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Abstract
Three newly designed benzene-core photonic crystal fibers (BC-PCFs) can optimize both 
chromatic dispersion and attenuation characteristics simultaneously for the most efficient 
application to generate supercontinuum. The nonlinear characteristics of BC-PCFs with the 
circular lattice (CL), square lattice (SL), and hexagonal lattice (HL) are analyzed numeri-
cally to select the optimal PCF. The three optimized structures: #CBF1, #SBF2, and #HBF3 
are intended for supercontinuum generation (SCG) in an all-normal dispersion regime. The 
obtained results demonstrated that although #HBF3 fiber has a larger effective mode area 
and attenuation than #CBF1, #SBF2 fibers, the dispersion curve of #HBF3 is flattest and 
closest to the zero-dispersion curve in the wavelength region of 0.8–2.0 µm hence it has the 
highest efficiency for SCG. These PCFs are capable of coherent octave-wide SCG in the 
0.66–1.53 µm, 0.71–1.76 µm, and 0.71–1.82 µm wavelength ranges with low peak power 
of 0.45 kW and 40 fs pulses coupled to the core. Those fibers are the real objects for the 
sources of all-fiber supercontinuum, which can be substituted for glass core fibers because 
the nonlinearity of silica is lower than that of benzene. The proposed remedy can lead to 
new low-cost all-fiber optical systems.
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1  Introduction

SCG is an extensively researched phenomenon that can appear in an optical medium due 
to the associated effects of the medium’s dispersion and nonlinearity (Dudley et al. 2006). 
Supercontinuum light depicts an original and flexible source of ultra-broadband radiation 
with the high-power density of the spectra and a high degree of coherence tantamount to 
a white-light laser. Thanks to this outstanding feature, SCG has created enormous appli-
cations in science and technology such as in spectroscopy (Ulman et al. 1993; Kano and 
Hamaguchi 2005; Isobe et  al. 2009), optical coherence tomography (Hartl et  al. 2001), 
pulse compression (Heidt et al. 2011; Tu et al. 2011; Hooper et al. 2011), tunable lasers 
(Takushima and Kikuchi 1999), and optical frequency metrology (Udem et al. 2002).

PCF discovery has significantly innovated SCG technology. One reason for this is the 
versatility of dispersion techniques, which allows it to shift the zero-dispersion wavelength 
(ZDW) to briefer wavelengths (Mogilevtsev et al. 1998). This allows obtaining the broadest 
spectrum by pumping in the anomalous dispersion system. An additional advantage of PCF 
is its ability to restrict light tightly to its core, increasing nonlinearity and thus SCG effi-
ciency, i.e., for bandwidth enhancement (Ranka et al. 2000). Furthermore, different effects 
of the nonlinear characteristic can control the expansion depending on the input combina-
tion of pump energy, pulse duration, pump wavelength, fiber nonlinearity, and fiber length 
(Dudley and Taylor 2010).

The nonlinear dynamics of SCG strongly depend on two dispersion regimes. Consider 
the first case of SCG in the anomalous dispersion region. In this way, PCF has to con-
tain ZDW and the wavelength of the pump selected needs to be larger but closer to ZDW. 
This mechanism can create a broad SC spectrum with low energy. Nevertheless, the limita-
tion of this approach is the weak coherence spectrum and large noise, which are caused by 
soliton dynamics and are extremely sensitive to the fluctuations of the pump pulse (Corwin 
et al. 2003; Qian et al. 2018). For the SCG in the all-normal dispersion regime of the fiber, 
although the spectral bandwidths are drastically reduced and the input energy is higher, the 
soliton effect can eliminate. In this situation, the spectral widening appears only via SPM 
and OWB so it is not only insensitive to the fluctuations of the pump pulse but also creates 
a high coherent SCG with low noise (Dudley and Taylor 2010; Heidt et al. 2017).

In addition, the efficiency of SCG depends on three important characteristics of PCF: 
dispersion, effective mode area, and attenuation (Dudley et al. 2006). These features can 
be controlled by changing the lattice shape in the cladding, the air hole dimensions, the 
lattice constant, and the solid or hollow core since PCF is very flexible in design compared 
to conventional optical fibers (COFs) (Knight et al. 1996; Buczyński 2004). SCG is most 
effective when the obtained dispersion curve is flat and close to the zero-dispersion curve 
and at the same, the effective mode area and attenuation are as small as possible (Corwin 
et al. 2003).

Commonly, the created lattices in cladding include CL, HL, and SL. Some publica-
tions have mentioned these lattices PCF such as a new CL-PCF with a large mode area 
(Medjouri et  al. 2015), CL-PCF with high negative dispersion and ultra-low confine-
ment loss (Pandey et  al. 2020), the investigation confinement loss in HL-PCFs (Mon-
fared et  al. 2013), HL-PCF based optical sensor with a rotated-hexacore region (Sen 
et al. 2020), supercontinuum source for dense wavelength division multiplexing in SL-
PCF (Saghaei 2017), and so forth. These publications analyzed structural parameters 
that influence the characteristics of PCFs for each lattice type, but they did not con-
sider their applications in optics fiber technology. Additionally, these publications have 
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not proven which lattice of PCF is most efficient for SCG. The most recent publica-
tion (Tran et al. 2020) has analyzed the characteristic quantities of solid-core PCFs with 
various lattice types, but the authors have not yet applied the obtained results to gener-
ate SC due to the small nonlinear refractive index of the silica solid core. If this PCF 
applies to SCG, the obtained efficiency cannot be high. It is worth noting that the air 
hole diameters of lattice rings in the photonic cladding of these structures are the same. 
Therefore, they cannot optimize the chromatic dispersion and attenuation characteris-
tics of PCF simultaneously. The cross-section of the mentioned fibers is introduced in 
Fig. 1.

In this paper, we use a commercial lumerical model solution (LMS) software (https​
\\www.​lumer​ical.​com/​produ​cts/​mode/) to design three new hollow-core PCF structures 
infiltrated with benzene including CL, HL, and SL. We emphasize the selection of ben-
zene to fill the hollow core PCF because of its high nonlinear refractive index, with 
n2 = 168 × 10–20 m2  W−1 at 1.064  µm. Besides, another advantage of benzene is low 
attenuation in the broadband range of 0.5–14 µm without high absorption peaks in this 
area (Nibbering et al. 1995). The rest of this study is organized as follows. In Sect. 2, 
we describe the schematic of the geometrical structure of PCFs with different types of 
lattice. The structural parameter’s influence on the dispersion characteristics is analyzed 
to find the optimal structures with all-normal dispersion. Subsequently, we compare 
the characteristic quantities of these optimal structures as well as the spectral intensity 

Fig. 1   The cross-section of PCFs in publications a (Medjouri et  al. 2015), b (Saghaei 2017), and c (Sen 
et al. 2020)

http://www.lumerical.com/products/mode/
http://www.lumerical.com/products/mode/
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expansion in the SCG to show the PCF with the highest SCG efficiency in Sect. 3. The 
paper is closed with the conclusion in Sect. 4.

2 � Numerical modeling of properties of PCFs

By using the finite-difference eigenmode (FDE) method with a commercial LMS(https​\\
www.​lumer​ical.​com/​produ​cts/​mode/), the geometrical structure of benzene-core PCFs 
(BC-PCFs) with different lattices is modeled as shown in Fig. 2. In the FDE method, the 
cross-section of the fiber is divided into many rectangular sections. Each section has a size 
of 0.08 µm. The boundary condition for the simulation herein is perfectly matched layer 
(PML) boundaries. This boundary condition allows the radiation to propagate out of the 
computational area without either an interferometer with the field inside or boundaries 
absorbing incident light upon them. The common features shared among the three struc-
tures (a), (b), and (c) are that the base material is fused silica glass and benzene is filled 
with a hollow core, and that the cladding includes eight rings of air-holes with diameter d. 
The lattice constant Ʌ and the cladding factor of linear filling are defined as f = d/Ʌ. The 
publication (Saitoh et al. 2003) has shown that the first ring size of air holes has the top 
influence on the dispersion properties, while the remaining rings affect the attenuation of 
PCF. Thus, we introduce a new design with the following structural parameters:

•	 The filling factor of the first ring (f1 = d1/Λ) is changed from 0.3 to 0.8 in steps of 0.05.
•	 The other rounds have a constant filling factor f2 = d2/Λ of 0.95.
•	 The core diameter Dc is determined by the formula: Dc = 2Λ − 1.1d1.
•	 The constants of the lattice Λ: 1.0, 1.5, 2.0, and 2.5 µm.

where d1 and d2 are the diameters of the first and remaining ring air holes, respectively. 
This model allows the created PCFs to obtain minimum attenuation, and the ability to con-
trol the structural parameters to achieve optimal dispersion. This is probably the most sig-
nificant feature of our design. It is completely different from previous works (Zhang et al. 
2010; Van et al. 2017, 2020; Hoang et al. 2018), which showed no difference in the filling 
factor of the first rings and subsequent rounds.

The BC-PCFs can be fabricated by conventional stack-and-draw methods (Pysz 
et al. 2014). Liquid infiltrates into the core based on a laser writing technique (Vieweg 
et  al. 2010), or thermal fusion splicer (Hoang et  al. 2018) through integration with a 
microfluidic pump system (Hoang et  al. 2018). We experimentally measured material 

Fig. 2   The geometrical structure of BC-PCFs with a CL, b SL, and c HL

http://www.lumerical.com/products/mode/
http://www.lumerical.com/products/mode/
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attenuation of benzene for visible and near-IR wavelength ranges using a sample in a 
standard 10 mm cuvette. The illumination source was a halogen lamp, while the spec-
trum was analyzed using two spectrometers: Thorlabs CCS200 (range 0.2–1.0 µm) and 
Ocean NIR-QUEST (range 0.9–2.5  µm). The characteristic of the attenuation as the 
imaginary part of the linear refractive index k is shown in Fig. 3a. For the wavelength 
range, 1.28–16 µm attenuation was adopted after Myers et al. (See Fig. 3b (Myers et al. 
2018)) The core diameter of a PCF is a tradeoff between keeping it small to enable dis-
persion engineering through the photonic cladding design and keeping it large to match 
the mode field to standard telecom single-mode fibers as much as possible. In our case, 
benzene has a higher refractive index than silica (Fig.  4), so the fiber is an effective 
index-guiding PCF with the advantage of reasonably large mode field diameter and dis-
persion profile matched to important femtosecond lasers, such as erbium lasers centered 
at 1.56 µm.

The real part of the linear refractive index n of benzene as a wavelength function is 
described using the Cauchy formula shown in Eq. 1 (Moutzouris et  al. 2014), while the 
Sellmeier formula is applied for fused silica glass (SCHOTT Lithosil®) as shown in Eq. 2 
(Tan 1998). The wavelength � has dimensions of micrometers (μm).

Fig. 3   The imaginary part of the refractive index k of benzene, a measured and b after Ref (Myers et al. 
2018)

Fig. 4   Real parts of the refractive 
index of benzene and fused silica
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The chromatic dispersion D is one of the significant factors for the SCG. It consists 
of the waveguide and material dispersion and is determined as given in Eq. 3 (Buczyński 
2004):

where Re[neff] depicts the real part of the effective refractive index of a guided mode.
Figures 5, 6, 7, and 8 present the dispersion characteristics of BC-PCFs with differ-

ent values of lattice constant and the filling factor. From the graph, it can be seen that 
while the small core fibers (Λ = 1 μm) have significant shifts in the dispersion by vary-
ing Λ and d1/Λ, the dispersion shift of the larger ones is moderate. For CLs and SLs, 
the dispersion with two ZDWs exists when f1 ≥ 0.7, and all-normal dispersions achieve 
when f1 = 0.45–0.65. (Fig. 5a, b). Figure 5c shows that, with f1 ≥ 0.55, the HLs have two 
ZDWs, but we get all-normal dispersions only for f1 close to 0.5. Due to the negative 
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Fig. 5   Dispersion characteristics of the fundamental mode for BC-PCFS: Ʌ = 1 µm, f1 = 0.3–0.8 with a CL, 
b SL, and c HL
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effects of the material dispersion of C6H6, the large core fibers have anomalous disper-
sion in the range λ > 1 μm (Figs. 6, 7, 8).

Next, we optimize the dispersion characteristic by choosing fiber structures with flat, 
near-zero dispersion curves and pump wavelength compatible ZDWs allowing a broader 
SCG to obtain further. Based on the preliminary simulation, three fibers corresponding 
to CL, SL, and HL are selected to analyze the SCG. They are labeled as #CBF1, #SBF2, 
and #HBF3. The dispersion characteristics of the fundamental mode for the proposed 
PCFs are presented in Fig. 9a. All fibers are used for SCG in an all-normal dispersion 
regime. The first structure, #CBF1, with Λ = 1.0  μm, f1 = 0.65, and Dc = 1.285  μm, is 
pumped at 1.064  µm. The dispersion equals − 17  ps.nm−1.km−1 at the pumped wave-
length. The second fiber, #SBF2 (Λ = 1.0 μm, f1 = 0.65, and Dc = 1.285 μm), is expected 
to pump at the wavelength 1.3  µm, when its dispersion is − 19.9  ps.nm−1.km−1. The 
third fiber, #HBF3, with structural parameters Λ = 1.0 μm, f1 = 0.5, and Dc = 1.450 μm 
has the nearest dispersion to the zero-dispersion curve. It is used for the same pump 
wavelength as the second fiber, with the value of dispersion at − 0.89 ps nm−1 km−1.

Figure  9b indicates the attenuation characteristics of the fundamental mode for 
#CBF1, #SBF2, and #HBF3. The attenuation of #CBF1 at 1.064 µm is equal to 0.18 dB/
cm while the attenuation of #SBF2 and #HBF3 at 1.3 µm are equal to 0.38 and 0.41 dB/
cm, respectively. When the wavelength is 1.66 μm, the loss reaches the biggest values 
which are 11.2, 11.3, and 12.8 dB/cm for #CBF1, #SBF2, and #HBF3, respectively.

Fig. 6   Dispersion characteristics of the fundamental mode for BC-PCFS: Ʌ = 1.5 µm, f1 = 0.3–0.8 with a 
CL, b SL, and c HL
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The effective mode areas and nonlinear coefficients of the fundamental mode for 
#CBF1, #SBF2, and #HBF3 fiber are shown in Fig.  10. Normally, the effective mode 
area has significantly dominated by the core diameter of the fiber, and thus its value 
is low for the small core fibers. Although #CBF1 and #SBF2 fibers have the same core 
diameter, #CBF1 fiber has a lower effective mode area than #SBF2 in the investigated 
wavelength region. This may be due to the difference in the lattice structure of the two 
PCFs. The effective mode area of #CBF1 fiber at the wavelength of 1.064 µm is equal 
to 1.33 µm2 and these values are 1.84 µm2, 1.88 µm2 at 1.3 µm for #SBF2, and #HBF3, 
respectively.

The coefficient of the nonlinearity γ is calculated by the formula γ = 2πn2/λ Aeff, 
where Aeff is the area of the effective mode for the basic mode of the fiber (See 
Fig.  10b). With the high nonlinear refractive index of benzene, the proposed PCFs 
have large nonlinear coefficients. For γ is an inverse ratio of the effective mode area, 
fibers with the lowest effective mode area will have a higher nonlinear coefficient. The 
nonlinear coefficient of #CBF1 at 1.064  µm is equal to 7447  W−1  km−1, meanwhile 
#SBF2, and #HBF3 have nonlinear coefficients of 5391, and 5255 W−1 km−1 at 1.3 µm, 
respectively. To emphasize the advantages of the proposed fibers, these fibers’ proper-
ties are compared with those previously published. The data are presented in Table 1.

Fig. 7   Characteristics of dispersion of the fundamental mode for BC-PCFS: Ʌ = 2.0 µm, f1 = 0.3–0.8 with a 
CL, b SL, and c HL
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3 � SCG in the proposed fiber

SCG in the investigated fibers is numerically simulated by solving the equation of gen-
eralized nonlinear Schrödinger (GNLSE), using the symmetry split-step Fourier trans-
form method (Dudley and Taylor 2010):

Fig. 8   Characteristics of dispersion of the fundamental mode for BC-PCFS: Ʌ = 2.5 µm, f1 = 0.3–0.8 with 
lattices a CL, b SL, and c HL

Fig. 9   Characteristics of a dispersion and b attenuation of the fundamental mode for #CBF1, #SBF2, and 
#HBF3
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where Ã(�) describes the Fourier transform (FT) of an envelope pulse A(t). The laser 
pulses used in the simulations are modeled by a Gaussian pulse centered at the pumping 
wavelength and are expressed as given in Eq. (5):

The effects of the linear propagation (the left side of Eq. 4) are determined by the 
reduction and D of the fiber. In our numerical modeling, the high-order dispersions are 
calculated through the Taylor series expansion coefficients of the propagation constant 
at the pumping pulse frequency:
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Fig. 10   Characteristics of a effective mode area and b nonlinear coefficient of the fundamental mode for 
#CBF1, #SBF2, and #HBF3

Table 1   The characteristic values of the proposed fibers are compared with those previously publications in 
the all-normal dispersion regime

Optimal fibers Pump wavelength
(µm)

D
(ps nm−1 km−1)

Aeff
(µm2)

γ
(W−1 km−1)

Attenua-
tion (dB/
cm)

Lanh et al. (2019) 1.03 − 24 1.50 1290 0
Van et al. (2017) 1.55 − 9.46 7.80 1200 1.92
Van et al. (2020) 1.56 − 2.20 4.73 2000 2.40
Lanh et al. (2022) 1550 − 3 2.04 1742 4.42
#CBF1 1.064 − 17 1.33 7447 0.18
#SBF2 1.3 − 19.90 1.84 5391 0.38
#HBF3 1.3 − 0.89 1.88 5255 0.41
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The high order of dispersion is shown in Table 2. The right side of Eq. 4 models the 
effects of the nonlinearity. These effects are dependent upon the nonlinear optical response 
of benzene determined by the combination of bound-electronic and nuclear contributions. 
The Raman response function is given by Agrawal (2012), where fR is a fraction of the 
delayed contribution, δ(t) is the Dirac delta function, and R′(t) denotes the delayed nonlin-
ear response:

For the proposed fibers, pulses with a center wavelength (λp) of 1.064  µm (#CBF1), 
1.3 µm (#SBF2, #HBF3) with a duration (τ) of 40 fs are emitted by, for example, Menlo 
Systems C-fiber femtosecond erbium laser. The SCG is reproduced for 1 cm with different 
input peak power (P) in the range of 0.075–0.45 kW. The spectral intensity of the SCG is 
illustrated in Fig. 11.

Since #CBF1, #SBF2, and #HBF3 operate in the regime of the all-normal dispersion, 
the self-phase modulation (SPM) followed by optical wave breaking (OWB) are the key 
phenomena, which contribute to generating SC (Dudley et al. 2006; Hooper et al. 2011; 
Takushima and Kikuchi 1999). When the input peak power is lower than 0.15  kW, the 
spectral expansion is due to the key contribution of the SPM. The symmetrical form of the 
incident pulse and the progression of an oscillating structure in the spectrum are the most 
notable features. The outermost peaks of the multi-peak spectrum are the strongest. In this 
case, because there is only the process of the SPM, the achieved spectrum expansion is 
very limited (Dudley and Taylor 2010; Heidt et al. 2017).

When the input peak power is higher than 0.15 kW, the OWB starts to appear. The 
contribution of OWB makes the spectral broadening process increase rapidly (Hoang 
et al. 2018; Van et al. 2020). With the same input peak power, #CBF1 and #SBF2 have 
a flatter spectral intensity than #HBF3 but #HBF3 has the largest spectral broadening 
range. Table 3 reports the comparison of SCG spectral broadening range of proposed 
fibers with those previously published. At extremely low input power of 0.45  kW, 
#CBF1, #SBF2, and #HBF3 have SCG from 0.66–1.53, 0.71–1.76, and 0.71–1.82 µm, 
respectively in visible light and near-infrared range. Meanwhile, other publications 
use input peak power that is 5–138 times larger than the one provided for our three 

(6)𝛽(𝜔) = 𝛽(𝜔) − 𝛽0(𝜔) − 𝜔
𝜕𝛽

𝜕𝜔

||||𝜔=𝜔0

.

(7)R(t) =
(
1 − fR

)
�(t) + fRR

�(t).

Table 2   The coefficient of high 
order dispersion at the pump 
wavelength

Coefficients #CBF1 #SBF2 #HBF3

β2 (ps2/m) 1.12 × 10–2 1.75 × 10–2 7.51 × 10–4

β3 (ps3/m) − 1.29 × 10–5 − 1.41 × 10–4 − 1.36 × 10–5

β4 (ps4/m) 5.10 × 10–7 1.00 × 10–6 2.99 × 10–7

β5 (ps5/m) − 2.48 × 10–9 − 3.86 × 10–9 8.82 × 10–11

β6 (ps6/m) 1.99 × 10–11 2.18 × 10–11 1.21 × 10–11

β7 (ps7/m) 7.09 × 10–14 8.07 × 10–14 − 2.72 × 10–13

β8 (ps8/m) − 3.65 × 10–15 − 7.20 × 10–15 − 3.94 × 10–15

β9 (ps9/m) − 2.79 × 10–17 2.40 × 10–17 1.25 × 10–16

β10 (ps10/m) 1.01 × 10–18 2.53 × 10–18 4.54 × 10–19

β11 (ps11/m) 7.54 × 10–21 − 3.09 × 10–20 − 4.35 × 10–20
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Fig. 11   The spectral intensity of SCG with 40 fs duration, 1 cm fiber length, and different peak power in the 
range of 0.075–0.45 kW: a #CBF1: the pulse has central wavelength 1.064 µm, b #SBF2, and c #HBF3 the 
pulses have a central wavelength of 1.3 µm

Table 3   The SCG spectral broadening range compared with those previously published in the all-normal 
dispersion regime

Ref. Liquid λp (μm) P (kW) Fiber length 
(cm)

SCG range (μm)

This work #CBF1 1.064 0.45 1 0.66–1.53
This work #SBF2 1.3 0.45 1 0.71–1.76
This work #HBF3 1.3 0.45 1 0.71–1.82
Fanjoux et al. (2017) C7H8 0.532 11.11 60 0.55–0.87
Churin et al. (2013) CS2 1.91 14.17 16 1.79–2.4
Hoang et al. (2018) C7H8 1.03 25.00 10 0.95–1.1
Dinh et al. (2018) CCl4 1.064 2.67 30 0.95–1.15
Hoang et al. (2019) CCl4 1.03 62.50 20 0.85–1.25
Lanh et al. (2019) CHCl3 1.03 2.50 20 0.6–1.26
Van et al. (2017) C7H8 1.55 7.14 5 1.1–1.75
Lanh et al. (2022) C6H5NO2 1.15 0.11 5 0.72–1.7
Lanh et al. (2022) C6H5NO2 1.23 0.11 5 0.74–1.77
Lanh et al. (2022) C6H5NO2 1.55 0.11 5 0.83–2.36
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fibers (Lanh et al. 2019; Hoang et al. 2019) but the spectrum only extends from 0.15 
to 0.66  µm (Hoang et  al. 2018; Lanh et  al. 2019). With the use of low peak power 
(P = 0.11 kW), the SCG spectral bandwidth for the fibers in the publication (Lanh et al. 
2022) is not too much larger than in this work (except for square lattice PCF). This is 
because the nonlinear refractive index of nitrobenzene is larger than that of benzene. 
However, we choose benzene as the liquid to infiltrate the core of PCFs due to its prev-
alence and less toxicity. In addition, the fiber sample length used herein is only 1 cm, 
which is 5 times shorter than those in Lanh et al. (2022), thus the cost can be reduced 
and the propagation loss can be considered negligible (Van et al. 2017).

Figure 12 presents the spectral broadening according to different values of the input 
peak power. We can see that, as the input peak power increases (or decreases), spectral 
broadening also increases (or decreases). In Table 4, we calculated the corresponding 
spectral widths for different input peak power values. At 0.45 kW peak power, #CBF1, 
#SBF2, and #HBF3 have spectral widths of 0.786, 0.897, and 0.977 µm, respectively.

From the above results, it is shown that although #HBF3 fiber has a larger effective 
mode area and attenuation than #CBF1, #SBF2 fibers, its dispersion curve is flattest 
and is close to the zero-dispersion curve compared to the dispersion curves of #CBF1, 
#SBF2 in the wavelength region 0.8–2.0 µm. These are the most important character-
istics that determine the effectiveness of the SCG of #HBF3. Thus, optimizing the dis-
persion characteristic is the most important for SCG (Zhang et  al. 2010; Van et  al. 
2017, 2020; Hoang et al. 2018; Hoang et al. 2019; Lanh et al. 2019; Dinh et al. 2018).

Fig. 12   Spectral bandwidth 
versus different peak power

Table 4   The spectral widths 
corresponding with peak power

P (kW) #CBF1 #SBF2 #HBF3

0.075 310 336 356
0.15 491 546 595
0.225 584 695 775
0.3 664 776 858
0.375 731 844 926
0.45 786 897 977
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4 � Conclusions

In the paper, the geometrical parameters of the BC-PCFs are optimized to obtain 
three structures with all-normal dispersive characteristics. The suggestive BC-PCFs 
have a coefficient of the high effective nonlinearity of 7447  W−1  km−1 at 1.064  µm, 
5391 W−1 km−1, and 5255 W−1 km−1 at 1.3 µm, for #CBF1, #SBF2, and #HBF3, respec-
tively. The structured parameters of BC-PCFs have demonstrated the efficiency of high 
coupling between the fibers of the standard femtosecond and the highly nonlinear fiber. 
In our work, the SCG obtained high coherence with shorter fiber segments, only 1 cm, 
with a peak power of 0.45 kW and 40 fs pulse duration. The spectrum widths of #CBF1, 
#SBF2, and #HBF3 are in the range of 0.66–1.53, 0.71–1.76, and 0.71–1.82 µm, respec-
tively. The SCG in all proposed PCFs is very suitable for standard femtosecond fiber 
lasers.

The structure is optimized to be compatible with a source of a priorate femtosecond 
laser, i.e., the low strict and attenuation dispersion for the wavelength of the centered 
pump. The #CBF1 is optimized for sources operating at 1.064 µm, while the #SBF2 and 
#HBF3 operate at the 1.3 µm wavelength of the pumped sources. The non-linear processes 
occurring in the SCG in conventional systems are the same as those in several previous 
(Van et  al. 2017, 2020; Hoang et  al. 2018; Tan 1998; Lanh et  al. 2022; Agrawal 2012; 
Fanjoux et al. 2017; Churin et al. 2013; Dinh et al. 2018). In our research, PCFs with HL 
have been proven to be the most effective for SCG applications. All of the studied fibers 
are good candidates for alternative all-fiber supercontinuum sources for glass-core fibers. It 
should be noted that all-fiber systems are strong, shock-proof, and neither includes an axis 
adjustable process nor an added pulse compressor.
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