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ABSTRACT
Introduction: In this study, we report a new design of a circular lattice photonic crystal fiber and
investigate its optical properties numerically. Methods: Near-zero ultra-flattened chromatic dis-
persion is achieved by allowing benzene (C6H6) to infiltrate the hollow core and induce a difference
in the air hole size in the cladding. By solving Maxwell's wave equations using the full-vector finite-
difference eigenmode, the electromagnetic field modes are analyzed. Results: The results show
that the variation in dispersion over the broad wavelength range of 527 nm is ± 0.753 ps/nm.km.
The nonlinearity coefficient is significantly improved with a value of several thousands W−1 .km−1,

which is favorable for supercontinuum generation with low input power even though the confine-
ment loss has not yet reached its desired value. Conclusion: Two PCFs with optimal lattice param-
eters and suitable characteristic quantities are selected for supercontinuum generation orientation
compatible with application fields such as spectroscopy, temperature sensing, and telecommuni-
cation.
Key words: Photonic crystal fiber, ultra-flattened dispersion, C6H6 infiltration, high nonlinear
coefficient, low confinement loss, Supercontinuum generation

INTRODUCTION
Compared with conventional optical fibers, photonic
crystal fibers (PCFs) are preferred in many areas of
application due to their special optical properties,
such as wideband single-mode operation, high bire-
fringence, great tailorable chromatic dispersion, and
higher nonlinearity 1–6. Ultrashort and intense laser
pulses propagating in a nonlinear medium such as
PCF lead to the appearance of various nonlinear ef-
fects. As a result, the output pulse is continuously
broadened. Supercontinuum generation (SCG) per-
formance is strongly influenced by the dispersion pro-
file of the PCF. When the input pulse is pumped in
the anomalous dispersion regime, stimulated Raman
scattering7, including soliton fission (SF) and soliton
self-frequency shift (SSFS), is the key nonlinear ef-
fect responsible for the quality of the SCG spectrum.
However, the presence of solitons causes the spectrum
to be noisy. This phenomenon will be eliminated im-
mediately if the PCF is pumped in the normal or all-
normal dispersion region. Then, effects such as self-
phase modulation (SPM) followed by optical wave
breaking (OWB), cross-phase modulation, and four-
wave mixing8 dominate the spectrum expansion. In
this case, the SCG spectrum is smoother, with less
noise, but the expansion efficiency is not high.

With design flexibility, PCFs that can achieve flat,
near-zero dispersion and higher nonlinearity can sat-
isfy two important elements of SCG quality: spec-
tral width and flatness over broadband wavelengths9.
Flat, small, and even ultra-flattened dispersion in
the broadband wavelength for better SCG has been
achieved in PCFs with lattice holes of different sizes,
as presented in works10–16. However, the low nonlin-
ear coefficients and large effective mode area are un-
favorable for efficient SCG processes, which are still
reported12–15. In recent years, liquid core PCFs with
highly nonlinear coefficients have become a useful so-
lution that is being widely studied both numerically
and experimentally to replace traditional glass core
PCFs. Dispersion has been improved markedly, and
the quantities characterizing the nonlinear properties
of PCF have suitable values, helping to increase SCG
efficiency. Diverse dispersion profiles can be eas-
ily obtained, including flat all-normal and anomalous
dispersions, as expected in liquid-infiltrated PCFs
such as toluene17,18, carbon tetrachloride 19,20, chlo-
roform21, benzene22,23, nitrobenzene24,25, and car-
bon disulfide26,27. These publications also demon-
strate the ability to generate a broader SCG spectrum
together with a significant improvement in the peak
power of the input pulse. It is even possible to achieve
a broad SCG spectrum up to 2900 nm in benzene in-
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filtrated PCF22,23. Even so, an ultra-flattened disper-
sion with low values and near zero has not yet been
found in these PCFs. Many researchers have been
striving to develop PCFs with ultra-flattened near-
zero dispersion to further improve the quality of SCG.
By combining the modification of the structural pa-
rameters and infiltration of C6H6 into the hollow core
of the PCF, we designed circular lattice PCFs with
different air hole diameters and lattice constants in
the cladding. Then, we simulate light propagation in
these PCFs to achieve both all-normal and anoma-
lous dispersion configurations. In particular, ultra-
flattened and near-zero anomalous dispersion, with a
low value of ±0.753 ps/nm km in the wavelength re-
gion of 527 nm, was obtained. Furthermore, quan-
tities that characterize nonlinear properties such as
nonlinear coefficients, effective mode area, and atten-
uation also obtain values suitable for SCG applica-
tions.

MATERIALS-METHODS
Lumerical Mode Solution (LMS) software was used
to model the structure of the PCF circular lattice.
First, the Sellmeier coefficient of the refractive index’s
real parts of SiO2 is calculated according to Equation
(1)28 and declared in the system data. Then, the cir-
cular lattice is selected from the available data of sym-
metric geometries. The core center coordinates, core
diameter values Dc, and diameter d of air holes are
computed and matched to create a hollow core fiber
with 8 rings of parallel air holes along the axis center.
Finally, benzene is filled into the hollow core of the
PCF by determining and entering the refractive index
coefficients from Cauchy’s equation (2) of C6H6

29.
The surveywavelengthwas varied from0.5 to 2.0 µm.

n2
C6H6

(λ ) = 2.170184597+0.00059399λ 2

+
0.02303464

λ 2 +
0.000499485

λ 4

+
0.000178796

λ 6

(1)

n2
SiO2

(λ ) = 1+
0.6694226λ 2

λ 2 −4.4801×10−3

+
0.4245839λ 2

λ 2 −1.3285×10−2 +
0.8716947λ 2

λ 2 −95.341482

(2)

Figure 1a shows the cross-sectional geometry of the
PCF. The crystal lattice is circular in shape. The
cladding has 8 rings of air holes that are evenly spaced
parallel to the axis of the hollow core, which is filled
with C6H6. The design diversity of PCFs with dif-
ferent lattice types or air hole sizes makes it easier
to control the dispersion characteristics30. Further-
more, work10,31 also demonstrates that the disper-
sion properties, including the dispersion configura-
tion and wavelength shift at which the dispersion is

zero (ZDW), are strongly dictated by the air hole size
in the innermost ring. The other rings are responsible
for the loss of PCFs in the basic mode or some cases
in higher order. Many results testify that it is not easy
to optimize the optical properties of PCF at the same
time, so dispersion optimization is still considered the
most necessary in SCG research. From these ideas, we
designed the diameter (d1) of the air hole of the in-
nermost ring to be smaller than the others (d2). The
distance from the axis of the PCFs to the air holes in
the innermost ring is Λ1, which is different from the
distance between the two adjacent air holes Λ, with
Λ1 = 1.09Λ. The filling factor d2/Λ was kept constant
at 0.95. The lattice constant Λ was chosen as follows:
Λ = 0.9 µm, 1.0 µm, 1.5 µm and 2.0 µm. The optical
properties of the structures were investigated accord-
ing to the variation of d1/Λ, from 0.3 to 0.65 for each
0.05. During the design of PCFs, the core size of the
PCFs is also a factor that should be considered. Nei-
ther too large nor too small a core size is necessary be-
cause the electromagnetic field modes will easily leak
into the coating if the core size is too large. In con-
trast, a core that is too small makes the actual fabri-
cation process more difficult. In our study, the core
size is calculated by the formulaDc = 2Λ – 1.2d1. The
cross-section of an optical fiber is divided into hun-
dreds of thousands of small rectangles, known as ”Yee
meshes”32. A minimum mesh step of 10−6 µm and
300mesh cells without override regions are set for the
PCFs.
The dispersion and nonlinear properties of the C6H6-
infiltrated PCFs were simulated by solving Maxwell’s
wave equation with the full-vector finite-difference
eigenmode method (FDE). For accurate simulation,
FDE divides the fiber cross-section into hundreds of
thousands of very small rectangles with the assump-
tion that the loss of C6H6 is negligible. The se-
lected boundary conditions are perfectlymatched lay-
ers with strong absorption of the waves coming from
the calculated region. This helps the LMS to solve the
wave equation without any reflection, obtaining the
basic-mode field intensity profile with minimal loss
and calculating the propagation β with high accuracy.
Figure 1b verifies the fine confinement of the electro-
magnetic field modes in the core of the PCFs.
The linear refractive index (n) of SiO2 and C6H6 de-
creases with increasing investigated wavelength, as
displayed in Figure 1c. Although C6H6 has a higher
linear refractive index value than SiO2, the differ-
ence is not too large. This makes the process of
coupling standard and liquid-core fibers in the fab-
rication of PCFs more convenient. Furthermore,
C6H6 has much higher nonlinearity than SiO2 (n2 =
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Figure1: The cross-sectional geometryof PCFwithSiO2 substrate (light-blue): the central hole is infiltrated to
benzene (dark blue) and eight parallel rings of air holes (yellow) along the central axis (a); the light confinement in
PCF with Λ = 1.0 µm, d1/Λ = 0.5 (b); the real parts of the refractive index n of C6H6 and SiO2 is extrapolated using
Sellmeier’s and Cauchy’s equation (c); and transmission spectrum of C6H6 for the temperature of 20 ◦C is based
on experimental data from 33 (d): the smaller figure (purple) displays the transmittance of C6H6 with wavelengths
of 1.28− 2.0 µm.

169.75×10−20 m2. W−1)33 is approximately 60 times
that of SiO2 (n2 = 2.74×10−20 m2. W−1) 33 . This
will result in high nonlinearity of the PCF and im-
prove dispersion, including flatness and value, which
is beneficial for SC processes. In addition, the trans-
mittance of C6H6 is in a very broad wavelength range
from 1.28 µm to 25 µm33, and the strongest absorp-
tion peak is at approximately 15 µm, with some lower
peaks at 2.6 µm, 7.5 µm, and 10 µm. In the in-
vestigated wavelength region of 0.5 µm to 2.5 µm
(smaller figure), the absorption peaks are very small
at approximately 1.67 µm wavelength corresponding
to a k value (imaginary part of the refractive index)
of 4×10−5. Then, the attenuation A factor is calcu-
lated according to the formula 34, which has a corre-
sponding value of 23.3×10−3 dB/cm. In our numer-
ical model, optical fiber losses are mainly attributed
to the material loss of C6H6, as shown in Figure 1d,
but these fibers have very low losses when λ < 1.67
µm. When λ is larger, the fiber loss is assumed to be
23.3×10−3 dB/cm.
The LMS with the full-vector finite-difference eigen-
mode (FDE) method has been used to create a C6H6-

filled PCF and achieve the field intensity profile of
the fundamental mode of the PCF. The data on
wavelength-dependent characteristic quantities of all
PCFs, including the effective refractive index, disper-
sion, nonlinear coefficient, effective mode area, and
loss, are obtained. Different frequency components
of the input pulse propagate at different velocities in
nonlinear media, causing dispersion. This dispersion
is affected by the size and location of the air holes
in the cladding. Thus, achieving preferred values of
dispersion, including value, number of ZDWs, and
flatness, often depends on the structural design and
choice of fiber material. A low dispersion value with
a flat profile having one or more ZDWs is the main
requirement for achieving coherent SC. Furthermore,
the nonlinear effects occurring during the SCG pro-
cess are related to the occurrence of solitons or non-
solitons depending on the all-normal or anomalous
dispersion properties of PCFs. The total fiber dis-
persion includes material dispersion Dm and waveg-
uide dispersionDw, which is determined by Equation
(3)35.

D = Dm +Dw =−λ
c

d2Re
[
ne f f (λ )

]
dλ 2

(3)
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Here, Re[ne f f ] is the real part of ne f f , and c is the
speed of light in a vacuum.
The nonlinear coefficient is an important parameter
that directly affects the spectral extension and input
pulse peak power. Normally, PCFs with high nonlin-
earities are preferred in SCG. In addition, the higher
the nonlinearity of the PCF is, the lower the input
pulse peak power required for the SCG process. The
nonlinear coefficient (γ) characterizes the nonlinear-
ity of the medium, which is determined by Equation
(4) below35

γ (λ ) = 2π
n2

λAe f f
(4)

where n2 is the nonlinear refractive index of SiO2 and
the effective mode area Ae f f is inversely proportional
to the nonlinear coefficient. The effective mode area
is also a vital factor of an optical fiber because it deter-
mines how tightly the light is confined to the core and
is related to the nonlinear effect in the fiber. Ae f f is
computed through the horizontal electric field across
the cross-section of the PCF as Equation (5)35 be-
low:

Ae f f =

(∫ ∞
−∞

∫ ∞
−∞ |E|2dxdy

)2∫ ∞
−∞

∫ ∞
−∞ |E|4dxdy

(5)

where E is the electric field amplitude.
As light propagates in the PCF, the power gradually
decreases with the propagation distance and is char-
acterized by the confinement loss Lc. It is calculated
through the wavelength and imaginary part of the ef-
fective refractive index according to Equation (6)35

below:

Lc = 8.686
2π
λ

Im
[
ne f f (λ )

]
(6)

RESULTS
The refractive index difference between the cladding
and core is the main cause for the light restriction
in the core of PCFs. Therefore, it is necessary to in-
vestigate the effective refractive index first and then
determine the other characteristic parameters. The
propagation constant (β ) is related to the effective
index of the fiber and can be computed using β =

ne f f K0
36, with K0 denoting the free space wavenum-

ber K0 = 2π
λ

36. The real part of the effective refrac-
tive index (Re[ne f f ]) of the basic mode in the study
wavelength region from 0.7 µm to 2.5 µm has been
found and quoted in Figure 2. In all cases, the fur-
ther toward the long wavelength, the more monoton-
ically Re[ne f f ] decreaseswith respect to the structural
differences of the PCFs. Again, Re[ne f f ] decreases

with increasing filling factord1/Λ at a particularwave-
length, but it increases with increasing Λ. The inter-
action between the input pulse and the medium will
be stronger if the fiber has a smaller core, resulting
in a small Re[ne f f ]37. Therefore, PCFs with smaller
lattice constants (Λ = 0.9 µm; 1.0 µm) exhibit more
pronounced Re[ne f f ] changes.
The highest and lowest values of Re[ne f f ] at 1.55 µm
are calculated and presented in Table 1 they are 1.453
and 1.35, respectively, for PCFswithΛ= 2.0 µm, d1/Λ
= 0.3 and Λ = 0.9 µm, d1/Λ = 0.65.
Figure 3 depicts the effect on the chromatic dispersion
profile at different lattice constants Λ and filling fac-
tors d1/Λ. The chromatic dispersion characteristics
significantly depend upon the air hole diameter of the
innermost ring and lattice constantΛ ,which form the
circular arrangement. Both dispersion curves lying
completely below the horizontal axis (all-normal dis-
persions) and intersecting the horizontal axis at one
or two points (anomalous dispersions) are observed.
Moreover, the ZDWs move toward the higher fre-
quency range with increasing d1/Λ when Λ is larger
(1.5 µm and 2.0 µm) (Table 2).
When Λ = 0.9 µm, PCFs with d1/Λ = 0.3 − 0.45
have anomalous dispersion with one ZDW. Unlike
the large Λ case, the ZDW shifts toward longer wave-
lengths as d1/Λ rises. Especially with d1/Λ = 0.45, the
ZDW has a value of 1.531 µm (Table 2), which helps
us to consider the selection of pumpwavelengths suit-
able for commercial laser sources in practice. We ob-
tain four all-normal dispersion profiles with d1/Λ =
0.5− 0.65, where the dispersion curvewith d1/Λ= 0.5
is flattest and closest to zero. When Λ is increased to
1.0 µm, this dispersion curve shifts very close to zero
dispersion, becoming ultra-flattened. The flatness
covers a broadband wavelength of 527 nm with a low
dispersion value of ±0.753 ps/nm.km. With ethanol
infiltration into the hollow core of SiO2-based PCFs,
work 38 achieved a symmetric ultraflat value of 1.04
ps/nm.km normal dispersion in the 500 nm range.
An ultra-flattened chromatic dispersion of ±0.947
ps/nm.km was observed with flatness above 500 nm
wavelength in publication18 when using toluene to fill
the hollow core of SiO2-based PCFs. Thus, it can be
seen that the dispersion profile with Λ = 1.0 µm and
d1/Λ = 0.5 has a lower value and the wavelength re-
gion has a broader flat dispersion than the works18,38.
Compared with the #CBF1 fiber (circular lattice) in
reference23, the #F2 fiber in this study also has all-
normal dispersion, but it is flatter, and the dispersion
value at 1.55 µm is much smaller. This can be benefi-
cial for SC generation with a very broad SC spectrum
with nonsoliton dynamics.
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Figure 2: The Re[ne f f ] as a function of wavelength for different values of d1/Λ and Λ, with Λ = 0.9 µm (a),
1.0 µm (b), 1.5 µm (c), and 2.0 µm (d)

Table 1: Re[ne f f ] at a 1.55 µmwavelength of PCFs with various d1/Λ and Λ

d1/Λ Re[ne f f ]

Λ = 0.9 µm Λ = 1.0 µm Λ = 1.5 µm Λ = 2.0 µm

0.3 1.401 1.411 1.44 1.453

0.35 1.395 1.406 1.438 1.452

0.4 1.389 1.401 1.435 1.45

0.45 1.383 1.395 1.431 1.448

0.5 1.375 1.389 1.428 1.446

0.55 1.368 1.382 1.425 1.444

0.6 1.359 1.375 1.421 1.441

0.65 1.35 1.367 1.416 1.439
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Figure 3: The chromatic dispersion as a function of wavelength for different values of d1/Λ and Λ, Λ = 0.9
µm (a), 1.0 µm (b), 1.5 µm (c), and 2.0 µm (d).

Table 2: The ZDW value of PCFs with various d1/Λ and Λ

d1/Λ Λ = 0.9 µm Λ = 1.0 µm Λ = 1.5 µm Λ = 2.0 µm

ZDWs ZDWs1 ZDWs2 ZDWs ZDWs

0.3 1.232 1.272 1.372 1.438

0.35 1.284 1.302 1.328 1.395

0.4 1.354 1.334 1.283 1.357

0.45 1.531 1.377 1.234 1.319

0.5 D < 0 D < 0 1.198 1.29

0.55 D < 0 D < 0 1.16 2.001

0.6 D < 0 1.129 1.342 1.131 1.232

0.65 D < 0 1.05 1.367 1.1 2.001
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Table 3: Comparison of dispersion values of C6H6-infiltrated PCFs with ultra-flattened chromatic dispersion in
previous publications

Materials D
(ps/nm.km)

Ultra-flattened
dispersion
bandwidth

(nm)

Refs., Year

Silicate PCF with benzene ±0.753 527 This work

Silicate PCF with toluene ±0.947 500 18, 2023

Silicate PCF3 ±3.345 420 39, 2021

Silicate PCF4 ±4.304 492 39, 2021

Silicate PCF with ethanol 5.0 approximately 500 40, 2020

ZBLAN PCF 1.1 600 41, 2019

ZBLAN PCF 1.05 300 42, 2017

Silicate PCF ±0.66 400 43, 2015

Table 3 compares some PCFs with ultra-flattened
chromatic dispersion in previous publications.
For PCFs with larger cores (Λ = 1.5 µm, 2.0 µm), the
dispersion curves are all anomalous properties with
one ZDW. The ZDWs shift toward the short wave-
length as d1/Λ increases. The shift of ZDWs toward
short wavelengths can be a disadvantage when sug-
gesting PCFs with suitable pump wavelengths. Nor-
mally, the pump wavelengths for SCG are chosen to
satisfy two conditions: first, they have a value such
that the dispersion is as low as possible; second, they
have to match the wavelengths of commercial laser
sources in practice. For PCFs with Λ = 2.0 µm, the
anomalous dispersion curve d1/Λ is closest to zero
dispersion, with ZDW having a value of 1.438.
It is not easy to fabricate PCFs with different air hole
sizes in the cladding, although this offers great ben-
efits in controlling fiber dispersion and attenuation.
PCFswith near-zero ultra-flattened chromatic disper-
sions have shown the ability to broaden the SCG spec-
trum with a rather complex structure but can still
be fabricated40–42. Furthermore, the publication18

also reported the ability to achieve near-zero ultra-
flattened chromatic dispersion with a small value of
±0.947 ps/nm.km over a broadband of 500 nm of
toluene-infiltrated PCFs, with Λ1 = 1.095Λ. In this
work, to achieve near-zero ultra-flattened chromatic
dispersion in PCF infiltrated with C6H6, we only
changed the lattice parameters of the innermost ring
near the core, including the air hole size (d1) and lat-
tice constant (Λ1). To clearly see the difference in flat-
ness of dispersion, we compare two dispersion curves
with parametersΛ1 =Λ, d1/Λ = 0.5 (green curve) and
Λ1 = 1.09Λ, d1/Λ = 0.5 (orange curve) with Λ = 1.0

µm, illustrated in Figure 4. The green curve is not
flat and has a rather high dispersion value. While the
orange curve is flatter, ultra-flattened chromatic dis-
persion covers from 1343 nm to 1870 nm with a dis-
persion value of±0.753 ps/nm.km.

DISCUSSION
In SCG, the various nonlinear effects that govern the
characteristics of the spectrum relate mainly to the
dispersion profiles of PCFs. To obtain smooth, low
noise, flat peaks, and high coherence spectra that re-
sult from SPM effects followed by OWB, PCF is used
with an all-normal dispersion regime. An ultrabroad
SC spectrum in the PCF is generated due to the in-
teraction between several nonlinear effects, includ-
ing SF, SSFS, and Raman scattering, in the anomalous
dispersion region. Although the spectrum achieved
is much wider than that of the SCG using PCF with
all-normal dispersion, the coherence is lower and the
noise is more. This results in a larger input pulse
power. However, SCG with different spectral prop-
erties in each case has its own application. Therefore,
optimization to achieve diverse dispersion profiles is
essential. The optimization criteria for generating
supercontinuum at the chosen 1.55 µm wavelength
were flatness, the indication of dispersion properties,
and the difference between ZDW and pump wave-
length.
Based on the above dispersion analysis, we propose
two PCFs with optimal dispersion suitable for SCG to
discuss more characteristic quantities, such as disper-
sion chromatic, nonlinear coefficient, effective mode
area, and confinement loss (Figure 4). The first
PCF (#F1) with parameters Λ = 0.9 µm and d1/Λ =
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Figure 4: Dispersion characteristic of twoPCFswith the difference in the distance from the core to air-holes
of the first ring: the green dispersion curve of a PCF with no difference in the distance from the core to the air-
holes of the rings (Λ1 = Λ, d1/Λ = 0.5), the orange dispersion curve of a PCF has differences in the distances from
the core to the air hole of the first and other rings (Λ1 = 1.09Λ, d1/Λ = 0.5), with Λ = 1.0 µm.

0.45 emits a highly coherent supercontinuum in the
anomalous regime at a pump wavelength of 1.55 µm
(Figure 4a). There are three reasons for this selection.
First, this fiber has the flattest anomalous dispersion
and the closest to zero among the studied anomalous
dispersion curves. Second, it has the ZDW at 1.531
µm, which is the closest wavelength compared to the
one pumped. Third, #F1 has a low dispersion value
of 0.883 ps/nm.km at a 1.55 µm pump wavelength.
Those are in favor of spectral broadening, effective
suppression, and dynamics of noise generation. Sec-
ond fiber #F2 (Λ = 1.0 µm, d1/Λ = 0.5) will produce
a very broad SCG spectrum, flat top, higher coher-
ence, and lower noise with low input peak power. This
fiber has near-zero ultra-flattened chromatic disper-
sion spanning a broadband wavelength. There is no
ZDW for PCF with all-normal dispersion, so the fiber
is pumped at awavelength close to the localmaximum
of the dispersion curve. The low dispersion value at a
1.55 µm pump wavelength is –1.447 ps/nm.km (Fig-
ure 4a).

The nonlinear properties of these two fiber structures
are studied in detail. Figure 4 (b, c, d) depicts the de-
pendence of the nonlinear coefficient, effective mode
area, and confinement loss on the wavelength. As
thewavelength increases, the nonlinear coefficient de-
creases. At wavelengths greater than 1.67 µm, the
nonlinear coefficients of the two fibers are quite close,
but they are separate in the remaining wavelength re-
gion. At a 1.55 µm pump wavelength, the γ value of
the #F1 fiber is 2726.561 W−1.km−1,which is higher
than that of #F2 (2621.599 W−1.km−1) (Figure 4b).
Because of the inverse relationship between the effec-
tive mode area and the nonlinear coefficient, theAe f f

of the #F1 fiber (2.531 µm2) is smaller than that of the
#F2 fiber (2.632 µm2) (Figure 4c). PCFs with larger
core sizes typically exhibit poorer light confinement
because light modes easily leak from the core to the
cladding or between air holes in the cladding. The
confinement loss increases with wavelength and in-
creases rapidly in the longwavelength region (λ >1.67
µm), which is consistentwith the above analysis of the
transmission spectrum of C6H6. The Lc values of #F1
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Figure 5: The optical properties of two proposed PCFs: #F1 (Λ =0.9 µm, d1/Λ = 0.45), #F2 (Λ = 1.0 µm, d1/Λ =
0.5 (a) the relationship between dispersion and wavelength of #F1 and #F2 fibers, the dispersion value at 1.55 µm
is 0.883 and –1.447 ps/nm.km, respectively, enlarged in the right inset. (b) the increase of the nonlinear coefficient
against thewavelength, values of 2726.561 and 2621.599W−1 .km−1 at the 1.55 µmpumpwavelengths of #F1 and
#F2 fibers. (c) the increase of the wavelength rises the effective mode area with values of 2.632 and 2.531 µm2 at
the 1.55 µmpumpwavelength of #F1 and #F2 . (d) the confinement loss is proportional to wavelength with value
of 77.804 and 70.883 dB/m at the 1.55 µm pump wavelength of #F1 and #F2 .

and #F2 at a 1.55 µmpumpwavelength are 77.804 and
70.833 dB/m, respectively. The #F1 fiber has higher
loss but lower dispersion and a higher nonlinear co-
efficient at the pump wavelength, which will improve
the SCG efficiency. Table 4 describes the structural
parameters at the pump wavelength of the two op-
timal fibers and compares them with some previous
work.
The two optimal PCFs #F1 and #F2 have flat dis-
persion and much lower dispersion values than
works21,44–46. In particular, a near-zero ultra-
flattened dispersion was not found in these works.
With a combination of skillful modification of struc-
tural parameters and selection of C6H6 to fill the hol-
low core, the two proposed PCFs have higher nonlin-
ear coefficients than21,44,46, which suggests that when
using these PCFs for the SCG process, the peak power
may be lower than that of PCFs previously infiltrated

with other fluids. Although the confinement loss of
the two proposed PCFs is higher than that of previ-
ous publications44,46 (Table 4), the flat dispersion and
low dispersion value will help the SCG spectrum to
be extended. It can be seen that it is very difficult to
obtain flat dispersion and low value while simultane-
ously limiting confinement loss. Depending on the
different application purposes of the SCG, a PCF with
suitable optical characteristics will be preferred.

CONCLUSIONS
We numerically simulate the chromatic dispersion
and nonlinear properties of the C6H6-filled PCF by
using the FDE. Numerical calculations and simula-
tions reveal that the PCFs exhibit diverse dispersion
properties, including all-normal and anomalous dis-
persion, which strongly depend on the change in lat-
tice constant Λ and the filling factor d1/Λ. Further-

2816



Science & Technology Development Journal 2023, 26(2):2808-2820

Ta
bl
e
4:

Th
e
st
ru
ct
ur
e
pa

ra
m
et
er
s
an

d
th
e
ch

ar
ac
te
ri
st
ic
qu

an
ti
ti
es

of
#F

1
an

d
#F

2
fib

er
s
at

th
e
pu

m
p
w
av

el
en

gt
h
in

co
m
pa

ri
so

n
w
it
h
so

m
e
ot
he

rl
iq
ui
d-
in
fil
tr
at
ed

PC
Fs

#
D

c
(µ

m
)

Λ
(µ

m
)

d 1
/Λ

Pu
m
p
wa

ve
le
ng

th
( µ

m
)

Ae
ff

( µ
m

2 )
γ

(W
−

1 .k
m

−
1 )

D
(p
s/
nm

.k
m
)

L c (d
B/
m
)

#F
1

1.
31
4

0.
9

0.
45

1.
55

2.
53
1

27
26
.5
61

0.
88
3

77
.8
04

#F
2

1.
4

1.
0

0.
5

1.
55

2.
63
2

26
21
.5
99

−
1.
44
7

70
.8
33

#F
1
21

ch
lo
ro
fo
rm

0.
64
3

1.
0

0.
65

1.
03

1.
5

12
90

−
24

−

#F
2
21

ch
lo
ro
fo
rm

1.
64
3

2.
0

0.
65

1.
03

4.
48

44
0

7.
6

−

#F
1
44

ca
rb
on

te
tr
ac
hl
or
id
e

1.
12
5

1.
5

0.
45

1.
35

11
.8
3

−
12

1.
85

#F
2
44

ca
rb
on

te
tr
ac
hl
or
id
e

3.
56

4.
0

0.
8

1.
06
4

10
.5
8

−
−
4.
37

1.
58

#I
_0
.3

45

to
lu
en
e

3.
28

2.
0

0.
3

1.
55

7.
79

21
32
.5
75

−
7.
78
4

40

#I
_0
.3
54

5

to
lu
en
e

2.
8

2.
0

0.
5

1.
55

78
.9

28
90
.2
76

−
1.
19

12
0

#F
1
46

te
tr
ac
hl
or
oe
th
yl
en
e

1.
28

1.
5

0.
4

1.
56

43
3.
2

15
6.
9

−
15

4.
0

#F
2
46

te
tr
ac
hl
or
oe
th
yl
en
e

3.
75
3

4.
0

0.
45

1.
56

16
.6
7

40
.7
9

3.
2

4.
2

#F
3
46

te
tr
ac
hl
or
oe
th
yl
en
e

1.
19
8

1.
5

0.
55

1.
03

35
9.
1

18
9.
3

−
4.
85

5.
3

2817



Science & Technology Development Journal 2023, 26(2):2808-2820

more, a near-zero ultra-flattened dispersion has been
achieved with an all-normal dispersion profile, with
dispersion variation as low as±0.753 ps/nm.km cov-
ering the 527 nmwavelength region. Therefore, it can
be used to generate a broadened and smooth super-
continuum spectrum. Two optimal structures, #F1
and #F2, with flat dispersion and a high nonlinear
coefficient are proposed and analyzed in detail for
SCG application orientation. In the case of a C6H6-
filled core, PCFs can produce a reasonably broad spec-
trum when injected at 1.55 µm. The nonlinear coef-
ficients of the two fibers as high as several thousand
W−1.km−1 show that liquid-core PCF could be an
interesting approach for powerful compact all-fiber
systems for SCGwith low-power femtosecond pump-
ing systems in the fields of spectroscopy, tempera-
ture sensing, and telecommunication, … There have
been many publications on the study of SCG using
other liquids-infiltrated PCFs by experiment19,44,47.
Therefore, the two optimal structures #F1 and #F2
completely meet the requirements of investigating
the SCG process both by simulation and experiment.
Carbon tetrachloride-infiltrated PCFs with low atten-
uation19,44 aremore favorable for broadband SCGall-
fiber sources, but the propagation lengthmay be lower
than that of toluene-infiltrated fibers47. PCFs with
benzene can also experience the same phenomenon.
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