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Abstract Supercontinuum generation in silica-suspended
core fibers infiltrated with butanol has been analyzed numer-
ically. The spectra spanning from 806.19 to 1520.56 nm is
generated in #F, fiber (D=65.887 pm) with an all-normal
dispersion regime pumped by a 13.33 kW peak power
of laser source at 1.3 pm. With anomalous dispersion of
two closely lying zero dispersion wavelengths, #F, fiber
(D=67.494 um) creates supercontinuum based on self-
phased modulation, phasematched four-wave mixing, and
no soliton fission as in the initial photonic crystal fibers
pumped in the anomalous dispersion region. A broad spec-
trum of 629.12 nm is obtained when this fiber is excited at
the same wavelength as the #F, fiber with a peak power of
12.5 kW. Butanol infiltration into three air holes significantly
improved the dispersion properties of the fibers, contribut-
ing to supercontinuum generation advantage. The smooth,
noise-free supercontinuum spectrum can be compressed into
ultra-short pulses.

Keywords Suspended core fibers - Butanol -
Supercontinuum generation - Two zero dispersion
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Introduction

Supercontinuum (SC) generation is a process in which a
broadband light is generated by expanding narrow band
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optical pulse in the frequency domain. This is the result
of an optical short pulse interaction with a nonlinear
material involving different nonlinear optical effects
such as self phase modulation, cross phase modulation,
Raman scattering, four wave mixing etc., [1]. Recently, SC
generation has been a subject of great interest in nonlinear
optics and has attracted the attention of scientists around
the world due to outstanding features and properties such
as: high coherence, large bandwidth, brightness, high
power output, and potential compactness. The appearance
of photonic crystal fibers with many special properties
depending on lattice structures has replaced conventional
optical fibers in applications including SC generation.
Supercontinuum laser sources using photonic crystal fibers
have an important role in applications for chemical and
biomedical sensing, gas sensor, military applications, and
materials processing [2—11].

The photonic crystal fibers are designed with a variety
of geometrical cores including square core, circular core,
regular hexagonal core, octagonal core, suspended core,
etc., to select the optimal structure for different applications.
Among them, suspended core fiber (SCF) is an ideal
candidate for further enhancing nonlinear properties and
improving dispersion engineering. Along with the significant
applications in nonlinear optics, SCF has become a hot topic
of intense research in recent decades. “Suspended-core fiber”
was first suggested by Monro et al. [12], then SCFs based
on lead silicate glass and tellurite with highly nonlinear and
anomalously dispersive were reported in [13—15]. In the
experiment, a simple SCF fabrication method was described,
this technique consists of mechanical drilling of the holes
of the preform, and the shape of the holes approximates that
of an air-suspended rod with three fine struts supporting
the core [16]. Since then, SCF has been a relatively new
class of fibers as a subclass of microstructured. In these
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fibers, a tiny core is suspended by very thin struts, usually
three submicron ultrathin glass bridges, connected to the
outer cladding [17, 18]. This keeps the core isolated from
the outside environment resulting in strong confinement
of light. Because of liquid or gas space between thin glass
bridges, the interaction between guided light and matter
through evanescent fields offers promising opportunities for
sensing applications including chemical sensors, biomedical
sensors, and high sensitivity label-free measurements of the
biological sample [18-23], as well as the application for
explosive detection and DNA identification [8—10].

The shape, size, number, and thickness of the glass
bridges and the diameter of the core of SCF have been
studied both theoretically and experimentally to improve
birefringence or nonlinear properties leading to enhanced
SC generation efficiency [24-33]. However, it is difficult to
broaden the SC spectrum in the mid-infrared region based
on silica-based photonic crystal fibers because pure silica
has a high phonon energy, about 1100 cm™ [34]. Compared
with solids, liquids have a higher nonlinear refractive index,
which makes it easier to observe nonlinear phenomena, such
as optical solitons, so fibers SCFs infiltrating liquids are an
excellent alternative. By filling the air holes in silica SCF
with various liquids, the characteristic dispersion curvature,
the flatness, normal and anomalous properties of chromatic
dispersion could further be altered dramatically. These
advantages are quite suitable for the SC generation to further
broaden the spectrum based on two main mechanisms: First,
self-phase modulation (SPM), followed by optical wave
breaking (OWB) are the two main effects that cause a broad,
flat, and highly coherent when using PCFs with an all-
normal dispersion regime. Second, a broader SC spectrum
can be generated via PCFs with anomalous dispersion with
one and two ZDWs where the soliton dynamics include
soliton fission (SF), soliton frequency self-shift (SSFS), and
dispersed wave blue shifts (DWs) are responsible for the
spectrum expansion.

The replacement of air with water can improve typical
SCF dispersion characteristics into all-normal near-zero

flat dispersion characteristics, valuable in the process of
supercontinuum generation, which extends the spectrum
to about 700 nm [32]. In SCF infiltrated with water [33],
the all-normal dispersion supercontinuum was generated
with spectral coverage from 435 to 1330 nm using a laser
source with a peak power of 150 kW and 800 nm central
wavelength. Through both theoretical and experimental
birefringence analyses, the sensitivity of the temperature
sensor is proved to be strongly affected when the air holes
of the SCF are filled with ethanol [35]. The advantage
of carbon tetrachloride permeation in enhancing the
nonlinearity of SCF is demonstrated in [36]. An ultrabroad
supercontinuum of width =722 nm was simulated
by passing a pulse of 5 kW peak power. In addition,
other fluids such as heavy water, chloroform, carbon
tetrachloride, toluene, nitrobenzene, carbon disulfide,
tetrachloroethylene, ethanol, etc. are also selected by the
researchers to improve the nonlinear properties of photonic
crystal fibers and extend the spectrum of supercontinuum
generation [37-49]. However, publications focused mostly
on photonic crystal fibers with hexagonal, circular or
square lattices not suspended core fibers. Some research
results on SC generation through silica-based SCF filled
with other liquids are shown in Table 1.

To our knowledge, up to now, there has been no work to
study nonlinear properties and supercontinuum generation
of silica SCF with core infiltrated with butanol. We present
for the first time a numerical study of the dependence of
the total diameter of air hole structure D on the dispersion
characteristics of SCFs. Through detailed analysis of
the nonlinear properties of butanol fibers, we propose
two structures #F; and #F, with suitable flat dispersion
and high nonlinear coefficient of 13.437 W~!km~! and
13.058 W~'.km™" at 1.3 um pump wavelength for using
in supercontinuum generation. By pumping 10 cm
long samples of these fibers, we observed the infrared
supercontinuum generation expanded from 806.19 to
1520.56 nm with the peak power of 13.33 kW for #F,
fiber and 879.96 nm to 1509.08 nm wavelengths with the
peak power of only 10 kW for #F, fiber.

Table 1 Overview SC generation in several liquids-infiltrated silica-based SCFs

Structures Liquids Fiber Pump Dispersion regime SC range (nm) Input peak References
length wavelength power (kW)
(cm) (pm)

SCF #F; Water 10 1.064 All-normal About 700 20 [32]

SCF #F5 100 1.064 Anomalous About 800 0.33

SCF Water 12 0.8 Anomalous 895 150 [33]

SCF Air 12 0.8 All-normal 800 150

SCF Carbon tetrachloride 5 1.55 Anomalous 722 5.0 [36]

SCF (SF=1.44) Carbon disulfide 100 1.55 Anomalous 672 100 [49]
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Numerical modeling of the SCF

For simulation, we used silica (SiO,) based SCF with three
air holes infiltrated with butanol (C,H,OH); the light is
propagated in the defect of the fiber structure. Our SCFs
are designed using Lumerical Mode Solutions software
(LMS) with the full-vector finite-difference eigenmode
(FDE) method. To increase the numerical accuracy of the
simulations, FDE solves Maxwell’s equations by dividing
the fiber’s cross-section into smaller rectangular sections of
hundreds of thousand parts. The boundary condition is the
perfectly matched classes positioned outside the outermost
ring of holes to reduce the loss as small as possible. We
assume the loss of butanol is negligible during the simulation
of the optical properties of SCFs. The simulation of the
SCFs is carried out as follows: first, butanol and pure silica
are put into the LMS data system by entering the refractive
index according to the Sellmeier equation [49] and the
Cauchy equation [50] and the attenuation data of butanol are
also fully declared. Next, the SiO, base material is created,
and suspended core-structures are designed by introducing
SEM images of real fibers into the system. Finally, the air
in the fiber defect is completely replaced with butanol, and
the input parameters are thoroughly tested before simulating
the optical properties of the SCFs. In the experiment, the
liquid-infiltrated SCF was also fabricated using the standard
stack-and-draw method. The liquid is filled into the defective
part of the fiber by integrating a microfluidic pump system
using a thermal fusion splicer or laser writing technique.
The infiltration of a 60 cm-long fiber sample takes about
1 min [33].

The schematic cross-section geometrical structure of
the SCF is shown in Fig. 1. To increase modal nonlin-
earity and optimize SCF structure for dispersion, SCFs

a The geometrical structures of PCF with
suspended core (SCF)

were designed with different lattice parameters such as:
radius of holes R, ., radius of the core r,, thickness of
glass bridge 7., and a total diameter of air-hole structure
D. D is varied from 32.140 pm to 72.314 um. Figure 1b
shows that the light is strongly confined to the core of SCF
with D =65.887 pm.

The dependence of refractive index characteristics
on wavelength for butanol modeled following Cauchy’s
equation [50] and given by the formula:

A
R =Ag+ A+ =+ =+ — (1)

where A;=1.913001067; A, =-0.00152344 um_z,
A,=0.01303537 um?, A;=-0.00198394 um®*,
A;=0.000275162 um® and 4 is the operating wavelength
in micrometers.

With the fused silica, the refractive index can be
obtained using Sellmeier’s equation [50], where A is the
wavelength in micrometers.

5 B A?

(A) = By + By 4
IRV ERYGH

AZ_CZ

By 4%

. 2,

Fused silica (2)
with coefficients: By=1; B;=0.6694226, B,=0.4345839,
B;=0.8716947, C;=4.4801x 107> um?, C,=1.3285x 1072
um?, C;=95.341482 um?.

Butanol is a solvent with a high nonlinear refractive
index. It is less toxic and quite safe for humans as well as
the environment, and very convenient in the fabrication
and the use of PCFs for practical application. The real
parts of the refractive index of butanol and fused silica
[50] are shown in Fig. 2. Reliable data are available only
for the wavelength range of 0.6—2.0 um, so we limited the
simulation to this range.

b The geometrical structures of SCF and light is

confined in the core of SCF with D = 65.887 um

Fig.1 a The geometrical structures of PCF with suspended core (SCF) b The geometrical structures of SCF and light is confined in the core of

SCF with D=65.887 pm
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Fig. 3 The dispersion characteristics of PCF with various values of
total diameter of air-hole structure

Dispersion properties of the SCF

The dispersion coefficient, including both waveguide and
materials dispersion, is proportional to the second derivative
of the effective index of guided mode with respect to
wavelength and is given by formula [1].

y) d*Re [neff]

3
c  dA? )

where Re[neff] is the real part of neff which is effective
index of a guided mode calculated by means finite differ-
ence method and c is the velocity of light in vacuum.The
dispersion characteristics with various values of the total
diameter of the air-hole structure are presented in Fig. 3. The
dispersions curve shape of fibers with various wavelengths
does not change much with a varying total diameter of the
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air-hole structure, and the values of dispersion increase
with the increase in total diameter of the air-hole structure.
On the other hand, increasing the total diameter of the air-
hole structure leads to a flattening of the dispersion in the
range with A> 0.9 um. SCFs with butanol infiltration exhibit
both the all-normal and anomalous dispersion with a larger
shift of zero dispersion wavelengths (ZDWs) towards the
longer wavelength region. The butanol infiltration strongly
affects the dispersion curve. Anomalous dispersion proper-
ties are found in large core fibers with a total diameter of
air-hole structure greater than 65.887 m, with two ZDWs.
The zero-dispersion wavelengths (ZDW),) are located around
1.15-1.30 um, and the other one (ZDW,) is from 1.40 to
1.65 um range. Shifting the ZDW toward long wavelengths
is extremely important if we consider the use of the SCFs
for soliton-driven supercontinuum with low-cost short-pulse
microchip lasers [33]. In the rest cases, the dispersion is
completely located in the all-normal dispersion region;
increasing the total diameter of the air-hole structure makes
dispersion more and more flat and close to the zero disper-
sion line. Therefore, we can conclude that the flatness of the
dispersion curve is controlled more effectively by the total
diameter of the air-hole structure. In works [40-47], both
all-normal and anomalous dispersion were also observed
in photonic crystal fibers with different liquids infiltration.
Variations in the lattice constant and the filling factor of
structures affected the flatness of dispersion curves,; one or
two ZDWs were also found in these photonic crystal fibers.
However, these results based on photonic crystal fibers with
regular hexagonal not suspended core fibers.

Dispersion plays a very vital role in SC generation.
The flatness, indication of the dispersion characteristic,
and the compatibility of ZDW with the pump wavelength
are significant factors, because they not only affect the SC



J Opt

Table 2 The structure
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Fig. 4 Dispersion characteristics of #F, and #F, fiber

generation’s efficiency but also decide the expansion of the
SC spectrum. On the basis of preliminary simulation, we
proposed two optimal SCFs to analyze the SC generation
because of their flat near-zero dispersion, namely #F, and
#F,. The geometrical parameters of the fibers are introduced
in Table 2. The first fiber (#F,) with D=65.887 pm, exhibits
the flattest all-normal dispersion characteristic in the whole
analyzed wavelength range, is the blue curve in Fig. 4. The
achieved SC spectrum would be the broadest by choosing
the pump wavelength near the local maximum of the dis-
persion curve. Thus, this fiber is designed to use broad all-
normal dispersion SC generation with the pump wavelength
of 1.3 pm, the dispersion is —1.565 ps/(nm km). For fiber
#F,, (D=67.494 uym), two ZDWs are observed at 1.2887 um
(ZDW),) and 1.439 uym (ZDW,), the dispersion at 1.3 pm is
equal to 0.247 ps/(nm km). It is expected to generate the
broad soliton-induced SC due to the very small value of
dispersion at the pump wavelength. The value of all-normal
dispersion of #F, fiber is 1.5-5 times smaller than that of
photonic crystal fibers infiltrated with nitrobenzene [43], tet-
rachlorethylene [45], toluene [48]. This value of #F, fiber
has anomalous dispersion is 13—136 times smaller than that
of photonic crystal fibers infiltrated nitrobenzene [43] and
tetrachlorethylene [45].

Figure 5 shows the dependence of the effective mode area
on wavelength, the effective mode area of the proposed SCFs

Wavelength (um)
Fig. 5 Effective mode of the proposed SCFs

increases with the wavelength. It is a known fact that with
the increase in wavelength, the modes get leaked through the
holes and among them since the light is no longer confined
strongly inside the core. With the large total diameter of
air-hole structure, #F, fiber has a larger effective mode area
than #F, fiber. The effective mode area for the fundamental
mode of fiber #F, is 10.788 pm? for a pump wavelength of
1.3 pm, while that of #F, fiber is 11.101 pm? at the same
pump wavelength.

The nonlinearity of fiber is inversely proportional to
the effective mode area. It can be determined by equation
Y =won/c Ay, Where n, is the nonlinear refractive index
coefficient of silica, ¢ is the velocity of light, and @, is the
central frequency of the pulse. The nonlinear coefficient of
the proposed SCFs are presented in Fig. 6. The increase of
effective mode area leads to a decrease of nonlinear coef-
ficient of the fibers, this reduction is almost linearly with
wavelength. With the filling of the air holes with butanol,
the proposed PCFs have large nonlinear coefficients. The
nonlinear coefficients of the two fibers are equal to 13.437
W~Lkm™! and 13.058 W~L.km™! at a pump wavelength of
1.3 pm. Table 2 displays dispersion values, effective mode
regions, and nonlinearity coefficients at the pumping wave-
length of the proposed fibers. Although the nonlinear coef-
ficients at the pump wavelength of the two proposed fibers
are not as high as the published optimized photonic crystal
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Fig. 6 Nonlinear coefficient of the proposed SCFs

fibers [36-38, 43-47], the effective mode area is lower than
that in publications [43, 45, 47, 48] is a good condition to
generate SC with lower peak power.

It should be noted that it is not easy to simultaneously
optimize the characteristic quantities of the SCFs. The fibers
with different characteristics will suit different specific
applications.

Supercontinuum generation in proposed fiber

Due to the difference in dispersion properties, the two
proposed fibers are expected to generate a broad SC
spectrum with typical nonlinear effects. SPM followed by
OWRB are believed to be the main effects in SC spectral
expansion when the input pulse is propagated in all-normal
dispersion SCFs. Meanwhile, the soliton dynamics will
govern the spectral expansion through SCFs with anomalous
dispersion. However, the results of SC generation for #F,
fiber are not the same as for conventional mechanisms,
which may be due to the influence of its dispersion with
two ZDWs.

An ultrashort pulse of light, when travelling in SCF with
butanol infiltration, will induce a varying refractive index of
the medium leading to nonlinear effects in SC generation.
The equation evaluating the pulses the propagation in opti-
mized structured fibers is given by the generalized nonlinear
Schrodinger equation (GNLSE), using the symmetry split-
step Fourier transform method [51] given by the formula:

@ Springer
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where A(z, w) is Fourier transform of the amplitude of a
pulse A(z, T), and R(T) is Raman response function. The
left side of Eq. (4) presents the effects of the linear opera-
tions, i.e., attenuation and dispersion of the fiber. @ and j
are attenuation and dispersion in the frequency domain,
respectively. The right-hand side of the Eq. (4) describes
the nonlinear effects which depend on the nonlinear optical
response of butanol determined by the combination of the
bound-electronic and nuclear contribution. In this section,
we analyze the SC generation only for the fundamental mode
because the obtained higher-order dispersion coefficients
(Table 3) are pretty small.

The numerical results of all-normal SC generation in #F,
fiber are shown in Fig. 7. The input pulse has a wavelength of
1.3 um, and propagates in 10 cm of fiber length with a dura-
tion of 120 fs. Self-phase modulation (SPM), and dispersion
wave generation are the main effects, responsible for spectral
expansion in all-normal dispersion SC generation.

Figure 7a depicts the evolution of the SC spectrum on input
pulse energy which was set up in the range 0.1-1.6 nJ, cor-
responding to a peak power of 0.833—13.33 kW. The spectral
bandwidth increases with increasing peak power. With low
input energy (0.1 nJ), the SC spectrum is typically symmetry
and narrow, the spectral broadening dominated by modula-
tion instability. As the input pulse energy increases, the #F;
fiber provides a low-noise broadband SC generation due to
the SPM and oscillating structure. The spectrum caused by
SPM consists of many peaks and the outermost peaks on the
long wavelength side have the strongest intensity. In the case
of higher input pulse energies of 1.2 nJ with peak powers of
10 kW respectively, the central pulse is initially broadened by
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Fig. 7 For #F, fiber: a various input pulse energy in 10 cm length
when pumped with pulses of 120 fs duration, 1.3 pm pump wave-
length, b the temporal profile versus propagation length at various
input pulse energies, and ¢ the pulse evolution of the SC along with
fiber

the SPM effect. Then, the interaction between the group veloc-
ity dispersion and the SPM causes the OWB to appear, which
contributes to the spectral widening at the wings [52, 53]. The
spectrum is no longer symmetric but extends towards the blue
edge. With the maximum peak power of 13.33 kW (input pulse

energy of 1.6 nJ), the spectral bandwidth covers from 806.19
to 1520.56 nm within 10 dB dynamic range. Along with the
enhancement of SPM, the spectrum on the blue edge continues
to be broad due to the OWB. However, the spectral expansion
on the short wavelength side will be limited by the high disper-
sion slope [54] if the peak power of the input pulse continues
to increase. Furthermore, the large effective mode area and
the high confinement loss in the long wavelength range also
contribute to the inhibition of pulse expansion on the red edge.
This is also consistent with the increase of butanol-infiltrated
fiber loss at the wavelength greater than 1400 nm [55].

The temporal profile versus propagation length at various
input pulse energies, and the pulse evolution of the SC along
fiber #F, are described in Fig. 7 (b, ¢). OWB which induced
by FWM begins at input pulse energy higher than 0.6 nJ,
this can be observed at the blue-shifted (trailing) edge of
the pulse and at the redshifted (leading) edge of the pulse.
For the highest peak power 13.33 kW, the spectrum is
asymmetric with respect to the pump wavelength and there
is the tendency of spectral broadening towards the shorter
wavelength due to the fact that the spectral broadening at the
trailing edge of the pulse is inhibited by the low nonlinear
coefficient and the high loss of butanol. SPM creates low
frequencies at the front of the pulse, and high ones at the
back. With the normal dispersion, group velocity dispersion
lets low frequencies travel faster than high ones. In this case,
the short wavelengths generated by SPM at the trailing edge
propagate slower than the pulse tail at the pulse center. The
interaction between these components leads to the onset of
OWRB at about 1050 nm with a propagation length of 4 cm
of the fiber, and the new wavelengths can be created via
four-wave mixing (FWM) [43, 45, 49].

The small dispersion value of —1.565 ps/nm.km at
1300 nm pump wavelength is also an essential factor
contributing to the spectral extension of #F, fiber, a
bandwidth of 714.37 nm is achieved with a maximum peak
power of 13.33 kW. In work [32], the water-infiltrated SCF
with all-normal dispersion can offer an SC spectrum of
about 700 nm with a peak power of 20 kW which is about
1.5 times that of the #F, fiber. As for SCFs with air holes,
150 kW power (about 11 times more than #F, fibers) is
required to generate SC with a broad spectrum of about
800 nm with all-normal dispersion [33].

#F, fiber has dispersion characteristics with both nor-
mal and anomalous regimes in the investigated wavelength
range, two ZDWs are observed at 1.2887 um (ZDW,) and
1.439 um (ZDW,). In the simulation, we use the pump wave-
lengths at 1.3 ym which is located in an anomalous disper-
sion regime, near ZDW, with the pulse duration 120 ps. Fig-
ure 8 presents the numerical results of SC generation in #F,
fiber. The spectral broadening is dominated by modulation
instability, this makes the SC spectrum narrow when input
energy is very low (0.05 nJ). With greater input energy, the

@ Springer



J Opt

-45 -

1
---- 0051
12 nJ| |

-50

554

-60 -

654

-70 -

-75

Intensity (10 dB/div)

879.96 nm
1509.08 nm

l’ T T T T
850 950 1050 1150 1250 § 1350 1450 1550
(a) Wavelength (um)

Distance (cm)

0.7 10 13 16 07 10 13 16 07 10 13 16 07 1.0 13 1.6
(b)  A(um) A (um) A (um) A (um)

E =0.05 nJ E=1.2nJ E=13nJ E=1.5nJ

10
8
6
4
2
95 o 505 0 0505 0 05-05 0 05

(C) Delay (ps)

Distance (cm)

Delay (ps) Delay (ps)  Delay (ps)

Fig. 8 For #F, fiber: a various input pulse energy in 10 cm length
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input pulse energies, and ¢ the pulse evolution of the SC along with
fiber
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SC spectrum is relatively flat and extended in an anoma-
lous dispersion regime with 10 dB bandwidth. However, the
difference between the spectral widths is not very large as
the input energy continues to increase. For the case of 1.5
nJ input pulse energy (corresponding to a peak power of
12.5 kW), the SC spectrum expands from 0.72 to 0.2 um
(Fig. 8a).

With the selection of the pump wavelength in the
anomalous dispersion mode, we expect the soliton dynamics
with soliton fission to prevail in the spectral expansion.
However, the super continuity results in Fig. 8 are observed
to be in sharp contrast to standard photonic crystalline fibers
with anomalous dispersion with only one zero dispersion
wavelength or two widely separated zero dispersion
wavelengths [56-59]. When the soliton fission is absent,
the supercontinuum is expected to have less noise than the
supercontinuum from conventional PCFs. In such fibers, the
higher order-solitons evolve from the launched pulse. These
solitons are unstable and split into fundamental solitons
due to higher-order dispersion and Raman scattering while
emitting blue-shifted non solitonic radiation. In this case,
the SPM helps the spectrum to broaden and thus provides
seed wavelengths for degenerate and non-degenerate four-
wave mixing [56]. Soliton fission requires high intensity
for phase matching when the excitation pulse propagates in
PCFs with two widely separated ZDWs and FWM can be
phase matched even with low intensity. This makes FWM
a major cause for spectral expansion whereas the soliton
dynamics are arrested and play an almost negligible role in
the formation of the supercontinuum.

The evolution of the SC spectrum along the fiber and
temporal profile at various propagation lengths in #F, is
shown in Fig. 8 (b, ¢). The SPM is the dominant nonlin-
ear process here and the nonlinear dispersion properties
are typical of those expected from their interaction in SCF.
At the beginning of the propagation, the spectrum still has
a shape characteristic of SPM. However, due to the high
dispersion slope, the spectral broadening is limited in the
short wavelength. During further propagation, FWM which
is characterized by OWB, also contribute to the spectral
extension at the wings but the low nonlinear coefficient is
the main cause for limiting the spectral expansion in the
long wavelength region. Due to the proximity of the pump
wavelength (1.33 pm) and the ZDW, (1.2887 pm), a part
of the spectrum is produced by SPM across the ZDW and
experiences in normal-dispersion regime before soliton fis-
sion occurs. Unfortunately, soliton fission is not observed in
anomalous SC generation for #F, fiber as analyzed above.
Mutual compensation of dispersion and SPM will not occur
if the input energy is not large enough [56-58]. In Fig. 8a,
the spectral width does not increase significantly in spite of
the increased input energy which proves that 1.5 nJ achieved
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is the largest input energy with femtosecond pulsed laser in
performing these simulations.

Recently SG modeling results for silica-based PCF
infiltrated with ethanol [39] were reported, the authors
have shown that a PCF fiber of length 20 cm, with a pump
wavelength of 1.55 pm, 50 kW peak power can generate
945 nm of flattened broadband SC. These results indicate
a potential for further increased SC generation efficiency
of our proposed butanol-suspended core fibers with
approximately four times lower peak power. In addition, the
obtained results indicated that all-normal and anomalous
dispersion SC generation in proposed SCFs can be achieved
at the same or even greater bandwidth with lower peak
power than photonic crystal fibers infiltration with other
liquids in previous works [32, 33, 38—40, 47].

Conclusion

For the first time, we have reported on supercontinuum
generation in a PCF with a suspended core infiltrated with
butanol. Both all-normal and anomalous dispersion are
achieved by varying total diameter of the air-hole structure.
Two optimal structures are proposed for use in SC generation
with all-normal and anomalous dispersion properties. With
the peak power of 13.33 kW, the broadening spectrum
expanded from 806.19 nm to 1520.56 nm at 1.3 pm central
wavelength for all-normal SC generation. In addition, for
the anomalous SC generation, with two ZDWs close to
each other, the spectrum is also extended from 879.96 nm
to 1509.08 nm at 1.3 pm pump wavelength with the peak
power of 12.5 kW. SPM at the center of the spectrum and
OWB at the spectrum wings play a major role in spectral
expansion for both cases. Soliton fission is not observed in
anomalous SC generation.

The main reason for the moderate spectral width of the
supercontinuum we have achieved is relatively low nonlinear
coefficient and high loss of fibers. However, the suspended
core structure and the infiltration of butanol into the air holes
strongly influenced the dispersion of the fibers. The flat and
small dispersion at the pump wavelength is completely
beneficial for supercontinuum. In this case, the proposed
fibers can offer reasonable, but not record-high broadening
when they are pumped with low-energy sub-picosecond
pulses. Considering the recent technological development
of supercontinuum-based laser sources, we believe that the
low input peak power and butanol infiltrated suspended core
give both proposed fibers a high potential for a compact all-
fiber SC generation system. Furthermore, this is a new class
of fibers for all-fiber SC sources as an alternative to glass
core fibers, since nonlinearity of butanol is higher than silica
and its toxicity is negligible.
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