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In this work, a flat-top and broadband supercontinuum (SC) generation in photonic crystal
fibers (PCFs) infiltrated with carbon tetrachloride (CCly) with different air hole diameters in
the cladding has been introduced. The optical properties of the fundamental mode are analyzed
by numerical simulation. Based on the obtained results, two optimized PCFs with small dis-
persion are proposed and verified against SC generation in detail. The first fiber has an all-
normal dispersion of —9.376 ps.nm~L.km~! at the pump wavelength of 0.98 um, generating
broadband of 768 nm and flat-top with only 0.3 nJ of input energy and time duration of 90 fs. In
the meantime the dispersion property of the second fiber is anomalous, which equals
1.105ps-nm~! - km~! at 1.3 um pump wavelength. The second fiber generates a SC spectrum of
1,751.1 nm with input energy and time duration of 0.55nJ and 55 fs, respectively. Proposed
fibers are suitable for all-fiber SC sources which could lead to new low-cost all-fiber optical
systems.

Keywords: PCF; carbon tetrachloride infiltration; supercontinuum generation; flat-top
supercontinuum generation; all-normal dispersion; anomalous dispersion.

1. Introduction

Supercontinuum (SC) generation has been one of the most active fields of research
during the last decades thanks to its diverse applications such as spectroscopy, op-
tical microscopy, optical communication, telecommunication, security, military,
optical coherent tomography, biomedicine, frequency comb generation, and nonlin-
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ear optical pulse compression. The flexibility in the structural design, the con-

trollability of the dispersion and interesting nonlinear properties make photonic
crystal fiber (PCF) naturally attractive for SC generation. The spectral width and
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flatness over broadband wavelength have been two essential factors in evaluating the
effectiveness of SC generation. Up to now, obtaining a relatively broad and flat
spectrum has been a challenge for many research groups. This makes the study of
PCFs with optimal dispersion and nonlinear properties more attractive than ever,
both theoretically and experimentally. Selection of the appropriate base material
along with the modification of the structure parameters in the cladding or the shape
of lattice geometry provides high efficiency in controlling the dispersion, transmis-
sion, and even the nonlinear properties of PCF.!*"'7 In which, PCFs infiltrations with
liquids is one of the most excellent solutions to achieve optimal dispersion, especially
suitable for generating SC due to the relatively high nonlinear refractive indices of
liquids when compared to solids (up to 100 times larger compared to fused silica'®).
Another advantage is that some highly nonlinear liquids are transparent in the
visible and near-infrared (IR) wavelength range,'? which is necessary for the SC to
broaden further in this spectral region. The highly nonlinear properties of the fluids
allow for a decrease in the required powers significantly, which makes liquid-filled
fibers also available for cheap, and compact pump lasers.?’ However, a high toxicity
as well as explosive, carcinogenic, and volatile properties! are factors that should be
kept in mind. Except for carbon disulfide, using liquids such as chloroform, carbon
tetrachloride (CCl,), tetrachloroethylene, nitrobenzene, benzene, and toluene has
been preferred in real applications.

It is well known that the dispersion characteristic of the optical fiber is an im-
portant factor governing the SC generation process.?? Diverse studies of liquid-core
PCFs show the ability to control dispersion as well as to shift the zero-dispersion
wavelengths (ZDWs), and match it with the pump wavelength of commercial lasers
to obtain flat, coherent, and broadband SC generation. The all-normal and anom-
alous flat dispersion with one or two ZDWs have been found in these liquid core
PCFs. The self-phase modulation (SPM), self-steepening (SS), and optical wave
breaking (OWB) are the main nonlinear effects that dominate the spectral broad-
ening of output optical pulses when a nonlinear medium is pumped in the normal
dispersion region, which easily generates a smooth, flat, and coherent spectrum.
If PCF is pumped in the anomalous dispersion regime, the soliton dynamics, e.g.,
soliton fission (SF), soliton self-frequency shift (SSFS), and dispersive wave (DW)
will be the main contributors to SC generation. In this case, the spectrum is broader
but less coherent.?* 2

Many studies used liquids with high nonlinear refractive index to partially replace
the air holes or fill the hollow cores of PCFs. These methods show their potential in
further improving dispersion and achieving other interesting nonlinear properties.
The all-normal and anomalous dispersion characteristics were found in PCF filled
with chloroform, the authors of Ref. 27 have proved the possibility of coherent
octave-wide SC generation but rather high dispersion values at pump wavelength
limit further spectral expansion. At the same time, the input pulses injected into the
fiber have quite high energy and time duration. Using a combination of fluids such as
arsenic-selenide and chloroform, which are infiltrated into air holes in different rings
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of the cladding, PCFs*® give an ultra-wideband SC spectra up to 19 ym but the short
propagation length of the fiber and the toxicity of the used liquid are also factors that
need attention in the real application. Diversity in dispersion gives the authors many
options in studying SC generation using optimal structures, which is a common
advantage of PCFs filled with liquids such as benzene,?” nitrobenzene,*’*! tetra-
chlorethylene,? toluene.?*> Usually, the variation of the structural parameters of
these fibers also helps to control both all-normal and anomalous dispersions well,
which is beneficial for broad-spectrum SC generation. However, some fibers have a
bit short propagation length®’ or the nonlinear characteristics are not optimized
simultaneously or the input pulse energy is quite high,?®° which has a significant
influence on the efficiency of SC generation.

CCly is one of the most interesting liquids used to fill hollow core PCF due to a
very high nonlinear refractive index, n, = 1.53 x 1079 m?/W at \ = 1.064um"®
(up to 5 times larger compared to fused silica (SiO3) ny = 2.74 x 10729 m?/W) and
low toxicity when compared to other liquids such as carbon disulfide or toluene.?!
Optimization of dispersion and nonlinear properties of PCF's infiltrated with CCly for
SC generation have been studied both theoretically and experimentally. By infil-

36—

trating CCl, into the hollow core, most of the PCFs in the papers®®? give all-normal
dispersion. The paper?®
generation with 300 fs pulses with only 0.8 nJ of input energy of PCF made of fused
silica glass, infiltrated with CCl,. A large hollow core PCF infiltrated with CCl, to
generate SC with all-normal dispersion was studied experimentally in the work.?”
A flat normal dispersion in a broadband range (0.8-1.7 ym) varying from —150 to
0ps/nm/km meets the requirements for an all-fiber SC system despite the large
effective mode area of 42.2 um? at the pump wavelength (A = 1030 nm). An all-
normal SC in the 850-1,250 nm wavelength range was generated using an off-the-
shelf 1,030nm fiber laser with 400fs and 25nJ input pulses. The SC spectrum
spanning from 1,000 nm to 1,900 nm in CCl,-filled hollow-core PCF under pumping

proved the possibility of coherent, octave-spanning SC

with a small-footprint femtosecond laser with a central wavelength at 1,560 nm and a
pulse duration of 90 fs was also investigated experimentally.*® Another study of solid-
core PCF with cladding air-holes infiltrated with CCl, using bismuth lead-bismuth-
gallate glass was also experimentally investigated and numerically verified. The
unique combination of high nonlinearity and low normal dispersion of PCF's enables
the generation of a coherent, low-noise SC covering 0.93-2.5 um requiring only
12.5kW of pump peak power delivered by a standard ultrafast erbium-fiber laser
with 100 MHz pulse repetition rate.’

Although these publications demonstrate the ability to generate a coherent and
broad SC spectrum of PCFs infiltrated with CCl, thanks to the control of dispersion
properties, a quite large effective mode area, low nonlinear coefficient, and high loss
were also observed. Furthermore, the flat-top and smooth SC spectrum in an all-
normal dispersion regime with small input pulse energy have not been mentioned. It
should be noted that we find it very difficult to optimize the characteristic quantities
of PCF simultaneously, depending on the structural design and the selection of an
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appropriate substrate or alternative material to obtain the optical properties of the
PCF as expected.

In this work, we design a circular lattice PCF, the hollow-core is filled with CCly.
To control dispersion and optimize nonlinear properties, the diameter of the air holes
of the first ring near the core in the cladding is different from that of the other rings.
The high symmetry of the circular lattice can confine the light more strongly to the
core than other lattices, which enhances the PCF nonlinearity, and improves the SC
generation efficiency. We demonstrate the ability to achieve both all-normal and
anomalous dispersions with a small value of —9.376 and 1.015 ps/nm/km, respec-
tively, small effective mode area, and low loss of the fundamental mode at the
pumping wavelength. Based on the analysis results, SC generation has been inves-
tigated numerically through two optimal dispersion fibers. For all-normal dispersion,
the output pulse is broadened from 609.4 to 1,377.4 nm requiring only 0.3 nJ input
energy and time duration of 90 fs with a flat-top and smooth spectrum. The fiber
with anomalous dispersion generates a high-quality SC with spectral bandwidth
covering 733.3—2484.4 nm with input energy of 0.55nJ and time duration of 0.55 fs.

2. Numerical Modeling of the PCFs

Eight rings of air holes were distributed in a circular structure around the hollow-core
filled with CCly of PCF based on fused silica material, depicted in Fig. 1(a). A
combination of both, including selecting an appropriate liquid to replace the solid
core, and carefully modifying significant structural parameters, was used to design
these PCs. Several studies'®3>404! have shown that dispersion properties of PCFs
including ZDWs shifts are fundamentally affected by the size (the diameter of d;) of
innermost air holes of the cladding while the diameter d, of others is usually adjusted
to reduce the attenuation of the fundamental mode and even the higher modes. Here,
we have designed the PCF's for values of filling factor d; /A (A is the lattice constant)
tailoring from 0.3 to 0.8 with a step of 0.5 um and A = 1.0,2.0 um but the value of
dy/A is kept constant at 0.95 to present diverse dispersion properties in all-normal
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Fig. 1. Cross-section view of the circular CCl,-PCF (a) and the real parts of the refractive index n of CCly
and fused silica (b).
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and anomalous regimes. The combination of small core size to wavelength ratio and
difference in refractive indices between core and cladding are key factors to be kept in
mind when designing to achieve a single-mode PCF. So, the small core of the PCF
has a diameter determined by the formula D, = 2A-1.2d;. The small core also
enhances the ability to confine light inside the core and is more convenient in fiber
fabrication. These designs allow the generation of flat-top SC over a wide wavelength
range.

The real parts of the refractive index n of CCl, and fused silica used in this paper
versus wavelength are shown in Fig. 1(b). Interestingly, the linear refractive index of
CCly is low and similar to fused silica, which enables CCly-filled PCF to achieve high
coupling efficiency with typical silica fibers used in all-fiber pump laser systems.*?*?
Moreover, the small difference between the linear refractive index of CCl, and the
fused silica is also one of the favorable conditions for the formation of a single-
mode fiber that helps the electromagnetic field energy to concentrate on the core,
i.e., enhances the nonlinearity of optical fiber. The dependence of refractive index
characteristics on wavelength for CCl; and fused silica is described by Cauchy’s
equation®! and Sellmeier’s equation®’:

0.012201206 , 0.000056451

n, (A) = 2085608282 + 0.00053373)\” + ——— 5 4+~
0.000048106

_|_ N —

A6 ’

0.6961663X* 04079426\ 08974794\’
A2 — (0.0684043)2 " A2 — (0.1162414)2 ' A2 — (9.896161)2

(1)

ndo,(\) =1+ (2)
where A is the excitation wavelength in micrometers, n()) is the wavelength-
dependent linear refractive index of materials.

There are many numerical simulation methods to achieve the field intensity
profile of the fundamental mode of PCFs, the full-vector finite-difference eigenmode
(FDE) method is very popular to calculate the efficiency of refractive indices of
micro-structured holey fibers. We use this method to analyze the light propagation
characteristics of PCFs through lumerical mode solutions (LMSs) software. The
simulation is limited for the wavelength range of 0.6-2.0 yum because the reliable data
are available only in this range. The simulation is performed with the assumption
that CCl, exhibits significant losses. The process of FDE utilizes the Maxwell wave
equation and the boundary condition for simulation is a perfectly matched layer,
allowing no reflection at the boundary and reducing the loss.

3. Optical Properties of the PCFs

The higher order modes have no significant effect on the SC broadening if the

46

input pulse is sufficiently short (< 10 ps),*® so here we only present the fundamental

mode dispersion. The chromatic dispersion (D) of a PCF including both the
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material dispersion and the waveguide dispersion can be defined using the following
equation®”:

o, 3)

where )\ and c are the wavelength and the speed of light in vacuum, respectively, and
Re[neg] is the real part of the effective index of the guided mode.

The effective mode area is an important parameter in designing PCFs. It
measures how much the mode field is confined within the PCF core, which can be
computed using®®

(o5 | B P dady)®

Ay = 4
eff ffoo@ffcoo|E|4d$dy ) ( )

where E denotes the amplitude of the transverse electric field propagating inside
the PCF.

The Kerr nonlinearity coefficient +y is expressed as*’:
o
v(\) = 27 (5)
At

with n, is the nonlinear refractive index for fused silica.
Confinement loss (L) can be derived from the imaginary part of the effective
refractive index Im[ny()\)] of the PCF by

L, = 8.68627”1m[neff(x)]. (6)

The chromatic dispersion depends strongly on the wavelength, the value of the
filling factor d; /A, and lattice constant A, displayed in Fig. 2. It is clear to observe
that the CCl-PCFs exhibits both all-normal and anomalous dispersions with one or

Dispersion (ps/[nm.km])
Dispersion (ps/[nm.km])

5 -250
060708091011121314 1516 1.7 1.8 1.9 2.0 06070809 1011121314 1516 17 1.8 1.9 2.0
Wavelength (um) Wavelength (um)

(a) (b)

Fig. 2. The chromatic dispersion characteristics of CCl,-PCFs with various values of d;/A and
A =1.0pm (a); 2.0 um (b).
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two ZDWs for smaller core PCFs, A = 1.0 um (Fig. 2(a)). More, the left part of the
dispersion curve shifts towards shorter wavelengths as d; /A increases. When d; /A is
smaller than 0.45, the dispersion curve lies in anomalous dispersion regime with one
ZDW and it shifts towards an anomalous dispersion regime with double ZDWs on
increasing the value of d; /A (0.65-0.8). In the other case, the overall dispersion curve
falls in all-normal region, increasing the values of the filling factor d;/A (0.5-0.6)
makes the all-normal dispersions flatter and closer to the zero dispersion line which is
expected to be beneficial for SC generation. The interaction between waveguide
dispersion and material dispersion may be responsible for the dispersion diversity in
the case of small cores. Matter dispersion prevails for smaller d; /A while the wave-
guide effect plays a major role for higher d;/A. For A = 2.0 pm (Fig. 2(b)), a huge
change in the nature of dispersion profile of larger core PCFs has been observed,
anomalous dispersion regime with one ZDW dominates completely in the investi-
gated wavelength range and ZDWs move to shorter wavelength side. The flattest
and closest curve to the zero-dispersion is d; /A = 0.7. The above analysis and sim-
ulated results show that it seems easy to get desirable dispersion characteristic of the
structure by carefully tuning air hole diameter d; in the first ring of PCF structure.
The variation of propagation of optical pulses per unit distance of propagation
length of the fiber results from the interplay between dispersive and nonlinear pro-
cesses in PCF. It is well known that flat and near-zero dispersion is highly demanded
for efficient SC generation.?* Besides, the pumping wavelength, pulse duration, peak
power, and length of the fiber are also the determining factors for the generation of a
broadband SC. Based on the preliminary analysis of the dispersion, we propose two
PCFs with suitable dispersion to study in detail the SC generation, named #F} and
#F,. Compared to the other fibers, their dispersion appears flatter and closer to zero
dispersion. The chromatic dispersion characteristics of the fundamental mode for
#F, and #F, fibers are illustrated in Fig. 3. With an all-normal dispersion regime
and closest to zero dispersion, fiber #F; (A = 1.0 um, and d; /A = 0.6) is expected to
generate flat-, smooth-, and broad-spectrum SC at the pump wavelength of 0.98 um.
For A = 2.0 um, and d,/A = 0.3, #F, exhibited an anomalous dispersion charac-
teristic, used as a nonlinear medium for SC generation with the pumping wavelength
of 1.3 um. This wavelength is very close to ZDW of #F; fiber, which is 1.29 ym. The
values of dispersion at the pump wavelength for both #F; and #F; are —9.376 and
1.015 ps.nm~Lkm™!, respectively. Low anomalous dispersion near the ZDW of #F,
fiber provides the generation of a broad SC with strong confinement to the core.*
When the ultrashort pulse propagates along the fiber, it interacts with the non-
linear optical medium and generates new frequencies through various nonlinear
effects resulting in SC spectrum broadening. So, the nonlinear properties of optical
fibers play a key role in enhancing the SC efficiency. Light is better confined in the
core of the PCF due to a large index contrast between the core and cladding, which
allows the nonlinear coefficients to be improved as expected. Both the effective mode
area and the nonlinear coefficient of #F; and #F, fiber have been computed and
illustrated in Figs. 4 and 5, respectively. The effective mode area values of the two
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Fig. 3. The chromatic dispersion characteristics of the fundamental mode for #F; and #F; fibers.
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Fig. 4. The effective mode area of the fundamental mode for #F, and #F, fibers.

fibers are calculated as 1.513, and 8.735 um? at the pump wavelength, respectively,
these values are relatively small in comparison with previous publications of PCF
with various highly nonlinear liquids.***3%37 The effective mode area of the pro-
posed fibers rises up along with increasing wavelength, because of the leakage of
modes through the holes. Ordinarily, a smaller core leads to a smaller effective mode
area, and thus the nonlinear coefficient associated with effective mode area will
increase because light concentrates more on the small core of the CCly fibers, so #F5
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Fig. 5. The nonlinear coefficient of the fundamental mode for #F; and #F, fibers.

fiber has a larger effective mode area than that of #F}. Using these effective mode
area values, the relatively high nonlinear coefficients v can be computed as 101.371
and 585.025 W—L.km™!, respectively. More, varying the different structures para-
meters of the PCF has also allowed the optimization of the confinement loss, its
relationship with the wavelength of the fundamental mode is displayed in Fig. 6. The
confinement loss increases with the increase of wavelength which occurs due to the
leakage of the modes of the optical fiber. The relatively low confinement loss indi-
cates a large amount of well-confined fundamental mode in the core region, therefore,
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Fig. 6. The confinement loss of the fundamental mode for #F; and #F5 fibers.
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Table 1. The structure parameters and the characteristic quantities of proposed PCFs at the pump
wavelength in comparison with some previous work on liquid-filled PCFs.

Pump

wavelength D A o' L.
# Refs. A (um) d,/A (pm) (ps/nmkm) (um?) (km~L.W-1) (dB/m)
#F, This work 1.0 0.6 0.98 —9.376 1.513 585.025 4.545
#Fy This work 2.0 0.3 1.3 1.015 8.735 101.371 19.406
CHCl;, #F; 27 1.0 0.65 0.92 —24.0 1.5 1290 —
CHCl;, #F, 27 20 065 092 7.60 448 440 —
C,Cly, #F, 32 1.5 0.4 1.56 —15.0 433.2 156.9 4.0
C,Cl,, #F, 32 40 045 156 320 16.67 40.79 42
CyCly, #FI% 32 1.5 0.55 1.03 —4.85 359.1 189.3 5.3
C,Hg, #1.0.3 34 2.0 0.3 1.55 —7.784 7.79 2132.575 40
C,Hg, #1.0.35 34 2.0 0.5 1.55 —-1.19 78.9 2890.276 120
CQl,, #F, 36 40 08 1.35 12.0 11.83 — 1.85
CCly, #F, 36 2.0 0.35 1.064 —4.37 10.58 — 1.58

it mostly does not experience the losses introduced by CCly. Although the confine-
ment loss of fiber #F] is always greater than that of #F, in the whole wavelength
range, it still has a higher nonlinear coefficient. So the larger confinement loss of #F}
in this case may not significantly affect the SC spectral broadening. However, the
value of the fundamental mode at the pump pulse for #F fibers is 4.454 dB/m, much
smaller than that of #F, (19.406 dB/m), respectively. Table 1 presents the structure
parameters and the characteristic quantities of proposed PCF's at the pump wave-
length in comparison with some previous work on liquid-filled PCFs.

4. SC Generation in Proposed Fiber

The higher-order dispersion shows its important influence as the input pulse’s center
wavelength approaches ZDW and is computed through the development coefficients
of the Taylor series around the center wavelength wy, the expansion of the propa-
gation constant (w) can be obtained by*’

() = Blun) + 51 0)(w = ) + o1 Baleon) @ — wn)? + -+ 7

Then the 7, order dispersion term can be calculated by taking the derivative of 3
concerning the angular frequency w?’
_ap

T dwn

B

(8)
w=wy
The high-order dispersions at the pumping pulse frequency in our numerical
modeling are displayed in Table 2.
Analysis of spectral formation through the impact of the dispersive and nonlinear
processes of two proposed structures only for the fundamental mode is the aim of the
next discussion. So, we simulated by numerically solving the generalized nonlinear
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Table 2. The coefficient of high order dispersion
at the pump wavelength.

Coeflicients #F| #F,

By (ps®/m) 5.48 x 1073 —1.08 x 1073
B3 (ps®/m) —1.17x 1075 7.57 x 107°
B4 (ps'/m) 2.81 x 1077 —9.07 x 1078
Bs (ps®/m) 1.51 x 10-10 4.44 % 10710
B4 (ps®/m) 168 x 10712 —3.73 x 10-12
Br (ps'/m)  —4.46 x 1013 9.88 x 1015
By (ps®/m) 6.37x 10716 —152x 10716
By (ps”/m) 1.62 x 10716 6.25 x 1018
Bip (ps'®/m) —7.66 x 1071 5.83 x 10720
B (ps'l/m) 480 x 1070 —3.05 x 10-2!

Schrédinger equation (GNLSE), based on the split-step Fourier method, which is
given by the formula®:

0,A —if(w)A - oW g _ 17(1 + %) AF [/w R(T)| AT —T)dT'|, (9)

0 —00

where A(z,w) is the Fourier transform of the amplitude of a pulse A(z,T), and R(T")
is the Raman response function. The left-hand side of Eq. (9) depicts the linear
propagation effects of the fiber, (&) and (B) are attenuation and dispersion in the
frequency domain, respectively.

The pump wavelength is selected depending on the characteristic of the dispersion
curve. Usually the pump wavelengths are chosen near the local maximum of the
dispersion curve and close to the zero dispersion to find the expected small dispersion
value. Therefore, for the two proposed fibers, the pump wavelengths selected will be
different. The duration and energy related to the peak power of the input pulse
strongly influence the broadening of the SC spectrum. Typically, the SC spectrum of
fibers with anomalous dispersion properties will require higher peak power than those
with all-normal dispersion. If the input peak power is too low, nonlinear effects are
unlikely to occur, so the spectral expansion is negligible. However, the spectrum will
also not broaden further if the peak power of the input pulse is too high, compared to
other nonlinear properties of the fiber such as effective mode area and loss of the
fibers. We can obtain SC radiation with the highest intensity and the broadest
bandwidth by optimizing the intensity and wavelength of the pump.”*

For #F, and #F fibers, various nonlinear phenomena that appear during the SC
simulation are typical for both all-normal and anomalous dispersions. There are two
obvious advantages for us to use low energy pump pulses to obtain a broad SC
spectrum in these simulations. Firstly, the nonlinear refractive index of CCly is
several times higher than that of fused silica (mentioned in Sec. 1). Second, the low
effective area leads to the high nonlinearity of the two proposed fibers. In particular,
the #F) fiber generates a broad and flat-top SC spectrum with respect to the all-
normal dispersion characteristics while #F, gives a very broad and noisy SC
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Fig. 7. For #F fiber: (a) the output spectrum for various input pulse energies when using pump pulses
with 0.98 m pump wavelength and 90 fs duration, (b) the output spectrum with the input pulse energy of
0.3nJ, (c) the temporal profile at various propagation lengths, and (d) the spectral evolution of the SC
along with fiber.

spectrum in the anomalous dispersion regime. Figure 7 depicts the pulse temporal
and spectral evolution over the propagation distance. That is the result of launching
a 90fs pulse at an excitation wavelength of 0.98 um into #F; fiber with a propa-
gation length of 10 cm. The spectral distributions of the optical pulses evolving along
the infiltrated #F) fiber with CCl, for an input energy range of 0.05-0.5nJ are
compared in Fig. 7(a). The spectrum is broadened as soon as the input pulse energy is
as small as 0.05 and 0.1 nJ, which consists of many small peaks with the outermost
peaks being the strongest. It is clear that by increasing the input energy, broader SC is
achieved. When the input pulse energy is larger than 0.1 nJ, the small peaks also do not
appear anymore, instead, the spectrum gets flatter and smoother, flat-top SC spectrum
is obtained with the input energy reaching a maximum value of 0.3nJ (Fig. 7(b)).
The dispersion, SPM, and OWB effects are mainly accountable for the process of
the SC generation because the pump pulse works in the all-normal dispersion regime
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of #F] fiber. The OWB shows its influence on the shorter wavelength side even when
the input pulse energy is very low (0.05nJ), but the spectrum broadening is limited.
When the input energy is greater than 0.05nJ, SC process is initiated by SPM in the
first few millimeters of propagation length causing the spectrum to broaden sym-
metrically towards both shorter and longer wavelengths. Later, the appearance of
OWB at the wings of spectrum induced by four-wave mixing (FWM) leads to a
strong asymmetry of the spectrum in both the blueshifted (trailing) edge of the pulse
and the redshifted (leading) edge of the pulse. However, the increase in the effective
mode area results in a decrease in the nonlinearity at longer wavelengths and allows
the redshifted sideband to be strongly inhibited. More, spectral broadening towards
the blue is also limited due to a steeper dispersion profile at shorter wavelengths
although the higher input energy can be used to increase intensity at the trailing
edge.?%*"52 The output pulse has broadened to a range of 778 nm in the case of 0.3 nJ
input pulse energy (Fig. 7(b)).

When the input energy is 0.3 nJ, the spectrum is broadened earlier towards the
blue-side due to the onset of OWB which generates the new wavelengths around
800 nm at 1 cm propagation (Figs. 7(c) and 7(d)). During further propagation along
the fiber, OWB occurs again at the red-side and the newly generated wavelengths
around 1,200 nm appear at the distance of 3cm of propagation. Next, the pulse
spectrum continues to extend toward both sides, the group delay trace of the pulse is
stretched out and the pulse spectrum becomes flatter on the wings. The SC spectra
with flat-top is achieved covering the wavelength range of 609.4-1377.4nm and
benefits mainly from small and flat dispersion.

In this section, we investigate how anomalous dispersion can affect the SC gen-
eration of the #F; fiber excited at 1.3 ym. An incident ultra-short pulses with 55 fs
duration are injected into #F; fiber propagating along 12 cm of fiber length shown in
Fig. 8. The soliton dynamics such as SF, SSFS, and DW'® plays a leading role when
the ultra-short pulse propagates in #Fj fiber. So its SC spectrum is found to be much
broader than that of the #F] fiber, unfortunately the noise spectrum is more. The
coherence of the SC is low due to the lack of coherence between the modulation
instability frequency components and the pump. Furthermore, the fission of each
soliton occurs randomly, so the fission products are completely incoherent.?” As the
input pulse propagates further, the Raman SSF'S effect makes possible for the soliton
components to move toward the low frequencies and the spectrum widens signifi-
cantly towards the redshift wavelengths. Besides, the DW components are generated
by the FWM process and propagate without any frequency shifting.'*

Figures 8(a) and 8(b) denote the increase in spectral width with input pulse
energy in the range 0.05-0.55nJ. With a low input pulse energy (0.05nJ), the
spectrum SC has a long pulse width and narrow spectrum due to SPM. When the
input energy is greater than 0.05nJ, the soliton begins to appear and shows its role in
the spectrum expansion but loses its symmetry structure as the pulse propagates at
longer distances. The width of the spectrum increases gradually with increasing
energy because of the appearance of new wavelength components. However, the
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Fig. 8. For #F, fiber: (a) the output spectrum for various input pulse energies when using pump pulses
with 1.3 ym pump wavelength and 55 fs duration, (b) the output spectrum with the input pulse energy of
0.551J, (c) the temporal profile at various propagation lengths, and (d) the spectral evolution of the SC
along the fiber.

impact of the high steep dispersion in the short wavelengths range, low nonlinear
coefficient, and high confinement loss in the long wavelength range restricts spectral
broadening. Therefore, the spectral bandwidth hardly increases any more with fur-
ther increase of input pulse energy (0.45 and 0.55nJ). With a maximum value of
0.55nJ of the input pulse energy, we obtain an SC spectrum spanning from 733.3 nm
to 2484.4nm. The temporal profile at various propagation lengths and the pulse
evolution of the SC along with the fiber are denoted in Figs. 8(c) and 8(d). For an
input pulse energy of 0.05 nJ, the ultra-short pulse experiences SPM during the first
1 cm, which compresses the pulse and broadens its symmetrical spectrum. When the
input pulse approaches ZDW, the SF occurs at 2 cm of propagation length and a high
order soliton begins to split into a series of fundamental solitons owing to higher
order dispersion and Raman scattering.?? Among all the fundamental solitons, the
first fundamental soliton has the shortest duration and broad spectrum with the
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Table 3. The SC bandwidth of proposed PCFs in comparison with other silica-based PCF infiltrations
with liquid.

T E A Fiber length  SC range

# Refs. (fs) (mJ) (pm) (cm) (nm) Regime Year
#F This work 90 0.3 0.98 10 768 all-normal —

#F, This work 55 0.55 1.3 12 1,751.1 anomalous —

CHCl;, #F; 27 400 1.0 1.03 10 660 all-mormal 2019
CHCl;, #F, 27 400 0.8 1.03 10 800 anomalous 2019
CeHg, #F, 29 90 3.0 1.56 1.0 1,300 all-normal 2021
CeHg, #F3 29 90 2.0 1.56 1.0 2,900 anomalous 2021
CeH5NO,, #F, 30 90 0.5 1.56 5.0 1,300 all-normal 2020
CeH;NO,, #F; 30 90  0.06 1.56 5.0 1,000 anomalous 2020
CyCly, #F; 32 90 1.5 1.56 5.0 1,200 allmormal 2021
C,Cly, #F, 32 90  0.45 1.56 10 1,000 anomalous 2021
C;Hg, #1.0.3 34 350 2.5 1.55 10 650 all-normal 2017
C;Hg, #1.0.35 34 450 3.0 1.55 10 750 anomalous 2017
CCly 37 400 25 1.03 20 400 all-mormal 2018

highest energy, which undergoes SSF'S shift towards the red-side due to stimulated
Raman scattering.”® As a result, the spectrum moves towards the red-side, and the
longer wavelengths move slower in the anomalous dispersion region,”* the spectrum
broadens to 2884.4nm. Meanwhile, the blue-shifted DWs catch up with the first
ejected soliton whose speed is reduced due to the high dispersion slope. This inter-
action generates new wavelength components through FWM effect, which broadens
the deep blue region of the spectrum to 733.3 nm.

Results from the above simulation analyses show that nonlinear effects play an
important role in the SC generation process which is often dominated by the dis-
persion and nonlinear properties of PCFs. The highly nonlinearity of CCl4 and
reasonable structural modification are also key factors that enable the PCF to
generate much broadened spectrum with low input energy and within short propa-
gating distance. We achieve a broader SC spectrum for both all-normal and anom-
alous dispersions in comparison with other liquid-filled PCFs (Table 3).

5. Conclusion

The CCly-filled PCF with the diversity of dispersion was designed by adjusting the
diameters d; and d, of the first ring near the core and the others in the cladding of
PCF to obtain a flat and small dispersion. Two fibers with reasonable dispersion,
high nonlinear coefficient, and low confinement loss are introduced to investigate in
detail the SC generation process. With lattice constant A = 1.0 ym and filling factor
dy/A = 0.6, #F, fiber has the anomalous dispersion regime, generates a flat-top and
smooth SC via SPM effect followed by OWB. It is easy to achieve 768 nm bandwidth
with low input pulse energy of 0.3nJ at a pump wavelength of 0.98 um. #F, fiber
(A =2.0pm and d;/A = 0.3) generates a broad SC with a spectral bandwidth of
1,751.1 nm within 5dB. The soliton dynamics is the major contributor to the SC
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process because this fiber is pumped in an anomalous dispersion regime with a pump
wavelength of 1.3 pm and a low input pulse energy of 0.55 nJ. The designed PCF, can
be a new class of fibers for the next generation of a broadband source.
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