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Abstract We emphasize the advantage of varying the

filling factor d1/K in the first cladding ring of toluene-core

PCFs with circle lattice in enhancing the fiber nonlinearity.

The guiding characteristic of the fiber such as the disper-

sion, nonlinear coefficients, and attenuation of the funda-

mental mode is studied numerically. Based on the

simulation results, two optimal PCFs are selected and

investigated in detail for the spectrally broad supercontin-

uum (SC) generation with low input energy. The first PCF

with a lattice constant (K) of 1.0 lm and filling factor (d1/

K) of 0.7 has the all-normal dispersion in the wavelength

range of 0.7–2.0 lm. When the 1-cm-long fiber samples

are pumped at 1.064 lm, the generated SC spectra span

from the visible to near-infrared regions (0.642–1.592 lm),

with the low pulse energy of 0.018 nJ. Meanwhile, the

second PCF (K = 2.5 lm, d1/K = 0.3) allows for SC in the

anomalous dispersion regime in the range 0.911–2.496 lm
with pulse energy of 0.05 nJ when the pulse has a central

wavelength of 1.55 lm propagating within 10 cm of the

fiber samples. The proposed design could be a new class of

microstructure optical fiber for the broad spectrum SC

generation.
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Introduction

SC generation is a complex nonlinear phenomenon where

laser light is converted to light with an intense ultra-

broadband through a strongly nonlinear device [1–4].

Photonic crystal fibers (PCFs) have two properties that

make them an excellent medium for generating SC: cus-

tomizable dispersion and strong-mode confinement. That

can allow a strong nonlinear interaction over a significant

length of the fiber [5–7]. Many publications with some

common solutions have presented ways to design PCFs to

enhance their nonlinear properties as variation of the geo-

metrical parameters of the lattice [8–13] and using liquids

to infiltrate into the air hole or the core of the PCFs.

In recent years, SC generation in liquid-core PCFs has

been extensively studied due to the outstanding advantages

of liquids such as high nonlinear and tunable properties.

The enhancement of nonlinearity properties in liquid-core

PCFs makes the SC spectral broader with a lower energy of

pump pulses and shorter fiber length. Moreover, the flat

dispersion profile, high nonlinear coefficient, and low

attenuation of PCF are also very important keys for gen-

erating the flatter, and smoother SC spectrum with the

same laser parameters. Many different liquids have been

used to fill the air holes or hollow cores of PCF such as

chloroform [14–18], carbon disulfide [18–20], carbon

tetrachloride [21–25], tetrachloroethylene [26], nitroben-

zene [27, 28], benzene [29, 30], ethanol [31], methanol

[32], isopropanol [33], water, and oil, etc., [34–40] which

can effectively control the dispersion characteristics, non-

linear coefficient, and attenuation of the fundamental

mode. At the same time, by varying the core diameter (Dc),

the lattice constant (K), and the filling factor (d/K) of the
lattice, the liquid-core PCFs can be controlled to obtain all-

normal and anomalous dispersion characteristics.
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Typically, the soliton fission and modulation instability

based on the controlled anomalous and all-normal disper-

sion properties in PCFs are two common mechanisms to

achieve SC generation. Soliton fission will prevail in the

anomalous dispersion regime, i.e. the PCF exists zero

wavelength dispersion (ZDW). A board SC spectrum can

be generated with low input power but still noise due to the

sensitivity of the solution to pump pulse vibrations, while

the modulation instability through the self-phase modula-

tion (SPM) and optical wave-breaking (OWB) takes to

control the SC generation process with PCF having all-

normal dispersion characteristic. The phase coherence of

the generated SC pulses can be very high, even under

conditions of strong spectral broadening, but the input

energy must be high [5, 41–46]. In many works, thanks to

skillful adjustment of lattice parameters such as Dc, K, and
d/K, the SC spectrum expansion from the visible to near-

infrared regions in all-normal dispersion [15, 24, 28],

anomalous dispersion [14, 19, 23] or both all-normal and

anomalous dispersion regime [16, 22, 26, 27] with the same

type liquid that infiltrates the PCFs, is announced theoret-

ically as well as experimentally.

Because toluene (C7H8) has a high nonlinear refractive

index, relatively low attenuation concerning the other

nonlinear liquids [47], and low toxicity, it has been also

chosen as an excellent liquid to infiltrate the PCF is used

for SC generation. The nonlinear refractive index of C7H8

is n2 = 16 9 10-19 m2�W-1 at the wavelength of

1.064 lm. It is 60 times higher compared to silica

(n2 = 2.74 9 10-2 m2�W-1) [48]. SC generation in the

visible range with a toluene-filled core PCF was shown by

Fanjoux et al. [49]. It operates in the strong normal dis-

persion regime, but the input pulse energy was high

(200 nJ); the SC spectrum extended from 0.55 to 0.87 lm
with a pump wavelength of 0.532 lm. Hoang et al. [50]

measured SC generation in all-normal dispersion of PCFs

with large hollow cores infiltrated with toluene, the broad

spectrum covers a wavelength range of 0.95–1.10 lm for

the 10 nJ incident pulse energy, and the nonlinear coeffi-

cient of 130 W-1�km-1 was obtained at 1.03 lm. SC with

both all-normal and anomalous dispersion has generated

over the range of 1.0–1.7 lm, reported by Lanh et al. [51];

however, in this case, the confinement losses in the con-

sidered structures are as high as 0.4 dB/cm. Besides,

toluene-filled photonic crystal fiber with flat dispersion and

low confinement loss for designing a refractive index

sensor was performed by Sharma et al. [52]. Qui et al. [53]

and Yashar et al. [54] also introduced an all-solid cladding

dual-core PCF filled with toluene which is proposed for

temperature sensing.

Although the role of toluene in improving the dispersion

characteristics of PCF has been mentioned, the simulta-

neous optimization of three characteristic quantities such as

dispersion characteristic, nonlinear coefficients, and atten-

uation for SC generation has not been surveyed. In this

paper, we proposed the new PCF filled with toluene by

adjusting the filling factor d1/K in the first cladding ring

with circle lattice in enhancing the fiber nonlinearity. First,

the nonlinear characteristic is numerically investigated to

find the optimal structures with flat dispersion, high non-

linear coefficients, and low attenuation. Second, the spec-

tral width over 1.0 lm with a rather small input pulse

energy of SC generation with two selected structures in all-

normal and anomalous dispersion regime are analyzed in

detail. We choose the circular lattices PCF structure

because of its high symmetry; it confines light tightly to the

core and increases nonlinearity and hence the SC genera-

tion efficiency, i.e. better bandwidth enhancement com-

pared to other lattices.

Numerical modeling of the toluene-core PCFs

The schematic view of the geometrical structure of the

modelled C7H8-filled PCF has displayed in Fig. 1. It con-

sists of 8 rings of air-holes ordered in a circle lattice, the

linear filling factor of the cladding has defined by the ratio

d/K, where d is the diameter of a single air-hole, and K is

the lattice constant. We assume that PCF has made of fused

silica glass (SiO2) and the central hole filled with C7H8.

The work [55] shows that the diameter of the air holes in

the first ring surrounding the core has a major influence on

controling dispersion properties including flatness and

zero-dispersion wavelength shift. Meanwhile, the attenua-

tion of the fundamental mode and even the higher modes is

strongly dominated by the size of subsequent rings. Thus,

in our simulation, the air holes diameter of the second ring

onwards of the cladding has the same value, but the air

holes diameter of the first ring near the core is varied to

Fig. 1 The geometrical structures of PCF with toluene-core
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control the nonlinearity properties of PCFs (note that, the

works [49–53] do not indicate differences in the air hole

diameter of rings). We use the following lattice constants

K: 1.0 lm, 1.5 lm, 2.0 lm, and 2.5 lm, the filling factor

d1/K of the first ring is varied from 0.3 to 0.8, and the

filling factor d/K of the second and other rings is constant

of 0.95. The core whose diameter is determined by the

formula Dc = 2K–1.2d1 has the smallest and the largest

value of 1.04 lm and 4.64 lm, respectively, for cases

K = 1 lm, d1/K = 0.8 and K = 2.5 lm, d1/K = 0.3.

Sellmeier’s equation [56] shows the dependence of

refractive index characteristics on wavelength for toluene:

n2TolueneðkÞ ¼ 2:161659124þ 0:000495188k2

þ 0:021381790

k2
þ 0:000058838

k4

þ 0:000087632

k6
ð1Þ

With the fused silica, the refractive index can be

obtained using the Sellmeier formula [57]:

n2Fusedsilica kð Þ ¼ 1þ 0:6694226k2

k2 � 4:4801� 10�3

þ 0:4345839k2

k2 � 1:3285� 10�2
þ 0:8716947k2

k2 � 95:341482

ð2Þ

where k is the excitation wavelength in micrometers; n(k)
is the wavelength-dependent linear refractive index of

materials.

The real parts of refractive index of toluene and fused

silica used in this paper versus wavelength are shown in

Fig. 2. To create C7H8-filled PCF, we used the commercial

Lumerical Mode Solution (LMS) [58]. First, it is necessary

to put data on the refractive index and loss of C7H8 into the

material database of LMS. Next, we create the SiO2 base

material in structures and choose a hollow-core circular

lattice in the photonic crystal. Finally, C7H8 is put into the

hollow core of the PCF. We limited the simulation for the

wavelength range of 0.7–2.0 lm since reliable data are

available only in this range. By using the finite-difference

eigenmode (FDE) method, the characteristic properties of

C7H8-filled PCF are simulated with the assumption that

toluene exhibits significant losses. The process of FDE

utilizes the Maxwell wave equation, and the boundary

condition is the perfectly matched layers to analyze the

structure makes no reflection at the boundary and reduces

the loss. In addition, FDE divides the cross section of the

fiber into smaller rectangular sections of a hundred thou-

sand parts to increase the numerical accuracy of the

simulations.

Dispersion properties of the toluene-core PCFs

We have calculated numerically the dispersion coefficient

of the toluene-core PCFs including both waveguide and

materials dispersion using the real part of the effective

index from the following formula:

D ¼ � k
c

d2Re neff½ �
dk2

ð3Þ

where Re[neff] is the real part of neff which is the effective

index of a guided mode calculated by means FDE method

and c is the velocity of light in a vacuum.

Figure 3 depicts that the dispersion depends on wave-

length for different values of the filling factor d1/K and the

lattice constants K. The decrease in the filling factor

reduces the dispersion profile for all values of the lattice

constant. With a small lattice constant (K = 1.0 lm,

Fig. 3a), PCFs exhibit both anomalous and normal dis-

persion properties with a larger shift of ZDWs towards the

longer wavelength region. PCFs with two ZDWs are

obtained when d1/K is equal to 0.8 and 0.75; meanwhile,

the PCF with only one ZDW is found with smaller d1/K
(from 0.3 to 0.4) in the investigated wavelength region. In

the rest cases, the dispersion is completely located in the

normal dispersion, increasing the values of the filling factor

d1/K (0.45 to 0.7) making the all-normal dispersions more

and more flat and close to the zero-dispersion line.

Specifically, the dispersion is flattest and closest to the zero

dispersion for the PCF with d1/K = 0.7. Figure 3a also

exposes that the slope of the dispersion changes drastically

for a variation of air-hole diameter, i.e. the change of the

filling factor. The effect can be explained based on the

interaction between waveguide dispersion and material

dispersion. For smaller d1/K, matter dispersion plays a

major role while waveguide effect dominates for larger d1/

K. Besides, varying K influences the dispersion properties

of PCF; this is denoted in Fig. 3b, c, and d. The value of

dispersion has changed because of the increase of KFig. 2 Real parts of refractive index of toluene and fused silica
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without much change in slope. All dispersions operate in

the anomalous dispersion regime with the existence of

ZDWs when K C 1.5. Furthermore, the ZDWs move

towards longer wavelengths gradually as the K increase

because of the predominance of material dispersion, the

values of ZDW are presented in Table 1. Shifting the ZDW

toward longer wavelengths in PCFs has an important role

for soliton-driven supercontinuum by low cost and short

pulse lasers with the pump wavelength chosen to be larger

but closer to ZDW. For K = 2.0 and 2.5 lm, the dispersion

curves have only one ZDW, in the case, K = 2.5 lm and

d1/K = 0.3, the value of ZDW is 1.536 lm, which is very

approximate to the common pump wavelength in SC

generation-based silica-PCF.

Figure 3 verifies that the decisive factor effect upon

dispersion is the infiltration of the toluene into the core and

the variation of the lattice parameters in the first ring sur-

rounding the core, making the dispersion and the slope

change drastically. The change in the optical pulse per unit

distance of the propagation length of the fiber is caused by

dispersion, so a PCF with suitable dispersion properties for

SC generation is an essential element. Usually, the PCF has

an all-normal and flat dispersion being necessary for

expansion spectrum in SC generation in the visible and

Fig. 3 a The dispersion

characteristics of toluene-core

PCFs with various values of d1/
K and K = 1.0 lm b The

dispersion characteristics of

toluene-core PCFs with various

values of d1/K and K = 1.5 lm.

c The dispersion characteristics

of toluene-core PCFs with

various values of d1/K and

K = 2.0 lm. d The dispersion

characteristics of toluene-core

PCFs with various values of d1/
K and K = 2.5 lm

Table 1 The values of ZDW of

toluene-core PCFs with various

values of d1/K and K

K = 1.0 lm K = 1.5 lm K = 2.0 lm K = 2.5 lm

d1/K ZDWs1 ZDWs2 ZDWs1 ZDWs2 ZDWs ZDWs

0.3 1.423 – 1.529 – 1.501 1.536

0.35 1.568 – 1.499 – 1.422 1.481

0.4 1.811 – 1.399 – 1.364 1.435

0.45 – – 1.277 – 1.306 1.394

0.5 – – 1.201 – 1.264 1.361

0.55 – – 1.143 1.983 1.223 1.324

0.6 – – 1.098 1.978 1.195 1.297

0.65 – – 1.064 1.962 1.164 1.268

0.7 – – 1.032 1.960 1.139 1.237

0.75 0.926 1.167 1.003 1.966 1.113 1.210

0.8 0.882 1.202 0.977 1.967 1.089 1.184
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near-infrared regions. Meanwhile, the low anomalous dis-

persion near ZDW provides the generation of a broad

supercontinuum with strong confinement to the core

despite the low input energy [34]. Moreover, the shift of

the ZDW to the longer wavelength and flat dispersion

suggests that we can use available lasers with femtosecond

optical pulses as input sources for coherent SC generation.

Based on the preliminary studies on the influence of lattice

parameters on dispersion, we proposed two optimal PCFs

to be beneficial to generate SC, namely #F1 and #F2. Both

the introduced PCF structures provide reasonable flatness

dispersion and are close to the zero-dispersion curve in the

investigated wavelength region, as presented in Fig. 4. The

first fiber #F1 has the following structure parameters:

K = 1.0 lm and d1/K = 0.7, which is used for SC gener-

ation in all-normal dispersion regime with 1.064 lm of the

pump wavelength with the expectation of reaching the

broad spectrum because of the nearness of the pump

wavelength to a local maximum of dispersion curve, while

the second fiber #F2 (K = 2.5 lm and d1/K = 0.3) has the

anomalous dispersion, which is expected to generate broad-

spectrum SC with the pump wavelength of 1.55 lm
because its ZDW is equal to 1.537 lm, closest to the pump

wavelength. Another way, the dispersion of this fiber is the

flattest for all dispersion characteristics with K = 2.5 lm;

this is also a decisive factor to be noticed in SC generation.

It should be noted that the action of increasing the core

diameter of the PCF has also strongly influenced the SC

generation because increasing the core diameter will

increase the effective mode area and ultimately reduce the

nonlinear coefficient. Because the dispersion of the two

proposed fibers at the pump wavelength is quite small, we

expect that this small dispersion value is beneficial to the

spectral expansion despite the high dispersion slope. The

structural parameters of the two proposed PCFs are shown

in Table 2.

Other nonlinear optical properties of two selected

structures are also investigated in detail. Figure 5 illustrates

the numerical results of the effective mode area on the

wavelength of these structures. As the wavelength increa-

ses, the light is no longer confined strongly inside the core

because the modes get leaked through the holes, in between

them increasing the effective mode area. With the larger

lattice constant and the larger diameter #F2 fiber has a

larger effective mode area than that of #F1 fiber. If the

effective mode area increases, the higher-order modes will

be allowed to enter the fiber core; therefore, we always

keep in mind the limit of increasing the diameter of the

fiber core in the process of optimizing the properties of

PCFs. The effective mode area for the fundamental mode

of fibers #F1 is 1.221 lm2 for a pump wavelength of

1.064 lm, while that of #F2 fiber is 10.497 lm2 at 1.55 lm
pump wavelength; these values are much smaller than

some previous publications of PCF with toluene infiltration

[50, 51].

The nonlinear coefficient c is calculated through the

following equation using the effective area value in each

wavelength: c = x0n2/cAeff, where n2 is the nonlinear

refractive index coefficient of silica, c is the velocity of

light, and x0 is the central frequency of the pulse. The

nonlinear coefficient of the proposed PCFs is presented in

Fig. 6. The nonlinear coefficient of the fibers rises along

with the decrease of the effective mode area. As expected,

the alteration of the filling factor and the lattice constant

significantly improves the nonlinearity coefficient of fibers.

The nonlinear coefficient of #F1 and #F2 is

7827.614 W-1�km-1 at 1.064 lm and 899.836 W-1�km-1

at 1.55 lm, respectively.

Figure 7b evinces the attenuation characteristics of the

fundamental mode for #F1 and #F2 fiber. The losses anal-

ysis showed that the attenuation of fundamental modes for

proposed #F1 is 0.08 dB/cm at 1.064 lm; this value is

equal to 2.025 dB/cm for #F2 at 1.55 lm. The reason of the

low value of attenuation for the fundamental mode of our

design is that the mode is well confined in the core;

majority of electromagnetic field is located there and the

losses introduced by toluene are not mostly affected [51].

Fig. 4 The dispersion characteristics of the fundamental mode for

#F1 and #F2 fiber

Table 2 The structure parameters of proposed PCFs

# Dc (lm) K (lm) d1/K D (ps�nm-1�km-1)

#F1 1.16 1.0 0.7 - 0.557

#F2 4.64 2.5 0.3 1.502
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Thanks to the difference in the design of the structural

parameters of the first ring near the core and the others, and

the toluene infiltration into the core of PCF with circular

lattice, we achieve the optimal dispersion, high nonlin-

earity, low attenuation as expected. Those are the inter-

esting features of our proposed PCFs that are beneficial for

SC generation.

Supercontinuum generation in proposed fiber

The nonlinear properties analyzed above show great

potential to generate SC for the proposed toluene-filled

PCFs. The refractive index of the medium is changed

drastically due to the infiltration of toluene into the core

leading to the nonlinear effects in SC generation. The

nonlinear propagation process of the pump pulse in the

PCF can be described by the Schrödinger equation

(GNLSE) using the symmetry split-step Fourier transform

method [59], given by the formula:

oz A� i ebðxÞ A� eaðxÞ
2

A ¼ ic 1þ x� x0

x0

� �

AF

Z

1

�1

RðT 0Þ Aj j2ðT � T 0ÞdT 0

2

4

3

5

ð4Þ

where Aðz; xÞ is Fourier transform of the amplitude of a

pulse Aðz; TÞ, and RðT 0Þ is the Raman response function.

The left side of Eq. (4) depicts the linear propagation

effects of the fiber; ea and eb are attenuation and dispersion

in the frequency domain, respectively. In our numerical

modeling, the high-order dispersions are calculated through

the development coefficients of the Taylor series of the

circulation constant at the pumping pulse frequency. The

high order of dispersion is shown in Table 3.

Fig. 5 The effective mode area of the fundamental mode for #F1 and

#F2 fiber

Fig. 6 The nonlinear coefficient of the fundamental mode for #F1 and

#F2 fiber

Fig. 7 The attenuation of the fundamental mode for #F1 and #F2 fiber

Table 3 The coefficient of high-order dispersion at the pump

wavelength

Coefficients #F1 #F2

b2 (ps
2/m) 2.32 9 10-3 - 1.88 9 10–3

b3 (ps
3/m) - 1.67 9 10-5 1.41 9 10-4

b4 (ps
4/m) 5.97 9 10-7 - 2.56 9 10-7

b5 (ps
5/m) - 3.94 9 10-9 1.17 9 10-9

b6 (ps
6/m) 2.39 9 10-11 9.44 9 10-13

b7 (ps
7/m) 3.33 9 10-13 - 1.47 9 10-13

b8 (ps
8/m) - 5.15 9 10-15 - 7.29 9 10-16

b9 (ps
9/m) - 1.14 9 10-16 3.83 9 10-17

b10 (ps
10/m) 2.21 9 10-18 1.19 9 10-18

b11 (ps
11/m) 2.43 9 10-20 - 3.80 9 10-20
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The evolution of SC spectra as a function of input pulse

energy set up in the range 0.003–0.018 nJ shown in Fig. 8.

In our numerical simulations, fiber #F1 has a propagation

length of 1 cm, is pumped at the center wavelength of

1.064 lm, and has a pulse duration of 40 fs chosen. The

main effect that plays an important role in spectral

broadening is the self-phase modulation (SPM) followed

by optical wave breaking (OWB) because #F1 fiber has the

all-normal dispersion regime. When the input pulse energy

is low (0.003 nJ), the pump pulse is broadened by SPM, the

SPM-induced spectrum has many peaks and the outermost

peak has the most intense. In this case, the achieved

spectral broadening is very limited due to the existence of

only the SMP process. As the pulse energy has increased

(higher than 0.003 nJ), SPM is the cause of spectral

broadening at the beginning of propagation, and then OWB

dominates the spectral broadening at the wings by four-

wave mixing (FWM) [24, 51]. The OWB effect starts to

occur at a wavelength of 0.75 lm when the input energy is

0.006 nJ, with the further increase of the input pulse

energy; this effect appears at a shorter wavelength

(Fig. 8a).

Figure 8b–c displays the continuous broadening of the

pulse in the temporal domain. When the input pulse energy

is higher than 0.003 nJ, initial development of spectrum is

induced by SPM in the vicinity of the central wavelength,

and then the spectrums are broadened considerably at the

wings because of the onset of OWB, which exhibits the

blue-shifted (trailing) edge and the red-shifted (leading)

edge of the pulse [60], (Fig. 8b). In the case of input pulse

energy of 0.018 nJ, the SC spectrum has broadened after

the first few millimeters of pulse propagation because of

the dominant contribution of SPM. The asymmetry of the

generated spectrum toward the short wavelength range is

due to the effects of nonlinear dispersion, e.g., self-steep-

ening. The new short-wavelengths generated by SPM at the

trailing edge experiences effects of the dispersion move

slower than the pulse tail at the center of the pulse. The

interference of the pulse tail and the slower wavelengths

leads to the onset of OWB, and the newly wavelengths can

be created via four-wave mixing (FWM) [24, 50]. At the

trailing edge of the pulse, OWB occurred and the newly

generated wavelengths around 0.65 lm appear at a prop-

agation distance of about 2 mm. During further propaga-

tion, spectral broadening at the trailing edge of the pulse is

Fig. 8 For #F1 fiber: a various input pulse energy in 1 cm length when pumped with pulses of 40 fs duration, 1.064 lm pump wavelength, b the

evolution of the SC along with fiber, c the temporal profile at various propagation length
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restricted by the high slope of dispersion. At the leading

edge of the pulse, the large effective mode area and high

attenuation of the fiber in the long-wavelength band limit

the spectral broadening [27, 51]. The broadest SC spectrum

covers from 0.642 to 1.592 lm of the wavelength within

the 5 dB dynamic range.

The input pulse energies range from 0.001 to 0.05 nJ at

pump wavelength 1.55 lm, injected into #F2 fiber of length

10 cm in a 10 dB dynamic range, and the pulse duration is

90 fs. The SC spectrum depends on the input energy

illustrated in Fig. 9a. Because #F2 fiber operates in the

anomalous dispersion regime pumping, the spectral

broadening leading to SC is typically governed by the

soliton dynamics, e.g. soliton fission (SF), self-frequency

shifting [5]. In principle, the injected higher-order soliton

tends to split when its bandwidth reaches a maximum, both

the higher-order dispersion and Raman scattering account

to perturbation and thereby contribute to SF [21, 39]. When

the fiber is pumped in the low energy region 0.001–0.01 nJ,

the bandwidth is very small because SPM plays a dominant

role in spectral broadening, this phenomenon is similar to

the #F1 fiber. As the input energy increases (0.03 and

0.05 nJ), the SF begins to show its influence to broaden the

spectrum.

As can be seen from Fig. 9b and c, when the input

energy reaches its maximum of 0.05 nJ, the main contri-

bution of SPM makes the spectrum broad at the beginning

of the propagation. SF occurs around 3 cm of propagation,

and the solitons would shift toward the longer wavelengths

due to soliton self-frequency shifts [5], leading to spectral

broadening toward the side of red light and generating new

wavelength components up to 2.5 lm (across the ZWD) at

the leading edge and around 1.3 lm at the trailing edge.

[27]. The achieved bandwidth is about 1.585 lm spanning

the region from 0.911 to 2.496 lm of the wavelength

within the 10 dB dynamic range.

Table 4 summarizes the achieved SC performance in

comparison with other SC based on PCF with various

liquid infiltration. Our proposed toluene core-PCFs show

outstanding advantages such as the flat dispersion, high

nonlinearity, and low attenuation as expected to generate a

broader spectrum with very low energy laser pulses, which

enhances the efficiency in SC.

Fig. 9 For #F2 fiber: a various input pulse energy in 10 cm length when pumped with pulses of 90 fs duration, 1.55 lm pump wavelength, b the

evolution of the SC along with fiber, c the temporal profile at various propagation length
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Conclusion

In this work, the SC generation broad spectrum in the

visible and near-infrared region with a circular lattice

photonic crystal fiber made of fused silica with the core

infiltrated with toluene is numerically proposed and ana-

lyzed. Two optimal fibers #F1 and #F2 with K = 1.0 lm,

d1/K = 0.7 and K = 2.5 lm, d1/K = 0.3 are selected to

generate SC. #F1 fiber has a normal dispersion profile,

pumped at 1.064 lm central wavelength which generates a

spectral bandwidth spanning from 0.642 to 1.592 lm due

to the main contribution of SPM and OWB. The soliton

fission governs the ability of spectral broadening in the

anomalous dispersion regime of #F2 fiber; the SC spectrum

from 0.911 to 2.496 lm at 10-cm-long sample is obtained.

Such a broad spectrum can achieve with low input energy

because the difference of structural parameters in the first

and other rings of the cladding leads to high nonlinearity,

low attenuation, and flat dispersion of the PCF. The pro-

posed model is designed, which can be a new class of fibers

for all-fiber SC sources as an alternative to glass core fibers

for the next generation of broad bandwidth sources.

Acknowledgements This research is funded by Vietnam National

Foundation for Science and Technology Development (NAFOSTED)

under grant number 103.03-2020.03 and Vietnam’s Ministry of

Education and Training (B2021-DHH-08).

References

1. A.M. Zheltikov, Let there be white light: supercontinuum gen-

eration by ultrashort laser pulses. Phys. Uspekhi 49(6), 605

(2006). https://doi.org/10.1070/PU2006v049n06ABEH005975

2. W.J. Wadsworth, A. Ortigosa-Blanch, J.C. Knight, T.A. Birks,

T.P.M. Man, P.S.J. Russell, Supercontinuum generation in pho-

tonic crystal fibers and optical fiber tapers: a novel light source.

J. Opt. Soc. Am. B 19(9), 2148–2155 (2002). https://doi.org/10.

1364/JOSAB.19.002148

3. K. Nithyanandan, R.V.J. Raja, K. Porsezian, Power play in the

supercontinuum spectra of saturable nonlinear media. Laser Phys.

24(4), 045405 (2014). https://doi.org/10.1088/1054-660X/24/4/

045405

4. G. Genty, S. Coen, J.M. Dudley, Fiber supercontinuum sources

(Invited). J. Opt. Soc. Am. B 24(8), 1771–1785 (2007). https://

doi.org/10.1364/JOSAB.24.001771

5. J.M. Dudley, G. Genty, S. Coen, Supercontinuum generation in

photonic crystal fiber. Rev. Mod. Phys. 78, 1135 (2006). https://

doi.org/10.1103/RevModPhys.78.1135

6. T. Schreiber, J. Limpert, H. Zellmer, A. Tünnermann, K.P.
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of optical properties of photonic crystal fibers infiltrated with

carbon tetrachloride for supercontinuum generation with sub-

nanojoule femtosecond pulses. Appl. Opt. 57(14), 3738–3746

(2018). https://doi.org/10.1364/AO.57.003738

23. V.T. Hoang, R. Kasztelanic, G. Stępniewski, K.D. Xuan, V.C.
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