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A circular photonic crystal fiber (C-PCF) based on As;Ses is designed, which has three zero dispersion wavelengths
and flat dispersion. Using this fiber, a wide mid-infrared supercontinuum (MIR-SC) can be generated by launching a
femtosecond pulse in the first anomalous dispersion region. The simulation results show that the MIR-SC is formed by
soliton self-frequency shift and direct soliton spectrum tunneling on the long wavelength side and self-phase modulation,
soliton fission on the short wavelength side. Further, optical shocking and four-wave mixing (FWM) are not conducive to
the long-wavelength extension of MIR-SC, while the number and intensity of fundamental solitons have a greater effect
on the short-wavelength extension of MIR-SC. The generation of optical shocking waves, FWM waves and fundamental
solitons can be obviously affected by changing the fiber length and input pulse parameters, so that the spectrum range and
flatness can be adjusted with great freedom. Finally, under the conditions of 4000 W pulse peak power, 30 fs pulse width,
47 mm fiber length, and O initial chirp, a wide MIR-SC with a coverage range of 2.535 um-16.6 um is obtained. These
numerical results are encouraging because they demonstrate that the spread of MIR-SC towards the red and blue ends can
be manipulated by choosing the appropriate incident pulse and designing optimized fiber parameters, which contributes to
applications in such diverse areas as spectroscopy, metrology and tomography.

Keywords: circular photonic crystal fiber, chalcogenide glass, direct soliton spectrum tunneling, nonlinearity

PACS: 42.55.Wd, 42.81.-, 42.65.Ky

1. Introduction

In recent years, photonic crystal fibers (PCFs) made of
the silica glass have played an important role in supercontin-
uum (SC) generation due to the availability of suitable pump
sources and the design flexibility of dispersion.!'=3] Remark-
ably, silica suffers from severe infrared absorption at wave-
lengths beyond 2.2 um, which makes it impossible to extend
the generated SC far into the mid-infrared (MIR) region.!
However, MIR-SC generation is an emerging research field
driven by a large number of potential applications, such as
spectroscopy, microscopy, frequency metrology, and remote
sensing.>~7 Specifically, PCFs made with soft glass, includ-
ing chalcogenide, tellurite, and fluorite, provide a new possi-
bility of generating the MIR-SC due to their wide transparent
windows and high nonlinearities in the MIR region. [3-10]

It is worth noting that the propagation losses of tellurite
and fluorite PCFs are considerably large at the wavelength be-
yond 5 um while the chalcogenide glasses, especially As;S3
and As;Ses, are transparent at the wavelength up to 12 pm and

ILI21 Therefore, the chalcogenide glass

15 pum respectively. !
PCFs are excellent candidates for MIR-SC generation. As
is well known, efficient and broadband MIR-SC can be ob-
tained by pumping in the anomalous dispersion regime close
to the zero-dispersion wavelength (ZDW) of fiber.!!:!3] More-

over, the multiple ZDWs and high nonlinearity are usually
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used to extend the SC.[3 14161 In some cases, the formation
mechanism of SC can be changed or enhanced by cascading
or tapering PCF, and by scaling down the fiber core size.[!”~1°]
In fact, the position and the number of the ZDWs and the
shape of the dispersion curves are so important that they are
often engineered to obtain high nonlinearity and more phase
matching points, thus artificially promoting the evolution of
the SC.?%21l Nevertheless, the bulk chalcogenide glass usu-
ally owns a large normal dispersion in the infrared regime,
which dramatically goes against the expansion of SC.I!!13]
The dispersion control becomes a very important challenge for
the generation of MIR-SC in chalcogenide PCF. The essence
of dispersion control is to adjust the waveguide dispersion of
PCF to balance off its material dispersion, so as to obtain the
ideal dispersion curve.!?>23] Recently, a new PCF design is
proposed based on a circular ring structure with few layers
of air holes.?*-2] In 2016, Ahmad introduced the specific de-
sign of a C-PCF with chalcogenide glass into the generation of
MIR-SC for the first time.[?*! Compared with other PCFs, the
circular PCF (C-PCF) has more air-holes in the correspond-
ing ring and thereby enhances the confinement performance.
Based on its advantages, MIR-SC generation in the C-PCF
with chalcogenide glasses under the different incident condi-
tions is researched here. The incident parameters, for example,
the propagating distance, pump power, initial chirp, and the
position of ZDW, have a nonnegligible impact on the temporal
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and spectral evolution during the MIR-SC generation. [1-27-28]
In addition, the flat dispersion was beneficial to extend the
width of the SC.[29:301 So far, few researchers have combined
the high nonlinearity and wide transparent window of As,Ses,
the large tight-mode confinement of C-PCF, the flat disper-
sion curve and the three ZDWs together to generate MIR-SC.
Therefore, it is significant to study the MIR-SC generation
with different incident parameters in the As;Se; C-PCF with
flat dispersion and 3 ZDWs.

In this paper, a C-PCF made of As,Ses is designed to have
flat dispersion and 3 ZDWs. An ultra-short femtosecond (fs)
pulse is injected in the first anomalous dispersion regime of the
C-PCF, whose high intrinsic nonlinearity can reduce the pump
power and propagating length for MIR-SC generation. The
temporal and spectral variations are studied when the propa-
gating length, initial chirp, pulse power and pulse width are
varied. The most optimal conditions of MIR-SC generation
are expected to be found, as well as a wide and flat SC will be
developed, to support the application of MIR-SC in practice.

2. Propagation model in C-PCF

Propagation of an ultra-short pulse in C-PCF can be de-
scribed by the generalized nonlinear Schrédinger equation
(GNLSE)!?%-301
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where A(z,T) represents the slowly varying envelope of the
pump pulse in a retarded time frame T, B is the k™ order
dispersion parameter at the central frequency @y, and 7 is the
nonlinear coefficient. The material response function R(¢) in-
cludes both the instantaneous Kerr-contribution and the de-

layed Raman contribution hg (),

R(t)=(1—fr)6(t—Te)+ frhr (1), 2
T+ AW t
hr (t) = 711_22 p (_Tz> sin (_Tl> ) 3)

In the case of As;Se; glass, fr = 0.100, 7 = 23.1 fs, and
T, = 195.0 fs. Meanwhile, the C-PCF loss is neglected since
only a short length (47 mm) is used.

In our simulation, the hyperbolic secant pulse (7o = 30 fs,
50 fs, or 70 fs, Ag = 4.3 wm) is assumed to act as an input pulse
expressed as

T2
A(z=0,1) = \/Pysech (;()) exp (—ICT) . )

Here, Tj is the input pulse width, Py is the peak power of the
incident pulse, and C is an initial chirp parameter.
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Fig. 1. (a) Cross-section of C-PCF. (b) Chromatic dispersion (blue solid line) and time delay (black dash line) profiles of C-PCF.

In order to explain the influence of the three ZDWS and
flat dispersion on the generation of MIR-SCs, a C-PCF, whose
cross section is shown in Fig. 1(a), is designed to compare the
simulation results of different MIR-SCs, so as to determine the
optimal pulse parameters when the propagation distance and
incident pulse changed. The pitch A is the layer-to-layer spac-
ing, the D is the air-hole diameter of each ring, and d; is the
diameter of extra small air-hole inserted between the lattices of
the first ring to control the third ZDW. The outermost layer of
C-PCF is the perfectly matching layer (PML) used to eliminate

optical reflecting at the boundary. To design a C-PCF with flat
chromatic dispersion, A should be carefully selected to con-
trol the dynamic range of waveguide dispersion, and the filling
fraction D/A should be small enough to ensure the character-
istic of single mode transmission and the first two ZDWs. Fi-
nally, the designed C-PCF has the structure parameters as A =
4.5 pm, D = 1.8 pm, and d; = 0.2 pm. When the pump wave-
length is at 4.3 um, its corresponding nonlinear coefficient
is y=1122 W~ '.km™', and the high-order dispersion coef-
ficients of the Taylor expansion are B, = —85.8667 ps®/km,
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B3 = 3.5956 ps? /km, By = —0.0196 ps* /km, Bs = —9.0777 x
10~ ps’ /km, B = 2.8896 x 107> ps®/km, B; = —1.4942 x
107 ps” /km, Bg = —9.6724 x 1072 ps® /km, By = 2.8269 x
10719 ps? /km, Bio = —3.8051 x 10712 ps'®/km, By =
2.7390 x 10714 ps!! /km, B = —8.5436 x 1077 ps'? /km,
Biz = —4.5969 x 10~2! ps'3 /km, respectively. Figure 1(b)
shows the profiles of chromatic dispersion and time delay of
the designed C-PCF. The blue solid line shows a wide and flat
dispersion less than 22.03 ps/(nm-km) at a wavelength range
from 3.53 pum to 9.65 um, and 3 ZDWs located at 4.055 pm,
6.345 pum, and 8.85 um respectively. The three ZDWs di-
vide the dispersion curve into four regions, which are named
N1, Al, N2, and A2 from short-to-long wavelengths. N1 and
N2 are the first and second normal dispersion regimes, respec-
tively, while A1 and A2 are the first and second anomalous
dispersion regimes, respectively. The black dash line repre-
sents the time-delay curve of C-PCF, which allows, at most,
four frequency components to propagate at the same speed.

3. Numerical results in C-PCF

In this section, we present numerical results to illus-
trate the MIR-SC generation when pumping the femtosecond
pulses in the anomalous dispersion regime of C-PCF. At the
same time, temporal and spectral characteristics of MIR-SC
are studied in detail under the different incident pulse condi-
tions of propagating distances, the initial chirp value, pump
energy, and pulse width. Here, all intensity plots using a loga-
rithmic scale are truncated at —40 dB relative to the maximum
value.

3.1. Evolution of MIR-SC as the distances vary

A MIR-SC is firstly obtained by launching an unchirped
50 fs pump pulse with 4000 W peak power into the C-PCF
with a length of 466 mm. In the femtosecond regime, MIR-SC
generation by pumping in the anomalous dispersion regime is
dominated by soliton-related dynamics. Figures 2(a) and 2(b)
show the pulse evolution in the whole 466 mm propagation
length. Figure 2(b) shows a new soliton is formed and centered
at the wavelength of around 10 um. Figure 2(c) is the output
spectrogram of incident pulse and shows the coexistence of
broad-band MIR-SC spectrum and some narrow-band oscilla-
tions. So, it is necessary to make the whole evolution process
of the incident pulse in C-PCF clear and to obtain the real flat
and wide MIR-SC.

In the initial stage of propagation, spectral broadening is
approximately symmetrical within the first 5 mm due to the
SPM. Meanwhile, strong temporal compression takes place
around this stage. Shortly afterwards, spectral broadening be-
gins to become considerably asymmetric because of the emer-
gence of new frequency components on both short- and long-
wavelength sides of the incident pulse owing to the blue-

shifted dispersive wave (B-DW) and soliton self-frequency
shift (SSFS). In this case, higher-order dispersion and Ra-
man scattering are the two most significant drives that in-
duce propagating pulse to break up into two fundamental soli-
tons through soliton fission (SF). The above phenomenon is
accompanied by the emission of B-DW when meeting the
phase-matching condition, which is described as equation (1 —
o) v(op)By = Lisi? LB (), here @, and wpw are
angular frequency of the central wavelength of pump pulse and
DW, respectively. P, is the peak power of pump pulse. Consid-
ering the pump propagating in the form of fundamental soli-
tons in anomalous dispersion region, SSFS induces the spec-
trum red shift towards the second ZDW. During the red-shifts
of the solitons at the very beginning, the dispersion slopes
corresponding to the fundamental solitons are greater than 0,
and then the B-DWs are radiated on the short-wavelength side.
When the centered wavelength of the first fundamental soliton
moves to the wavelength of 5.1 um, the corresponding disper-
sion slope of the first fundamental soliton is less than 0, but
the red-shifted dispersive wave (R-DW) does not appear at the
long wavelength side in the second normal dispersion region
because another mechanism named direct soliton spectrum
tunneling (DSST) dominates. Unlike previous SST which pro-
duces both R-DW and spectrum-tunneling,’3!! DSST only in-
volves spectrum-tunneling as we reported in Ref. [32]. The
first fundamental soliton has the highest energy among all the
solitons, and under the action of Raman scattering, it is red-
shifted constantly. As its central wavelength moves from the
first extreme point of the dispersion curve to the second zero-
dispersion wavelength, the mismatch between SPM and dis-
persion is caused as the dispersion value decreases, and SPM
gradually becomes the dominant in the process of SSFS. Thus,
the first fundamental soliton is greatly compressed, and its
spectrum is greatly broadened to cover three regions except
the first normal dispersion region (N1). Finally, the first fun-
damental soliton loses its soliton properties and cannot radi-
ate the R-DW. For the sake of the clarity of the following de-
scription, we still call it the first fundamental soliton. Under
the action of intra-pulse Raman scattering, most of the energy
of the first fundamental soliton is gradually transferred to A2,
where a new soliton, called the DSST soliton in this paper, is
formed. That is the reason why there is only blue-shifted dis-
persive waves appearing at the propagating length from 5 mm
to 23 mm. Afterwards, the DSST takes place. The first fun-
damental soliton red shift at the propagating length between
23 mm to 349 mm, and its energy is transferred to the second
anomalous dispersion region to form the new soliton gradu-
ally, named by DSST soliton. Then, four-wave mixing (FWM)
happens between the first fundamental soliton and DSST soli-
ton during the propagating length between 349 mm to 466 mm
to produce the new frequencies located on the short wave-
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length sides of the two solitons, which finally prevents the
spectrum from extending further to the deep-red MIR wave-
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Fig. 2. (a) Temporal and (b) spectral evolution of unchirped fs pulse with 4000 W peak power in PCF. (c) Spectrogram at the fiber length of 466 mm.
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Fig. 3. The output spectrograms of the incident pulse with 4000 W peak power at different propagating distances of (a) 32 mm, (b) 111 mm, (c) 233 mm, and

(d) 349 mm along PCF.

Figure 3 shows the spectrograms at different propagating
distances. Figure 3(a) shows the first fundamental soliton cen-
tered at a wavelength of 5.16 um becomes asymmetric in the
spectral domain at the propagation distance of 32 mm. Fig-
ure 1(b) shows the main reason of spectral asymmetry is the
mismatch between the SPM and gradually decreasing chro-
matic dispersion on long wavelengths side of the first funda-
mental soliton. Therefore, under the dominant action of SPM,
the first fundamental soliton is compressed in the time domain
and broadened in the frequency domain. Due to pulse inter-

nal Raman scattering, part of the energy of the fundamental

soliton shifts from the short wavelength side to the long wave-
length side, and its spectrum becomes asymmetrical. As the
propagating length increases, the first fundamental soliton is
greatly compressed. At the same time, the spectrum is ex-
tended to cover part of the first anomalous dispersion region
(A1), all the second normal dispersion region (N2) and part
of the second anomalous dispersion region (A2). With the
first fundamental soliton red-shifted continuously, its energy is
transferred to the A2 step by step, rather than to R-DW. That
is also the root origin of DSST. Figure 3(b) shows the peak
powers of the first fundamental soliton and the DSST soliton
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are same at the propagation distance of 111 mm, it is easy
to see the MIR-SC spanning a wider band from 2.578 pum to
15.36 um. Figure 3(c) shows most energy of the first funda-
mental soliton has been transferred to the DSST soliton, which
destroys the flatness of MIR-SC. Also, a weak optical shock-
ing happens in the DSST soliton due to its narrow time span
and huge pulse energy, which can produce new stronger fre-
quency components in the red-end than that of the blue-end
and make the spectrum of the DSST soliton more asymmetric.
Figure 3(d) obviously shows new stronger frequency compo-
nents on both blue- and red-ends of the spectrum of the DSST
soliton, and the intensity of new frequency components on the
red-end is stronger than that of the blue-end, which further
identifies the exist of optical shocking. In addition, FWM is
beginning to take its effect between the first fundamental soli-
ton and DSST soliton. The new frequency components formed
on the short wavelength sides of two solitons through FWM
are located on left side of two solitons, which are for the rea-
son of their smaller time delay than corresponding solitons.
All of these new frequencies either degenerate the flatness of
the MIR-SC or go against the extension toward the red end of
the MIR-SC. Thus, selecting the proper propagation distance
as 111 mm will avoid the optical shocking and FWM, which
is beneficial to generate MIR-SC.

Figure 4 shows the detailed spectra in different locations
along the C-PCF. It is easy to see how the spectrum evolves
into a broadband MIR-SC, and then shrinks into a narrower
one step-by-step. Before the length of 5 mm, it is SPM that
expands the spectrum. After that, the main physical mecha-
nisms are SF and B-DWs. At the length of 23 mm, two soli-
tons and two branches of B-DWs can be observed. Then the
SSFES of the first and second fundamental solitons are demon-
strated along the dash arrow line and the dot arrow line re-
spectively. Accordingly, some new frequency components are
radiated into the two branches of B-DWs as the 2 fundamental
solitons adjust themselves. At the length of 32 mm, we can
see very little energy is transferred to the A2, which means
the DSST has already taken effect. As the pulse moves for-
ward, more energy is transferred to the A2 to form a new
DSST soliton centered at the wavelength of 10 um, a wide
and flat MIR-SC is generated at the fiber length of 111 mm,
while the R-DWs do not appear in the whole process. After-
wards, an optical shocking is observed to shrink the spectrum
of DSST soliton toward the shorter wavelength side. At the
fiber length of 466 mm, the spectrum of DSST soliton is short-
ened toward the short wavelength side again due to the FWM
effect between the first fundamental soliton and DSST soliton.
It should be noticed that the DSST soliton also moves slowly
toward long wavelength side of A2 due to the SSFS. Thus, as
the incident pulse propagates along the C-PCEF, its spectrum is
firstly extended and then shrunk. The DSST is mainly respon-

sible for the spectrum extension at the long wavelength side
in the MIR region. There is an optimal propagating distance
which allows the existence of a wide and flat MIR-SC.

B-DW1 B-DW2 Soliton2
— 7

~—End of DSST 166
— Solitonl /DSST soliton mm
. i
5 /A\ /N /{MW\ //’/\\/M\‘\\ 349 mm
E \/ w EWM- Optical shocking™~__
% ;‘ 233 mm
o g
E [ /Beginning of DSST 32 mm
= !
B / W\ 25 mm
o) e
@ ~ \ 5 mm
L L L ) )
2 4 6 8 10 12 14 16

Wavelength (mm)

Fig. 4. Spectra evolution of the incident pulse with different propagating
distances.

3.2. Evolution of MIR-SC as the initial chirp varying

In Fig. 5, we study the influence of the initial chirp on
MIR-SC generation by choosing the different initial chirp
value. In the time domain, the incident pulse with initial nega-
tive chirp is broadened directly at a low speed as Fig. 5(al)
shows, while the incident pulse with initial positive chirp
is first compressed and then broadened at a high speed as
Fig. 5(a2) shows.
pulse with negative chirp undergoes firstly narrowing and ul-

In the frequency domain, the incident

timately broadening as Fig. 5(bl) shows, while the incident
pulse with positive chirp is directly broadened to a very large
extent as Fig. 5(b2) shows. Therefore, positive chirp can make
the spectrum expand at a larger rate compared with negative
chirp in the early propagating phase, which can accelerate
the emergence of soliton fission. When the incident pulse at-
tains its maximum bandwidth by SPM, fundamental solitons
are ejected from the high-order soliton because of Raman ef-
fects and the corresponding B-DWs are radiated from the red-
shifted fundamental solitons because of higher-order disper-
sion effects. Afterwards, the first fundamental soliton begins
to tunnel through the N2 owing to the DSST mechanism. By
comparing among these figures in Fig. 5, positive chirp can
make more energy transfer to first fundamental soliton and
suppress the generation of the second fundamental soliton.
Thus, only one branch of strong B-DW is generated by the
first fundamental soliton, which expands the blue-end MIR-
SC. Both the B-DW and the DSST soliton appear at very short
propagating distance, and more energy is transferred to DSST
soliton in the same transmission distance.

To better illustrate the impact of initial chirp on MIR-SC
generation, output spectrograms with different chirp values are
demonstrated in Fig. 6. In the fs regime, soliton-related dy-
namics play an important role in the generation of SCs. Ob-
viously, as the initial chirp changes from negative to positive,
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the whole output spectrum takes great changes. Figure 6(a)
shows us the negative chirp can make less energy transferred
to first fundamental soliton and accelerate the generation of
the second and even third fundamental solitons. Thus, two
branches of weak B-DWs are generated by the first and sec-
ond fundamental solitons, which is not beneficial to the ex-
tension of MIR-SC toward the blue-end. Both the B-DW and
the DSST soliton appear at very long propagating distance.
Less energy is transferred to DSST soliton and B-DW in the
same transmission distance, which will also go against the flat-
ness of MIR-SC generation in both the red- and blue-end. The
FWM between the first fundamental and DSST solitons will
be suppressed compared with zero initial chirp, also, the op-
tical shocking is absent for less energy in the DSST soliton.
The spectrum of this situation is not even and wide due to the
weakness of first fundamental soliton, DSST soliton and the
first branch of B-DW. In contrast, figure 6(c) shows us the pos-

Distance (mm)

Time delay (ps)

Distance (mm)

Time delay (ps)

itive chirp can make more energy transferred to the first fun-
damental soliton and DSST soliton in a short distance. Even
the formation of the second fundamental soliton is suppressed.
Therefore, FWM and optical shocking will take place and sub-
stantially limit the spectrum extension toward the red-end. On
the other hand, the strong first fundamental soliton will also
bring strong B-DW, which makes the blue-end MIR-SC un-
even. Meanwhile, figure 6(b) shows us the zero initial chirp is
optimal among these three situations. Two fundamental soli-
tons are radiated from the compressed incident pulse through
SF, then, the energy of the stronger first fundamental soliton
is distributed evenly between itself and DSST soliton, neither
FWM nor optical shocking appears, which make the spectrum
extend easily to deep MIR. And the second fundamental soli-
ton also contributes to the flatness of the blue-end of MIR-SC
by radiating the second branch of B-DW. So, C = 0 is the best
choice for MIR-SC generation.
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Fig. 5. (a) Temporal and (b) spectral evolution of fs pulse with 4000 W peak power and initial chirp (upper figures: C = —2; lower figures: C = 2) in C-PCE.
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Fig. 6. Output spectrograms of fs pulse with 4000 W peak power and different initial chirp values ((a) C = —2; (b) C = 0; (c) C =2) in C-PCE.
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3.3. Evolution of MIR-SC as the power varying

As is well known, the characteristics of MIR-SC can vary
significantly with the change of pulse power. Figure 7 shows
the evolutions of MIR-SC with different pulse powers in C-
PCF. The different pulse powers have different best propagat-
ing lengths of 151 mm, 111 mm, and 82 mm corresponding to
3000 W, 4000 W, and 5000 W, respectively. The soliton or-
der of incident pulse N is determined by both pulse and fiber
parameters through N =/ (T¢yP)/|B|. which governs the
relative importance of SPM and dispersion effects on pulse
evolution along the fiber. Figure 7(a) shows the MIR-SC be-
comes wider as the pulse power is increased in the step size of
1000 W. Even though, the negative initial chirp blocks more
energy being transferred to the DSST soliton and is not con-
ductive to the flatness and extension to the deep red-end of
MIR-SC. Figure 7(c) shows the MIR-SC becomes narrower as

the pulse power is increased in the step size of 1000 W. The
root origin is the positive initial chirp brings serious FWM
and optical shocking. While figure 7(b) shows the MIR-SC
becomes wider and flatter as the pulse power is increased in
the step size of 1000 W. Obviously, the zero initial chirp is
beneficial to the evolution of a flat and wide MIR-SC. One
should notice the slight differences when the peak power of
pulse changes from 4000 W to 5000 W, the flatness of MIR-
SC at around 4 pm is somehow degraded, and there is a trend
of the emergence of FWM and optical shocking inferred from
the ripples appearing on the spectrum of short wavelength side
of both the first fundamental soliton and DSST soliton. Tak-
ing all factors into consideration, if one wants to obtain wide,
flat MIR-SC, the best choices for all the parameters are that
C equals 0, pulse power is 5000 W, and corresponding fiber
length is 82 mm.

(a) C=—2 (b) C=0 (c) C=2

- . : . :
5 5000 W 5000 W 5000 W
~
as]
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Fig. 7. The output spectra of fs pulse with the different peak power and initial chirp in C-PCF. The peak power changes every 1000 W from 3000 W to

5000 W (from bottom to top). (a) C = —2; (b) C=0; (c) C =2.
3.4. Evolution of MIR-SC as the pulse width varying

The width of the incident pulse in the time domain is in-
versely proportional to its width in frequency domain, thus,
a narrower pulse has a wider spectrum. Figure 8 shows the
evolutions of MIR-SC with different pulse widths in C-PCF.
When the temporal width of the incident pulse is 70 fs, the
corresponding output spectrum has a narrow spectrum width
and a poor flatness. As the temporal width of the incident
pulse decreases with a step size of 20 fs, the width and flat-
ness of the output spectrum will be improved gradually. When
the width of the incident pulse is reduced to 30 fs and its most
optimal propagating distance is 47 mm, the width of the out-
put spectrum covers 2.535 um-16.6 um, and the flatness of
that is better than that of another two incident pulses. The key
reason can be explained as the formation of MIR-SC covering
4.96 um-16.6 pm depends heavily on the process of SSFS of
the first fundamental soliton and spectrum-tunneling of DSST
soliton. In the time domain, the narrower the input pulse is,
the narrower the first fundamental-order soliton will be. With
the dispersion decreasing, the mismatch between the SPM and
dispersion begins to dominate, the narrower first fundamen-
tal soliton is easier to be compressed in the time domain than

the wider one, and it is easier to expand in the frequency do-
main, where eventually a greater soliton-tunneling bandwidth
is obtained. During the process of DSST, the narrower first
fundamental soliton in time-domain constantly transfers its en-
ergy to the DSST soliton, at the 47 mm propagating length, its
whole energy will be more evenly distributed throughout the
MIR-SC. While the SPM, SF and B-DW are responsible for
the MIR-SC covering 2.535 um—4.96 um. Compared with the
pulse widths of 50 fs and 70 fs, it is obvious that the pulse of
30 fs induces only a strong first fundamental soliton, which
pits the spectrum between the first fundamental soliton and its
B-DW. Thus, we should make a balance on both red-end and
blue-end of the MIR-SC when choosing the width of the pulse.

On the basis of obtaining the widest MIR-SC, different
random noises are added to evaluate the stability of the simu-
lation when the ratio of noise-to-signal amplitude is 0, 0.001,
and 0.008, respectively. The details of spectra are listed in
Fig. 9.

The A, and A in Fig. 9 are the mean amplitudes of
noise and signal respectively. Figure 9 shows the influence of
random noise on spectrum evolution as the ratio of noise
amplitude to signal amplitude increases, the shape of the
spectrum remains unchanged, but the quality of the spectrum
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30 fs

4.96 pm

Spectrum (40 dB/div)

2.535 4 8 12 16.6
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Fig. 8. The output spectra of different fs pulse with fixed 4000 W peak power
at the most optimal propagating distance in C-PCF. The pulse width changes
every 20 fs from 30 fs to 70 fs (from top to bottom).
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Fig. 9. Spectra evolution with the amplitudes ratios of random noises to sig-
nals equal 0, 0.001, and 0.008 (from bottom to top).

gradually decreases. This is due to the modulation instability
(MI) caused by the interaction of dispersion and Kerr nonlin-
ear when the incident optical pulse propagates in the anoma-
lous dispersion region. When the frequency of random noise

is within the range of the MI gain spectrum, it will be expo-
nentially amplified, and MI will cause significant fluctuation
of MIR-SC. In order to obtain high-quality MIR-SC, it is best
to keep the amplitude ratio of the noise to the signal as low as
possible.

3.5. Comparison with reported C-PCF

Compared with other reported C-PCF listed in Table 1,
the C-PCF proposed in this paper generates the widest MIR-
SC covering more than 14 pm. Compared with Ref. [24], our
C-PCF has three ZDWs and a wide flat region in the disper-
sion curve, and a medium nonlinearity, which makes the DSST
The first ZDW of our C-PCF is down-shifted to
around 4 wm, which allows the pump source centered at proper

possible.

wavelength and easily extends the MIR-SC toward both short-
and long-wavelength sides. In Ref. [24], the dispersion curve
of PCF has a wider first anomalous dispersion region (Al),
which requires more pumping power to push the SSFS and R-
DW spectra to the longer wavelength side. Compared with
Ref. [25], the As;Ses-based C-PCF proposed in this paper
greatly expands MIR-SC within a shorter fiber length due to
its higher nonlinear coefficient and wider transparent window
against a silica-based one. Compared with Ref. [26], the pro-
posed C-PCF here has three ZDWs and the expansion mech-
anism of MIR-SC is soliton dynamics, while Ref. [26] sug-
gested an all-normal dispersion (ANDi) and generated coher-
ent MIR-SC through SPM and OWB. Furthermore, the tem-
poral width of the pump source in this work is 30 fs, which is
conductive to the expansion of MIR-SC.

Table 1. Comparison of the SC generated in proposed As;Ses C-PCF against other reported C-PCFs.

References Material Dispersion Nonlinearity Pump SC
[24] As,Se; not flat, 2 ZDWs, width of Al >4 um 14923 W~ 1.km™! 2.5 um, 50 fs, 10 kW 8 um
[25] SiO, ultra-flattened, 2 ZDWs, 10 W l.km™! 1.55 pm, 100 fs, 3.2 kW 0.6 um
[26] Ge5Sby5Sero not flat, ANDi 1960 W~ .km™! 3 um, 50 fs, 4.7 kW 4.53 um

This work AsySes flat range up to 5.22 um, 3 ZDWs 1122 W—lkm™! 4.3 um, 30 fs, 4 kW 14 pm

4. Conclusion

By customizing the C-PCF with flat chromatic dispersion
and three ZDWs, the widest MIR-SC spanning from 2.535 pm
to 16.6 um can be obtained at small propagating length of
47 mm due to the As,Ses’s intrinsic wide transparent window
and high nonlinearity. The formation of MIR-SC is dominated
by the SSFS and DSST on the long wavelength side and by
SPM, SF and B-DW on the short wavelength side. The mis-
match between the SPM and gradually decreasing chromatic
dispersion induces the DSST, which transfers the energy of
the first fundamental soliton to DSST soliton gradually and
prevents the R-DW’s formation. By changing the initial chirp,
peak power, and time-domain width of the incident pulse, it
is found that the zero-initial chirp, proper pulse peak power

(4000 W), and proper narrow pulse width (30 fs) are more ben-
eficial to prevent the presence of optical shocking and FWM,
and finally increase the range and flatness of the MIR-SC. In
addition, in order to reduce the influence of MI on MIR-SC,
the amplitude ratio of noise to the signal should be controlled
as low as possible. These numerical results are of great sig-
nificance as they point out how to control the long- and short-
wavelength side of MIR-SC by different propagating distances
and pulse parameters.
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