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1. INTRODUCTION

Currently, supercontinuum generation (SCG) based on photonic crystal fibers (PCFs) is a hot topic attracting
the attention of many research groups (Dudley et al., 2006; Agrawal, 2013). To produce good SCG, characterized
by a broad spectrum and high coherence, a flat dispersion profile serves as one of the primary requirements. Fiber
design for high nonlinearity and appropriate pump location selection are additional requirements to enhance SCG
performance. Possessing many admirable properties such as design flexibility, broadband single-mode effect,
good control over dispersion characteristics and good nonlinearity, PCFs can meet the demand for ultra-flat
dispersion. The diversity in the structural design of PCFs such as cladding shape; number, size and shape of air
holes; the shape and material of the core,... along with the selection of appropriate design parameters, contribute to
achieving desired requirements for the dispersion and nonlinear characteristics in both numerical simulation and
experimental fiber fabrication (Mahdiraji et al., 2014; Alam et al., 2021; Sharafali & Nithyanandan, 2020).
Among them, ultra-flat dispersions are obtained for hollow-core PCFs infiltrated with nonlinear optical fluids,
combined with appropriate modification of lattice parameters (Thi et al., 2023b; Thi et al., 2024; Van et al., 2022;
Hoang et al., 2019). SCG uses nonlinear medium such as PCFs with many wide applications in the fields of
optical communication, biomedicine, environment,... (Rao et al., 2021; Poudel & Kaminski, 2019). Furthermore,
flat and broadband SCG sources with all-normal dispersion are suitable for the mid-infrared optical coherence
tomography systems in the analysis of polymers, ceramics, and some biochemical elements (Paterova et al., 2017;
Takamatsu et al., 2024).

Typically, the nonlinear effects occurring during the SCG process depend strongly on the dispersion profile
when simulating the optical properties of PCFs. For PCFs with anomalous dispersion properties, soliton fission
(SF), dispersive wave (DW) generation, and Raman soliton self-frequency shifting (RSSFS) are the main causes
leading to the formation and evolution of SCG (Dudley et al., 2006). The resulting spectrum has a wide
bandwidth but is often noisy. On the contrary, self-phase modulation (SPM) and optical wave breaking
mechanism (OWB) (Heidt et al., 2011) largely contribute to creating a less noisy SCG spectrum. Thus, realizing
high-quality SCG sources requires careful design of the PCF to achieve both all-normal and anomalous
dispersion, high nonlinearity, and optimizing the initial laser pulse characteristics such as the pumping
wavelength. By simulation and experiment, several publications have verified the possibility of broadband SCG
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using PCFs infiltrated with carbon tetrachloride (CCls) (Hoang et al., 2019; Dinh et al., 2018; Thi et al., 2022; Thi
et al., 2023a; Le et al., 2021; Hoang et al., 2020). Compared with silica (SiO) (n2=15.3x10"2 m%W), CCl, has a
higher nonlinear coefficient (n;=1.53x107%°* m%W) (Hoang et al., 2019; Ho & Alfano, 1979) about 10 times
higher at a wavelength of 1.064 um, which is the key factor that creates the refractive index difference between
the cladding and core region, thereby increasing the ability to confine light into the core due to total reflection
mechanism. Furthermore, carbon tetrachloride is less toxic than carbon disulfide, nitrobenzene, or toluene
(Challenor, 2002). These interesting properties inspired us to choose it as a highly nonlinear optical fluid to fill the
hollow core of PCFs.

In this paper, modifying the lattice parameters related to the size of the air pores and the distance between them
in a CCl,-filled PCF (CPCF) helps to optimize dispersion. We obtained an ultra-flat all-normal dispersion profile
with a small value of +0.98 ps/nm.km in the 0.34 um wavelength region. The effective refractive index was also
thoroughly investigated. Four PCFs with reasonable dispersion characteristics, including flatness, small value, and
suitable zero dispersion wavelengths (ZDWSs) are recommended as SCG sources for further studies.

2. NUMERICAL MODELING OF THE PCFS

dz  d1

(a) b x@m)

Figure 1. The image of hollow core PCF infiltrated with CCl, in two dimensions (a); The light is well confined in
the core of the PCF with A = 0.8 um, di/A = 0.45 at wavelength 1.55 um (b).

The cladding region of the CPCFs has a square shape with eight layers of air holes separated by a distance 4. In
which the first layer of air holes near the core has diameter d; = (0.3-0.8)4, the second to eighth layers have
diameter dz = 0.84. The variation in air hole size contributes to achieving the desired optical properties. Although
the work (Thi et al., 2023a) demonstrated improved dispersion and nonlinear properties of square lattice PCFs with
CClginfiltraed cores that are beneficial for SCG processes, the ultra-flat dispersion with small values in wide
wavelength range has not yet been achieved. To further enhance the beneficial dispersion characteristics for
broadband SCG, we set the difference in the distance of the air hole layers from the core, specifically the first air
hole layer is at a distance of 4; = 1.0934 from the center of the core while the distance between other air layers
remains unchanged. The core is the biggest air hole, has a typical circular shape like a conventional fiber optics,
with diameter D, = 24 — 1.2dj, filled with CCl, (figure 1a). Lumerical Mode Solution software is used to model this
type of structure and solve the Maxwell wave equation with the full vector finite difference eigencoding method.
The perfectly matched layers absorbing boundary condition are used to limit the simulation window. They are
hundreds of thousands of rectangles with an area very small compared to the PCF cross-section so that the optical
properties on each mesh do not change and the propagation coefficient is calculated with high precision. After
running the simulation program, the light in the core region also indicates good mode field confinement (figure 1b).
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Figure 2. The real part plot of the refractive index of CCls and SiO. depends on the wavelength extrapolated
using the Sellmeier equation.
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The refractive index of SiO, and CCls materials varies with the change in wavelength and given by the
Sellmeier’s equation (Tan, 1998) and Cauchy's equation (Moutzouris et al., 2013):
) 0.69616631° 0.4079426 1° 0.89747944°
nSiOZ(ﬂ’): +— 2t 32 2t 2 2
A°—(0.0684043)° A°—(0.1162414)" A" —(9.896161)

néC,4 = 2.085608282 +0.000533731°

+0.0122012064 % +0.0000564511* +0.0000481061°
where A is the excitation wavelength in micrometers, n(4) is the wavelength-dependent linear refractive index of
materials.

Figure 2 illustrates the dependence of the linear refractive index (n) of SiO, and CCl, extrapolated by (Tan, 1998;
Moutzouris et al., 2013) on wavelength. The values of n decrease as the wavelength increases and these values of
CCl, are always larger than SiO- in the studied wavelength range but the difference between the two values is not too
large. This property is beneficial for the coupling between liquid core fibers and conventional SiO- fibers.

3. SIMULATION RESULTS AND ANALYSIS
3.1. The effective refraction index

Table 1. The value of real part of effective refraction index of CPCFs with various di/4 and A4 at 1.55 pum wavelength

Q.

),

di/A A=0.8um A=0.9 um A=15pum A=2.0pum
0.3 1.384 1.394 1.421 1.43
0.35 1.379 1.389 1.419 1.429
04 1.373 1.383 1.416 1.427
0.45 1.366 1.378 1.413 1.426
0.5 1.359 1.372 1.411 1.424
0.55 1.352 1.365 1.408 1.422
0.6 1.344 1.358 1.405 1.42
0.65 1.351 1.401 1.418
0.7 1.343 1.398 1.416
0.75 1.394 1.414
0.8 1.39 1.411
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Figure 3. The real part of effective refraction index as a function of wavelength of CPCFs with various d./A
and 4 =0.8 um (a), 0.9 um (b), 1.5 um (c), and 2.0 pm (d).
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The refractive index of a medium’s material changes when a strong input pulse propagates through a
nonlinear medium, thereby altering the effective refractive index of fibers. The real part of the effective
refractive index (Re[nes]) of CPCFs decreases with increasing wavelength, as displayed in figure 3. These
values depend significantly on the lattice parameters di/4 and A. When 4 is constant, Re[neff] decreases as
di/4 increases. The difference between the values becomes more pronounced in the wavelength region larger
than 1.0 um. Conversely, di/4 is held constant, the values of Re[nes] increase with increasing 4.

The values of the effective refractive index are calculated at a wavelength of 1.55 um, and are presented
in table 1. The maximum value of Re[nes], which is 1.43, corresponds to the case of di/4 = 0.3 and 4 = 2.0
pum. PCFs with very small core sizes often exhibit poorer light interaction than large core PCFs, so the real
part of the effective refractive index decreases as di/4 increases (for each fixed A4) (table 1).

3.2. The group velocity dispersion

The group velocity dispersion (D) is responsible for determining the range over which the spectral
frequency components of the input pulse propagate in the PCF structure at different phase velocities. The D
process is a function of wavelength depending on the efficiency indices of the propagation mode and can it
be calculated as follows (Agrawal, 2013):
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Figure 4. The dispersion of CPCFs with various di/4 and 4 = 0.8 um (a), 0.9 pm (b), 1.5 pm (c), and
2.0 um (d).

As 4 and di/A4 varied, a significant change in the nature of the dispersion profile has been observed, with a
larger shift in zero dispersion wavelengths (ZDWs) towards shorter wavelengths side for 4 = 1.5 and 2.0 pm
compared to the dispersion curves for 4 = 0.8 and 0.9 um, as illustrated in figure 4. In general, for small 4,
there is a diversity of dispersion profile including all-normal and anomalous dispersion characteristics with
one or two ZDWs. When A = 0.8 um, the dispersion curves are anomalous to a ZDW with di/4 less than
0.45. With a gradually increasing d./4, the curves lie below the zero dispersion line, indicating all-normal
dispersion. An ultra-flat dispersion configuration with fluctuations of £0.98 ps/nm.km has been achieved in
the wavelength range from 1.394 um to 1.734 um with structural parameters 4= 0.8 um and di/4 = 0.45. For
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A = 0.9 um, an all-normal dispersion profile is observed when di/4 = 0.5, while the remaining PCFs exhibit
anomalous dispersion profiles with one or two ZDWs. With further increasing in 4, the dispersion curves
increasingly shift above the zero dispersion line as di/4 increases, they are all anomalous dispersion with one
ZDW. Therefore, the majority of flat dispersion curves with low values are observed for the case of 4 = 0.8
and 0.9 um. These are interesting suggestions for appropriate dispersion profile for studying the SCG. The
results of ultra-flat dispersion with PCFs filled with CCl4 are similar to some previous papers using liquids
such as toluene (Thi et al., 2023Db), tetrachloroethylene (Van et al., 2022), ethanol (Le et al., 2018), benzene
(Duc & Thuy, 2023).

ZDW values play a crucial role in determining the location of injecting fibers during the SCG process.
Typically, the pump wavelengths are determined to minimize their dispersion values and to be as low and as
close to 1.55 um (commercial laser source) as possible, which directly affects the broadening of the SCG
spectrum. The ZDW values of CPCF are verified in table 2.

Table 2. ZDWs values of CPCFs

A=0.8um A=0.9pum A=15pum A=2.0pum

di/A ZDW, ZDW, ZDW, ZDW, ZDW,
0.3 1.055 1.085 1.177 1.234
0.35 1.108 1.12 1.142 1.201
0.4 1.199 1.158 1.101 1.167
0.45 D<O0 1.212 1.067 1.14

0.5 D<O0 D<0 1.034 1.115
0.55 D<0 1.057 1.168 1.008 1.091
0.6 D<O0 0.946 1.226 0.983 1.071
0.65 0.891 1.252 0.963 1.051
0.7 0.855 1.274 0.943 1.03

0.75 0.925 1.012
0.8 0.907 0.993

To investigate the characteristics of the SCG spectrum, researchers often select the pump wavelength in
the normal (D < 0) or anomalous (D > 0) dispersion region of the dispersion curve. The ZDWs divide the
dispersion curve into two or more different dispersion regions. Depending on the specific objectives of SCG
with different applications, PCFs with appropriate dispersion profile are recommended. When a high-
intensity pulse is excited at a specific pump wavelength propagating in a nonlinear medium, it will strongly
interact with the medium and cause some typical nonlinear effects (SF, DW, RSSFS, SPM, and OWB) as
introduced in section 1. These nonlinear effects are responsible for the diverse characteristics of the SCG
spectrum, including the width, flatness or ultra-flatness, coherence, noise. Based on the aforementioned
results on dispersion properties, we propose four CPCFs (named Fi, F,, Fs, Fa respectively) with flat
dispersion, low values, and recommend suitable pump wavelengths for further research on SCG, as depicted
in figure 5.
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Figure 5. The dispersion properties of the four proposed CPCFs.

Fibers Fy (4 =0.9 um, di/4 = 0.5) and F, (4 = 0.8 um, di/4 = 0.45) both exhibit all-normal dispersion, in
which F has ultra-flat dispersion with the flatness in the range of 0.34 um and AD = £0.98 ps/nm.km. These
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two fibers are expected to emit broadband SCG spectrum, low noise, and high coherence, primarily
influenced by SPM and OWB effects. When using these two fibers for the SCG process, we can compare to
see how the F, fiber with ultra-flat dispersion, low values in a wide wavelength range affects the spectrum.
Since fiber F1 has the local maximum of the dispersion curve at wavelengths shorter than 1.55 pm, we
choose a pump wavelength of 1.25 um, whereas a pump wavelength of 1.55 um is recommended for fiber
F.. The two fibers F3 (4 = 0.9 um, di/4 = 0.55) and F4 (4 = 0.9 um, di/4 = 0.45) both exhibit anomalous
dispersion, with low values near zero dispersion. F3 has a typical parabolic dispersion profile with two ZDWs
very close to each other (ZDW1 = 1.057 um and ZDW2 = 1.168 um), with the pump wavelength of 1.064
um located in the anomalous dispersion region between the two ZDWs. These fibers often generate a broad
SCG spectrum with interesting properties due to soliton suppression. With flat anomalous dispersion with
one ZDW, low value at the pump wavelength of 1.25 pum, the F4 fiber enables a very broad but noisy
spectrum with nonlinear mechanisms related to soliton dynamics. The structural parameters and dispersion
values at the pump wavelengths of the four proposed CPCFs are computed in table 3.

Table 3. The characteristic quantities at the pump wavelengths of the four proposed CPCFs

# D, A dq/4 Pump wavelength Re[net] D
(Hm) (Hm) (Hm) (ps/(nm.km))

Fi 1.26 0.9 0.50 1.25 1.392 —2.168

F> 1.17 0.8 0.45 1.55 1.366 —2.951

Fs 1.21 0.9 0.55 1.064 1.402 0.227

Fa 1.31 0.9 0.45 1.25 1.397 1.66

4. CONCLUSION

We used LMS to model 38 PCFs structures with CCl4 infiltrated cores and investigated in detail their
optical properties, including effective refractive index and dispersion. The role of lattice defects, such as
differences in air hole size and distance between them, is emphasized in improving the dispersion of PCFs,
which is essential for SCG research. Interestingly, we have achieved ultra-flat dispersion with flatness
spanning a wavelength range as broad as 0.34 um, with small fluctuations of +£0.98 ps/nm.km. Four
structures with optimal dispersion are proposed for further studies on the SCG process. The low dispersion
values, on the order of a few ps/nm.km, and the well-recommended pump wavelengths are ideal for studying
SCG with low input peak power. These proposed CCls core fibers can be an effective source of SCG,
replacing the previous traditional glass fibers.
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Céc khuyét tat mang tinh thé, bao gom su khac biét vé kich
thuéc 16 khi va khoang cach giira cac 16 khi, da gop phan dang
ké vao viéc téi wu dac tinh tan sic cua soi tinh thé quang to
mang vudng duoc tham thau carbon tetrachloride. Thong qua
mo phong sd, chung t6i da khao sat su phu thudc cua chiét suat
hiéu dung va tan sic theo su thay doi cua cac tham sé ciu tric.
Két qua cho thy c6 thé dat dugc dic tinh tan sic hoan toan binh
thuong siéu phang véi dao dong AD = +0,98 ps/nm-km trong
dai buéc song tir 1,394 um dén 1,734 um. Bén soi quang c6 ciu
hinh tan sic phang, gia tri nho tai cac budc song bom da dugc
dé xuat nhu nhitng ngudn laser cong suit thap cho cac nghién
ctru vé tao phd siéu lién tuc.
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