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Abstract We numerically investigate the near-zero flat dispersion supercontinuum generation (SCG) in
hollow-core square photonic crystal fibers (PCFs) with benzene-core (C6H6). Different air hole sizes in the
rings result in a structure that simultaneously optimizes fiber properties. A unique combination between
low all-normal dispersion and high nonlinearity enables low-noise SC covering 0.72–1.76 µm. This requires
0.45 kW of peak power realized by ultrafast standard erbium-fiber laser with 40 fs pulse duration. PCF
with an anomalous dispersion enables SCG to cover the spectral range of 0.8–3.95 µm at 1.55 µm when
pumped by power pulses less than 0.55 kW. This is a much lower input power level than previously for SCG
with bandwidths greater than one octave in liquid-core structures. Our results show that liquid-core fibers
are a promising method to scale the SC spectrum with pump lasers with limited peak power per pulse.
Such fibers are often used in frequency measurement, optical communication, and high-speed nonlinear
imaging.

1 Introduction

Research fields associated with photonic crystal fiber
(PCF) technology are thriving to revolutionize nonlin-
ear devices by replacing optical fibers shortly. Although
performing very well in telecommunications and non-
telecommunication applications, classical optical fibers
often have harsh rules regarding their geometry that
cause light to transmit over small distances [1]. PCF
introduces a new way to trap light with great flexibil-
ity in varying design parameters to adjust fiber opti-
cal characteristics such as nonlinearity, numerical aper-
ture, dispersion, effective mode area, transmission con-
stant, etc. This special property of PCF has under-
pinned many recent advances in fiber sensing, supercon-
tinuum generation (SCG), laser technology, and fiber
amplification [2, 3]. Among them, the phenomenon of
SCG occurs due to the combination of managed disper-
sion and promoted nonlinearity and has led to many
studies due to the variety of this type of application
[3–5]. In this context, the behavior of the flat disper-
sion fiber becomes an important requirement. The flat-
ter and near-zero the dispersion, the more effective the
SCG [6].

a e-mail: letranbaotran212@gmail.com
b e-mail: chuvanlanh@vinhuni.edu.vn (corresponding

author)

It is worth noting that the reduced effective mode
area of mode propagating in PCF increases the Kerr
nonlinear effect compared to standard fiber. This is
based on the relationship [6]:

γ = 2πn2/γAeff. (1)

Up to now, there are various techniques by which effec-
tive mode area, as well as other characteristics of PCF,
can be designed and modified for a particular applica-
tion. Most of proposed techniques are based on chang-
ing the shape of the fiber, i.e., the diameter of air
holes, the hole-to-hole distance, and the number and
geometric distribution of the air holes around the core
[7–9]. Excellent controllability in chromatic dispersion,
single-mode wavelength range, nonlinearity coefficient,
attenuation, and effective mode area has been studied
numerically for the past 10 years and introduced in
individual works [8–11]. PCFs reported in the following
years [12–14] significantly improved when all their char-
acteristics were investigated, but the authors have not
yet applied the results obtained to the SCG. Recently,
pulse compression and SCG have been obtained using
hexagonal PCFs in different wavelength regimes in
the near- and mid-infrared bands. Although the good
potential of the hexagonal lattice has been confirmed
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in several papers [3, 15] due to the strong enhance-
ment of nonlinearity, especially the near-zero flat dis-
persion curve than other types of lattice, the spectral
flatness, in this case, is not good. Meanwhile, square lat-
tice PCF both exhibits sufficient flat and negative dis-
persion coefficients and can also minimize the total loss
during propagation [12]. It can also be useful if applied
as a pigtail fiber of an integrated optical device with
a square or rectangular cross-section [16]. Additionally,
square PCF also helps scientists to achieve high bire-
fringence [16], wide single-mode active region [17], dis-
persion compensation [16], and high nonlinearity [12]
with all group velocity dispersion for SCG light source
design.

According to formula (1), another method to achieve
large nonlinear parameters in optical fiber is to choose
materials with a large nonlinear coefficient (n2). In
this approach, one fills the hollow fiber with selec-
tive liquid to form a liquid-core photonic fiber. These
organic solvents are transparent in the visible and
near-infrared (NIR) ranges; hence, stimulated Raman
scattering and broadband SCG are easily observed
with small input power or low energy pulses [7, 15,
18–22]. Compared with silica (SiO2), the nonlinear liq-
uid exhibits a much higher nonlinear refractive index,
one of which is comparable to that of a solid core fiber
from soft glass. The use of soft glass fibers such as sil-
icate, tellurite, and chalcogenide glass provides many
wide-bandwidth transmission windows into the mid-
infrared (MIR) range, and the generation of SC is sig-
nificantly shorter in length. However, these glasses suf-
fer from mechanical limitations, laser power handling,
dispersion slope in NIR, incompatibility with SiO2 for
fusion splicing, and often require complex sources of
laser systems [23, 24]. In contrast, the form of infiltra-
tion into the PCF core with liquids leading to addi-
tional degrees of freedom overcomes these limitations
and enhances the range of possible applications [25].

Along with the requirements set on the nonlin-
ear refractive index, there is also interest in whether
selected liquids are environmentally friendly. Generally,
fluids with higher nonlinear refractive index are more
toxic, such as carbon disulfide (CS2) [21]. For this rea-
son, other liquids (toluene, nitrobenzene, benzene, car-
bon tetrachloride, or chloroform) are preferred for prac-
tical applications. Benzene (C6H6) is one of the most
interesting options herein as it is less toxic when com-
pared to CS2 and is widely used to make some types of
rubbers, adhesives, dyes, cleaning products, pesticides,
and gasoline. Nonlinear refractive index n2 = 168 ×
10–20 m2/W at 1.064 µm wavelength is 60 times greater
than SiO2. This value is comparable to the nonlinear-
ity of nitrobenzene and toluene and is much greater
than the one of chloroform and carbon tetrachloride.
Another advantage of the C6H6 is that the 0.5 µm
to 1.4 µm wide transparent window allows free soliton
displacement, self-phase modulation (SPM), and opti-
cal wave breaking (OWB) without attenuating some
parts of the spectrum [15, 26]. Recently, Lanh et al.
[15] demonstrated that an SC broader than two octaves
(4:1) can be efficiently induced in C6H6-core PCFs with

a fiber length shorter than 1 cm based on an energy
femtosecond pulse ≤ 2nJ. However, an economic trade-
off exists, namely that the input peak power (ratio
of pulse energy to pulse width) is quite high and the
spectral range is still limited. In addition, investigated
PCFs have air holes with the same diameter arranged
in a regular pattern throughout the micro-structured
cladding. We required different air hole diameters to
realize ultra-flat dispersion, small loss, and high non-
linear coefficient over a long-wavelength window [27].
Indeed, C6H6-PCFs with different lattice types have
been designed with heterogeneous air hole rings opti-
mized for simultaneous dispersion and loss characteris-
tics for broad SCG [28]. They achieve SC bandwidths of
0.786 µm, 0.897 µm, and 0.977 µm for circular, square,
and hexagonal lattices, respectively, with 0.11 kW low
pump power and 40 fs pulse width. It is worth men-
tioning that the above publication only compares the
SC spectrum in the all-normal dispersion (ANDi SCG),
where SCG process is mainly controlled by the SPM
and OWB. One reason for this is that the coherence
of SC generated is very high. However, the superior
coherence obtained at the expense of narrow spectral
bandwidth and large peak power is the main disad-
vantage of ANDi SCG. The emergence of new optical
pulses generated from elementary soliton fission when
pumping in an anomalous dispersion regime harms the
SC coherence. Notwithstanding, the spectrum width, in
this case, is extremely wide beyond the limits of ANDi
SCG [21].

In this work, we investigate for the first time the
simultaneous SCG in both dispersion regimes in the
SiO2-based PCF with a square lattice. The fiber core
is filled with C6H6 thanks to a pump system. Our fiber
design has achieved the following improvements:

1. Near-zero flat dispersion with a small effective
mode area and high nonlinearity over a wide range
of the wavelength.

2. SC shows a large expansion while the peak power
is very low and the propagation length is short.

All the numerical studies reported in this paper are as
follows: First, we briefly describe the simulation method
and set relevant parameters of the proposed structure.
The strategy of optimizing optical characteristics based
on adjusting the air hole diameters arranged around the
core is mentioned shortly afterward. The next section
presents the theory of the SCG model and analyzes
the effect of different pulse parameters on SCG per-
formance. SC spans two octaves and the flat profile is
finally proved when all factors are considered.

2 Basic theory and equations

By finite-element method (FEM) with an anisotropic
perfectly matched layer, we obtain the effective mode
area, dispersion coefficient, and nonlinear coefficient. In
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PCF, changing the lattice constant and air hole diam-
eter can significantly vary all optical parameters, but
the physical realization remains a real challenge. The
background material is SiO2, whose refractive index is
determined using Sellmeier equation [29, 30]:

n2
SiO2

(λ) =1 +
0.6694226λ2

λ2 − 4.4801 × 10−3

+
0.4345839λ2

λ2 − 1.3285 × 10−2

+
0.8716947λ2

λ2 − 95.341482
, (2)

where λ is the wavelength and n is the refractive index
of the material. The effective index is given as:

neff = λβ/2π, (3)

where β is the propagation constant. Chromatic dis-
persion plays a major key because of which the propa-
gating pulse broadens along the fiber length. It is the
combination of waveguide dispersion (Dw) and mate-
rial dispersion (Dm) and is given by the relationship of
[17]:

D(λ) = Dm(λ) + Dw(λ)

= −(λ/c) × (
∂2Re[neff]/∂λ2

)
, (4)

where Re[neff] is the real part of the modal refractive
index.

Technically, the production of white light by high-
intensity pulses is called SC. This process has the
contribution of SPM, cross-phase modulation (XPM),
OWB, stimulated Raman scattering, and four-wave
mixing (FWM), etc. [31]. Depending on optical proper-
ties such as fiber nonlinearity, center wavelength, pulse
width, and peak power of the laser sources, the disper-
sion characteristics govern physical processes. Optical
solitons dominate in the femtosecond range. The non-
linear Schrödinger equation (NLSE) describes the light
wave propagation through a medium given by [32]:

∂

∂z
A(z, T ) =− α

2
A(z, T ) +

∑

n≥2

βn
in+1

n!

∂n

∂tn
A(z, T )

+ iγ

(
1 +

i

ω0

∂

∂T

) +∞∫

−∞
R(T ′)

∣∣A(z, T − T ′)
∣∣2dT ′,

(5)

where A(z, T ) is the electric field envelop, α represents
the attenuation, and βn is the nth-order dispersion at
center frequency ω0. R(T ) is the Raman response func-
tion defined as [32]:

R(t) = (1 − fr)δ(T ) + frhr(T ), (6)

and

hr(T ) =
((

τ2
1 + τ2

2

)
/
(
τ1τ

2
2

))
. (7)

This equation is solved using a simple and exact split-
step Fourier transform method. A hyperbolic secant
pulse is used for the SCG simulations [32]:

A(z, T ) =
√

P0sech(T/T0), (8)

where P0 is the peak power and T 0 is the width of
the input pulse. SCG is initially dominated by modu-
lation instability (MI) and then by SPM in ultrashort
pulses, giving rise to soliton dynamics in the anoma-
lous dispersion regime. The process of decaying a pulse
of sufficient peak power into subpulses is called soliton
fission [6]. The soliton order N is determined by N 2 =
LD/LNL, where LD is the dispersive length and LNL is
the nonlinear length.

3 Design of C6H6-core PCF structure

Figure 1a shows a PCF with eight rings of air holes
arranged in a square lattice. The distance between two
centers of adjacent air holes is called the lattice constant
(

V
). If the air hole diameters d of the outer rings is fixed

and the diameter of air hole in the first ring near the
center is changed, the air filling ratio d1/

V

will be dif-
ferent. Here we also consider filling the central hollow
core with highly nonlinear refractive index C6H6 and
the advantages shown in the previous section. This is
experimentally possible thanks to a laser writing tech-
nique that integrates a microfluidic pumping system to
fill the core with liquid [31, 33]. The light is well con-
fined in the C6H6 core and the diameter of the core is
given by the equation Dcore = 2

V− 1.1d1 to ensure
coupling efficiency with standard fibers (Fig. 1b).

In contrast to the SiO2 substrate, the linear refractive
index of C6H6 is calculated using the Cauchy equation
(Eq. 9). From the plot of the real component of the
refractive indices of C6H6 and SiO2 in Fig. 2, we can
conclude that the C6H6-PCF behaves like conventional
optical fibers because the refractive index of C6H6 is
always higher than SiO2. On the other hand, the value
of the imaginary part of the linear refractive index k
was also experimentally measured using the sample in
a standard 1 cm cuvette as shown in Fig. 3 [15]:

n2
C6H6

(λ) = 2.170184597 + 0.00593990λ2

+
0.023034640

λ2
+

0.000499485
λ4

+
0.000178796

λ6
. (9)
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Fig. 1 a The geometrical structure and b intensity distribution of C6H6-core PCF with a square lattice

Fig. 2 The real part of the refractive index of SiO2 and
C6H6

Fig. 3 The imaginary part of the linear refractive index k
of C6H6

4 Simulation results of C6H6-PCF
and discussion

4.1 Characteristics of chromatic dispersion,
effective mode area, and nonlinear coefficients
of the proposed structure

Figure 4a–c shows the chromatic dispersion, effective
area, and nonlinear coefficient respectively for the pro-
posed PCFs. In this case, only two optimal fibers with
near-zero flat dispersion are chosen, with their parame-
ters specifically noted in the figure. The first structure,
#F1, exhibits all-normal dispersion from the part of
the visible to NIR wavelength region and is pumped at
1.3 µm; its dispersion is − 20 ps nm−1 km−1. Struc-
ture #F2 has a ZDW at about 1.549 µm with a posi-
tive dispersion profile. The dispersion value is equal to
0.03 ps nm−1 km−1 at 1.55 µm wavelength of the input
pulse (λp). It can be observed that the Aeff curve of the
fiber increases with increasing wavelength. Due to its
larger core diameter (Dcore = 4.175 µm), the effective
mode area of #F2 fiber is larger than that of #F1 at
all wavelengths. The nonlinear coefficients of the PCF
have opposite trends. It is inversely proportional to Aeff

according to Eq. (1) and thus decreases with increas-
ing wavelength. The larger the effective mode area, the
weaker the nonlinear effects. As a result, the small-core
#F1 fiber (Dcore = 1.285 µm) has more nonlinearity
than #F2. A high nonlinear PCF is most desirable for
SCG with low input energies. At 1.3 µm, the nonlin-
ear coefficient of #F1 is equal to 5390 W−1·km−1. The
figure for #F2 is 859.79 W−1 km−1 at 1.55 µm. The Aeff

values of the two fibers are 1.84 µm2 and 11.54 µm2,
respectively. Clearly, the nonlinearity is enhanced by
falling the core diameter to decrease the effective area
and increase n2 of the material.

Table 1 lists the dispersion, effective mode area, non-
linear coefficients, lattice constant, filling factor, and
core diameter used in PCF design. The PCF structure
in the reference [34] complicates the design process, dif-
ferent diameters in the first three rings from the core
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Fig. 4 Characteristics of the fundamental mode for the proposed PCFs. a Chromatic dispersion, b effective mode area,
and c nonlinear coefficient

are required to achieve near-zero ultra-flat dispersion.
The PCF [34] shows a smaller dispersion compared to
PCF proposed, but it is very difficult to generate exper-
imentally. Moreover, compared with the PCFs in [7,
18, 20], our PCFs exhibit flatter chromatic dispersion
variation, smaller effective mode area, and higher non-
linearity. Note that SCG efficiency is not high for low
nonlinear PCFs [6].

4.2 Detailed analysis of dispersion characteristics
for obtaining optimum structures

As mentioned earlier, PCF properties such as disper-
sion, effective mode area, and nonlinear coefficients
can be approximated as the cross-section of the fiber
becomes a Yee’s lattice structure. For points lying on
the surface between two media, an index averaging tech-
nique is used for the cells across the interface. This is
a change in optical fiber properties due to structural

parameters that vary very slightly depending on fab-
rication. Stack-and-draw fiber method has an error of
about 50 nm; thus, this is perfectly suitable for PCF
fabrication [35]. For this reason, we did not use opti-
mization algorithms, e.g., genetic algorithms or parti-
cle swarm optimization. Optimization algorithms yield
structures with better optical properties. However, it
requires more simulation time. A simpler method was
applied based on the optimization of dispersion charac-
teristics. First, a lattice constant Λ = 1.0 µm is chosen
to maintain a small-core diameter of the fiber. Next,
vary the value of d1/Λ between 0.3 and 0.8 in steps of
0.05 and examine the dispersion curve. From Fig. 5a,
we can see that changing the filling factor dramatically
changes the dispersion position. A diversity of disper-
sion properties, including normal and anomalous states
along with the existence of zero dispersion wavelengths,
is found due to the dominance of waveguide dispersion
[18]. In this way, we can obtain suitable dispersion pro-
files for generating coherent and non-coherent SC with
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Table 1 Optical characteristics of the proposed PCFs and other flattened dispersion structures

PCFs D (ps·nm−1·km−1) Aeff (µm2) γ (W−1 km−1) λp (µm) Design parameters

V

(µm) d1/

V

Dcore (µm)

Ref [7] 7.6 4.48 440 0.92 2.0 0.65 2.57

Ref [18] 1.52 10.497 889.839 1.56 2.5 0.3 4.46

Ref [20] − 31.8 1.38 2220 1.15 1.0 0.65 1.285

Ref [34] − 2.249 9.9394 45.15 2.8 1.8 0.45 2.72

#F1 − 20 1.84 5390 1.3 1.0 0.65 1.285

#F2 0.03 11.54 859.79 1.55 2.5 0.3 4.175

Fig. 5 Dispersion characteristics of the C6H6-filled PCFs for d1/Λ = 0.3 ÷ 0.8 and various lattice constants. a

V

= 1.0 µm,
b

V

= 1.5 µm, c

V

= 2.0 µm, and d

V

= 2.5 µm

standard fiber femtosecond lasers. Then, change Λ and
d1/Λ to reach the anomalous dispersion, as shown in
Fig. 5b–d. Increasing the PCF Λ changes the dispersion
regime and decreases the slope of the D curves. In par-
ticular, all PCFs with Λ > 1.5 µm exhibited anomalous
dispersion at wavelengths greater than 1 µm, and they
possess ZDW. Varying d1/Λ and keeping the d/Λ value

constant have a large impact on the dispersion charac-
teristic. Observing the dispersion curve in Fig. 5, we
choose parameters that correspond to a flat, near-zero
dispersion curve to generate an ultra-wideband SC. A
fiber withΛ = 1.0 µm and d1/Λ = 0.65 is a good candi-
date for all-normal dispersion, as its peak is asymptotic
to the zero dispersion curve. For the anomalous disper-
sion, we compare three curves that satisfy the above
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Fig. 6 Comparison of the PCFs with near-zero flat anoma-
lous dispersion

conditions (Fig. 6). The dispersion curve of the fiber
with Λ = 2.5 µm, d1/Λ = 0.3 is flatter and closer to zero
dispersion than the others. Additionally, this fiber has
a ZDW at 1.547 µm, very close to the pump wavelength
chosen in the third transmission window (1.55 µm) to
minimize losses. These are two fibers #F1 and #F2

suggested earlier. Based on this, we further analyze the
optical properties of the selected structures and calcu-
late the values at the corresponding pump wavelengths.
The results in Table 1 highlight our design by opti-
mizing the dispersion characteristic when adjusting the
diameter of the first air hole round, at the same time
reducing the effective mode area after keeping the filling
factor in the remaining rings up to the maximum value
[27]. The publications [15, 16, 20, 21] use PCFs with
the same air hole diameter parameter. Therefore, only
the dispersion can be optimized, but not the effective
mode area. This limits the nonlinearity of the PCFs.

5 SCG in optimized PCFs

For the SCG of the proposed fibers, we chose a commer-
cially available erbium-fiber laser with the parameters
of 1.3 µm, 40 fs for #F2, and 1.55 µm and 95 fs for
#F2. SCG is reproduced at different peak input pow-
ers (P0) when the fiber length is short, e. g 1 cm and
15 cm, to reduce costs and ignore loss. This has been
mentioned in several publications [18, 20, 28].

The spectrum evolution for fiber #F1 with input
power set in the range 0.075 to 0.45 kW is shown in
Fig. 7. It is known that in the all-normal dispersion
regime, SPM and OWB play a dominant role in SC
spectral broadening. At low input power (0.075 kW),
only SMP processes are present, hence the spectral
broadening achieved is very limited. There exist many
peaks of the spectrum caused by SPM, with the extreme
peaks being the strongest. When the peak power

increases (above 0.075 kW), the spectral broadening
is influenced by the SPM at the beginning of propa-
gation, after which the OWB appears at 0.9 µm wave-
length when P0 = 0.225 kW. As further increases the
input power, this effect occurs at shorter wavelengths
via FWM [24, 31]. The SC spectrum broadens over the
wavelength range 0.72–1.76 µm (Fig. 7a).

Figure 7b, c shows continuous pulse expansion in the
time domain. When P0 > 0.075 kW, the SPM near the
center wavelength produces an initial spectral growth.
Then the onset of OWB broadens the spectrum of
the wing significantly (Fig. 7b). The SPM-induced new
short wavelength at the trailing edge is influenced by
dispersion and travels slower at the center of the pulse
than the pulse. The optical asymmetry that occurs in
the shortwave range is based on self-steepening [36].
The OWB occurring at the trailing edge generates a
new wavelength of about 0.72 µm after 0.37 cm propa-
gation distance. The large dispersion slope at the pulse
top limits spectral expansion at this edge during fur-
ther propagating. This inhibits the wide effective modal
range and high loss over the long wavelengths of 5 dB.
Figure 7c depicts the temporal profile at various posi-
tions of the propagation length, respectively, with the
spectrum growing along the fiber. The increase of input
power causes the delay time between different frequen-
cies to occur earlier at shorter propagation.

In addition to SPM and FWM, soliton fission (SF),
and soliton self-frequency shift (SSFS), dispersive waves
(DW) are also involved in spectral shaping in the
anomalous regime of the dispersion. Using a 95 fs
pulse launched into a 15 cm #F2 fiber, we obtain an
ultra-broadband SC covering wavelengths from 0.8 to
3.95 µm at an input pulse value of 0.537 kW. The low
material transmittance of C6H6 leads to a large abso-
lute value of dispersion at short wavelength. At long
wavelengths, the nonlinear coefficient is small. There-
fore, the SC spectral structure changes with increasing
pump peak power; however, the spectral bandwidth is
assumed constant when the input peak power exceeds
0.116 kW. Besides, as shown in Fig. 8a, the complex
temporal structure of pulses with very poor coherence
properties sacrifices spectral bandwidth advantage.

Noise amplification is normally known as an active
means of generating broadband spectra over an octave
under pumping from a relatively simple laser. Mod-
ulation instability-induced noise would be declined if
pumping in the normal and near-zero anomalous dis-
persion regions. Interestingly, SPM still predominates
early in propagation. It undergoes normal dispersion
conditions before SF occurs. SF already started appear-
ing after 5 cm with the help of FWM, emitting a
series of elementary solitons [37] under the influence
of small perturbations. By increasing the pump power
to its maximum value of 0.537 kW, a new wavelength
band is created at the trailing edge under the large
effect of the DW. Due to the dramatic optical propaga-
tion, SSFS shifts the fundamental soliton to the long-
wavelength region. Thus, the spectrum is broaden sig-
nificantly toward red light (Fig. 8b). For the time delay
between different frequencies, it occurs earlier when
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Fig. 7 a The output SC with various input powers in 1 cm #F1 fiber, b the spectrum evolution, and c the temporal profile
at different propagation lengths

the input pulse energy increases. Because of the differ-
ence in group velocity components, these values become
larger with longer distances (Fig. 8c).

Based on a flexible combination of PCF design and
careful selection of highly nonlinear liquids, dispersion
and nonlinear properties of PCF are improved for broad
and coherent SCG. The obtained broad SC spectrum
in comparison with some previous publications is pre-
sented in Table 2. C6H6-PCFs in this work enable a
broader SC spectrum with low peak power although
n2 of C6H6 is lower compared with carbon disulfide
and is equivalent to nitrobenzene and toluene [18, 20].
With the same liquid-filled, the work [15] showed that
the generated SC spectra were very broad of 1.3 µm
for optimal fiber with all-normal dispersion, but the
peak power was very high, at 55 kW. Similarly, with the
high peak power, even 38 times higher than that used
for #F1 fiber, the publication [38] whose SC spectrum
extends only 1.2 µm. Further, other publications [7, 18,
39] demonstrated the SCG ability of fibers with higher
peak power than our fibers, but the SC spectrum width

is only equivalent to that of #F1 fiber. For an anoma-
lous dispersion regime, the work [15] presented a very
broad SC spectrum up to 2.9 µm but with peak power
as large as 18.5 kW, more than 34 times the power used
for #F2 fiber. Although the peak power used for #F1

and #F2 fibers is equivalent to that of [18], their SC
spectrum is broader.

6 Conclusion

Numerical modeling for SCG in square lattice C6H6-
core PCFs is analyzed in detail with the support of
NLSE. By adjusting the diameter of the first air hole
ring, the PCF characteristics are simultaneously opti-
mized for the small effective mode area, high nonlin-
earity, and flat near-zero dispersion. The influence of
pump source parameters on the SC bandwidth was also
considered. Simulations show that a smooth SC with a
bandwidth of 1.04 µm can be successfully obtained for a
1 cm long #F1 fiber at a peak input power of 0.45 kW.
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Fig. 8 a The output SC with various input powers in 15 cm #F2 fiber, b the spectrum evolution, and c the temporal
profile at different propagation lengths

Table 2 The spectral broadening of selected PCFs compared to other liquid-core PCFs

# References T 0 (fs) P0 (kW) λp (µm) Fiber length (cm) Spectral width (µm) Regime

CHCl3 [7] 400 2.5 1.03 10 0.66 All-normal

CHCl3 [7] 400 2 1.03 10 0.8 Anomalous

C6H6 [15] 90 55 1.56 1 1.3 All-normal

C6H6 [15] 90 18.5 1.56 1 2.9 Anomalous

C7H8 [18] 40 0.45 1.064 1 0.95 All-normal

C7H8 [18] 90 0.556 1.55 10 1.585 Anomalous

C2Cl4 [38] 90 16.67 1.56 5 1.2 All-normal

C2Cl4 [38] 90 5 1.56 10 1.0 Anomalous

CCl4 [39] 400 2.67 1.064 30 0.2 All-normal

C6H5NO2 [40] 90 5.55 1.56 5 1.3 All-normal

C6H5NO2 [40] 90 0.66 1.56 5 1.0 Anomalous

#F1 This study 40 0.45 1.3 1 1.04 All-normal

#F2 This study 95 0.537 1.55 15 3.15 Anomalous
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SCG in #F2 fiber covers more than two octaves (0.8
to 3.95 µm) at 15 cm length. Therefore, #F2 fiber is
very useful for a wide-bandwidth spectrum, while #F1

has been proven suitable for several high pulse-to-pulse
coherence applications. On the other hand, C6H6 also
shows its advantage in maximizing spectral broadening
and reducing peak input power. The proposed fiber-
based low-cost compact all-fiber SC system is expected
to be further extended in future commercial applica-
tions.
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