNW and ChGW is car-
ried out using a similar approach followed in the earlier
section. Before concatenating, based on the long wave-
length SC coverage end predicted by the initial waveg-
uide segment, the ChGW is needed to be optimized in
such a manner that the output pulse from the initial seg-
ment must be received by the ChGW in the anomalous
dispersion regime. Based on this fact, the ChGW has
been tailored with a structure, W= 2 pym and H = 0.8
pm in such that the 1st Azpw is at obtain at 2.13 pum
and 2nd Azpw is at 5.08 ym. The GVD curve and and
its corresponding wavelength dependent A g and v are il-
lustrated in Figs. 9(b) and 9(c), respectively. It is ap-
parent from Fig. 9(b) that nearly flat anomalous disper-
sion region GVD curve is achieved as expected. The out-
put normal dispersion broadened pulse from Air-SNW can
now be coupled with the optimized ChGW where the in-
coming pulse from 1st-waveguide segment starts to prop-
agate inside the 2-mm-long 2nd-waveguide segment in the
anomalous GVD regime. As expected, soliton fission starts
around 0.2 mm along the length of ChGW due to pulse
propagating in the anomalous dispersion regime. A num-
ber of fundamental solitons are induced by breaking the
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Figure 11: Anomalous GVD region SC generation along the length of
final waveguide segment: (a) Pulse intensities at the different length
of ChGW; (b) Anomalous dispersion spectral coverage estimated at
the different length of ChGW after an input is given from an initial
segment; (c¢) Temporal evolution along the length of ChGW; and (d)
Spectral density evolution along the length of ChGW.

pulse after 0.2 mm which are then red-shifted owing to
SSFS and their evolutions can be clearly observed at vari-
ous locations illustrated along the 2-mm waveguide length
in Fig. 11(a). The spectral evolutions at the output of
ChGW corresponding to these pulse propagations are de-
picted in Fig 11(b) and the spectral coverage, in this case,
is predicted in the range 908-6500 nm [-40 dB equivalent].
In this case, it can be observed spectral coverage expanded
up to 8400 nm, however, a dip between 6500 nm and 7500
nm is induced, whose spectral power falls down below -40
dB. The temporal and spectral density plots along the 2-
mm length of the final segment of the waveguide are shown
in Figs. 10(c) and 10(d), respectively.

The effect of P, variations on the spectral coverage at
the output of Air—-SNW and ChGW, in the case of nor-
mal to anomalous dispersion region 2S-SC generation, is
illustrated in Fig. 12. It can be observed P, variations
from 0.5 kW to 10 kW that increasing power enhances the
flatness of the spectral coverage rather than further spec-
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Figure 12: Normal to anomalous GVD regions spectral coverages
with different peak power variations at the output of 8-mm-long
Air-SNW and ChGW cascade waveguide.

tral extension. The degree of coherence of the spectrum
obtained using 5 kW peak power is analyzed and is illus-
trated in Fig. 13. Slightly deteriorated coherency can be
observed around 1.5 um, other than, the estimated values
of |g12| up to the remaining SC coverage implies highly
coherent.

To observe MIR coverage at the cascade waveguide
output by replacing air with SiO5 of the initial waveg-
uide segment in the cascade structure proposed in this
section earlier, initial segment is optimized with a struc-
ture W x H = 2 yum x 0.6 pum by varying its transverse
dimensions. The tailored GVD curve for this structure is
depicted in Fig. 14(a) and the GVD value obtained at the
pump wavelength is close to the minimum GVD value of
this design. The parameters D, Ag, and ~y for this seg-
ment at 1550 nm are calculated -73.3 ps/nm/km, 1.666
pm?, and 0.6083 W/m, respectively. For convenience, as
we have optimized Silica—SNW segment based on ChGW
segment optimized for cascade design between Air-SNW
and ChGW earlier, we keep the structural dimensions of
the 2nd cascade segment made of ChGW same, which was
W xH =2 pum x 0.8 um and whose GVD curve was illus-
trated in Fig. 9(b). Required various simulation param-
eters relevant to this segment are taken from the ChGW
segment optimized earlier for Air—-SNW and ChGW cas-
cade structure. Applying previous approach with various
parameters set for SC simulations, a TE polarized sech
pulse is launched into the input of this structure and pulse
spectrum at the various points of the cascade waveguide is
shown in Fig. 14(b). Pulse spectrum at the input, at the
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Figure 13: Coherence at the output of Air—-SNW and ChGW cascade
waveguide for normal to anomalous GVD regions 25-SC generation.
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cascade point, and at the output of the cascade waveguide
shown in Fig. 14(b) are indicated by solid-black, solid-
green, and solid-blue curves, respectively. Spectral cover-
age up to 6400 nm can be predicted by the Silica—SNW
and ChGW cascade structure optimized for pulse propa-
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Figure 15: All-normal dispersion (a) GVD curve optimized for the
final segment, ChGW; and (b) Acg(w) and v(w) plots up to the
desired wavelength for the final segment of the cascade waveguide.



gating in the normal to anomalous GVD regimes. In ad-
dition to this, a dip is appeared between 6500-7500 nm
and again rises the spectral power above -40 dB line until
8000 nm. The spectral coherence, which is presented using
solid-red line in Fig. 14(a), |g12| can be obtained unity over
the entire spectral coverage except somewhat deterioration
around 1500 nm wavelength.

3.3. All-normal GVD regions 2S-SC generation in
cascade waveguide

The 2S-SC generation for all-normal dispersion opti-
mized cascade design is investigated here. All-normal dis-
persion GVD curve for the initial segment Air-SNW, which
was illustrated in Fig. 9(a), is kept same and the struc-
ture optimized for this purpose was W = 2 yum and H =
0.55 pm. The 2nd waveguide segment, ChGW with trans-
verse dimension, W = 2 ym and H = 0.55 ym is also
tailored for all-normal dispersion MIR SC coverage. The
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Figure 16: Normal GVD region SC generation along the length of
final waveguide segment: (a) Pulse intensities at the four different po-
sitions along 2-mm length of ChGW; (b) Normal dispersion spectral
coverages estimated at the four different length of ChGW waveguide
after an input given from Air—SNW; (¢) Temporal evolution along
the length of ChGW; and (d) Spectral density evolution along the
length of ChGW.
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Figure 17: All-normal GVD regions spectral coverages with different
peak power variations at the output of 8-mm-long Air—-SNW and
ChGW cascade waveguide.

all-normal dispersion GVD curve for this structure is illus-
trated in Fig. 15(a) and Fig. 15(b) shows its corresponding
wavelength dependent A, and ~ plot. After cascading,
a TE-polarized sech pulse with the same pulse width and
peak power is applied into the input of the 6-mm-long Air—
SNW segment at the chosen pump wavelength of 1550 nm.
The detailed outcome for this waveguide segment was il-
lustrated in Fig. 10. The output of this segment is now
coupled with ChGW, which is optimized for all-normal
dispersion pulse propagation too. The time domain pulse
propagation at the various length of 2-mm-long ChGW is
illustrated in Fig 16(a). As expected, the pulse broadened
more and more with propagation along the length of the
waveguide structure, which can clearly be observed from
the various subplots shown in Fig. 16(a). Figure 16(b)
shows the spectra at the different waveguide length corre-
sponding to the pulse propagation depicted in Fig. 16(a).
From this figure, it can be estimated all-normal dispersion
flat SC spanning up to 3055 nm [-40 dB equivalent] by
the cascade waveguide proposed. All-normal GVD tem-
poral and spectral density profiles corresponding to the
spectrum predicted at the cascade waveguide output are
shown in Figs. 16(c) and 16(d), respectively. Flat spec-
tral coverage may be obtained in case of all-normal dis-
persion pulse propagation along the 8-mm-long design be-
tween Air—-SNW and ChGW. However, the MIR, spectral
expansion at the waveguide output has been reduced sub-
stantially compared to the cascade designs described ear-
lier owing to the all-normal dispersion pumping and pulse
propagation throughout the length of cascade waveguide
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Figure 18: Coherence at the output of cascade waveguide for all-
normal dispersion regions 25-SC generation.



Table 3: Comparison among SC coverages in different cases of dispersion region considered

GVD Region

Air-SNW & ChGW  Silica-SNW & ChGW
SC Coverage

SC Coverage

All-anomalous 860 — 10000 nm 830 — 8650 nm
Normal to anomalous 908 — 6500 nm 913 — 6400 nm
All-normal 956 — 3055 nm 1000 — 3000 nm

proposed.

The effect of P, variations with the four different peak
powers are illustrated in Fig. 17. It is apparent from this
figure that increasing power enhances the spectra further
in the MIR. Spectrum increases up to 3400 nm if we dou-
ble the input peak power, as shown in Fig. 17(d). How-
ever, flatness of the output spectra does not change as the
input power increases. The degree of coherence for the
dispersion-engineered all-normal dispersion cascade sys-
tem is demonstrated in Fig. 18. It can be clearly observed
from this figure that the estimated degree of coherence,
|g12] has been maintained unity up to the entire spectral
coverage obtained which implies the cascade waveguide we
have proposed here for all-normal dispersion 2S-SC gener-
ation is highly coherent.

For all-normal GVD regions 2S-SC generation using de-
sign between Silica-SNW and ChGW, we utilize optimized
silica-SNW structure W x H = 3 pym x 0.6 ym from ear-
lier section whose GVD curve was illustrated in Fig. 14(a).
The optimized ChGW segment with structure W x H = 2
pm X 0.55 pm, which was used for the cascading between
Air-SNW and ChGW proposed earlier in this section, is
used for a final segment, whose GVD curve was depicted in
Fig. 15(a). Following the earlier approach, simulations are
carried out using a TE polarized pulse with all required
parameters as the input of a cascade structure optimized
for the all-normal SC generation at the output. Figure 19
shows the all-normal GVD regions SC generation predicted
at the various points of cascaded between Silica—SNW and
ChGW structure proposed. Input pulse spectrum, spec-
trum at the cascade point, and the final spectral coverage
from 1000 to 3000 nm at the waveguide output, as shown
in Fig. 19, are indicated by black, green, and blue curves,
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Figure 19: All-normal GVD regions 2S-SC generation for Silica—
SNW and ChGW cascade structure. Spectral coverages are esti-
mated at the input (solid-black curve), at the cascade point (solid-
green curve), and at the output (solid-blue line) of cascade waveg-
uide. Also degree of coherence (|gi2|) is shown by solid-red line at
the cascade waveguide output.
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respectively. The estimation of |g12| over the entire final
spectral coverage, which is indicated by solid-red line illus-
trated in this figure shows that the obtained SC is highly
coherent.

3.4. Comparative analysis

Finally, a comparison among three different dispersion
regions 25-SC generation have been made in Fig. 20 and a
comparison table, Table 3 have also been prepared with the
numerical results predicted and obtained under three dif-
ferent GVD regions considered for the cascade waveguide
proposed. Comparison among spectral coverages for the
cascade structure between Air-SNW and ChGW as shown
in Fig. 20(a) and the cascade structure between Silica—
SNW and ChGW as shown in Fig. 20(b) are mentioned
inside the table separately. We can state, among the three
spectra illustrated either in Fig. 20(a) or in Fig. 20(b),
that the highest SC coverage up to 10000 nm can be pre-
dicted by the Air—-SNW and ChGW cascade design. How-
ever, comparatively more flat MIR coverage up to 8650
nm can be obtained by the other design made of Silica—
SNW and ChGW cascade design. These wide spectral cov-
erages up to the MIR have become possible through the
all-anomalous GVD regions 25-SC generation using a 1550
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Figure 20: Comparison among SC spectra predicted and obtained
using three different GVD regions considered: (a) at the output of
Air-SNW and ChGW cascade structure; and (b) at the output of
Silica-SNW and ChGW cascade structure.



nm telecom wavelength commercially available femtosec-
ond pump source with a moderate peak power of 5 kW.

4. Concluding remarks

In this work, we numerically demonstrate the MIR SC
generation from 0.86 to 10 pm using a 8-mm-long cascade
waveguide optimized for pumping in commercially avail-
able telecom wavelength pump source operating at a wave-
length of 1550 nm with a moderate peak power of 5 kW.
Cascade waveguide proposed here consists of two waveg-
uide segments that are made either of Air-SigN, (Air—
SNW) or SiO2-SigNy (Silica-SNW) and AsySez (ChGW)
glass systems. The waveguide structure is tailored for
three different GVD regions 2S-SC generation. Initial waveg-
uide segment, SNW is simulated considering the pulse
emitting from the chosen telecom wavelength pump source.
The output pulse from SNW structure is then coupled
into the 2nd waveguide, ChGW. Based on the long wave-
length spectral expansion end of initial waveguide segment,
the dispersion region of the 2nd waveguide segment has
been tailored. Pulse propagation dynamics inside the 2nd
waveguide structure depend on whether the anomalous or
normal GVD region achieved. In this way, using two-step
SC generation, the MIR spectral coverage can be pre-
dicted by choosing the telecom wavelength pump source
at 1550 nm. The MIR spectral coverage obtained by the
two-step process (25-SC) may not be possible by a single-
step conventional SC generation using the commercially
available telecommunication wavelength pump source pro-
posed. However, coupling, mode-area mismatch, Fresnel
and other reflection/refraction losses at the coupling point
will incur higher than the losses considered here, which
may be minimized by using a amplifier stage between the
cascade point. Finally spectral coherence of the proposed
waveguide has been tested and found to be highly coher-
ent SC coverage for the entire wavelength region achieved.
Such a highly coherent broad SC spectrum can be suitable
for many applications in the fields of sensing and biolog-
ical imaging and to be particular in ultrafast absorption
spectroscopy, optical coherent tomography, etc.
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