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crystal fiber infiltrated chloroform with the low peak power
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Abstract

The broad supercontinuum spectrum in chloroform infiltrate hollow-core circular photonic crystal fibers with low peak
powers of 1.44 kW and 20 kW has been investigated. The improvement in optical properties of the photonic crystal fib-
ers is attributed to the difference air holes's size of the rings in the cladding, where the air holes's size in the first ring are
smaller than others, and the infiltration of chloroform to the core. The flat dispersion, small effective mode area of 1.43 pmz,
low confinement loss of 2.47 dB/m at 0.945 um pump wavelength is responsible for the broad supercontinuum spectra of
753.9 nm in the first fiber with all-normal dispersion. The soliton dynamics provides bandwidth up to 2779.6 nm at a pump
wavelength of 1.4 pm through supercontinuum generation in the second fiber with anomalous dispersion. The results further
demonstrate that it is possible to generate broad supercontinuum spectra in the specified wavelength region thanks to exact
control of photonic crystal fibers dispersion properties by using suitable highly nonlinear fluids and changing the air hole's

size in the innermost ring of the photonic crystal fibers.

Keywords Photonic crystal fibers - Chloroform - Flat dispersion - Small effective mode area - Broad supercontinuum

spectra

1 Introduction

Supercontinuum (SC) generation is a process where an
extremely short pulse of high intensity, e.g., laser light
propagating through a strong nonlinear medium, causes a
continuous expansion of the output pulse over a broad wave-
length range [1]. Recently, using a nonlinear medium such
as a photonic crystal fiber (PCF) to generate SC has been an
interesting topic attracting the attention of many research
groups worldwide. Because of design flexibility, PCF can be
usually made with tailored chromatic dispersion properties.
Furthermore, it also often exhibits increased nonlinearity
due to the strong mode confinement. Selecting a variety of
geometries, creating structural defects, or filling air holes
with highly nonlinear liquids are common ways to optimize
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the optical properties of PCF helping to obtain broader SC
spectra.

The unusual dispersion characteristics of PCFs are mainly
responsible for the strong nonlinear interactions over a fiber
length. In SC generation, these interactions are demonstrated
through several nonlinear effects including soliton fission,
four-wave mixing (FWM), self-phase modulation (SPM),
soliton fission (SF), soliton self-frequency shift (SSFS),
stimulated Raman scattering, etc., [1]. Suppose the pump
wavelength is chosen at a value greater than the zero dis-
persion wavelength (ZDW), i.e., under anomalous disper-
sion regime pumping conditions. In that case, the spectrum
will be greatly broadened due to the main domination of the
soliton dynamics. But modulation instability can be found;
as a result, the input pulse can be noise amplified and the SC
light is incoherent [2—4]. To enhance the coherence of the
spectrum in SC generation, many researchers have focused
on PCFs with all-normal dispersion (ANDi). The self-phase
modulation (SPM) and optical wave breaking (OWB) induce
four-wave mixing (FWM) helps to achieve a broad SC spec-
trum when the PCF is excited by a femtosecond laser in
ANDiI regime [5-7]. Since there is no soliton formation,
the spectrum is quite flat and a single pulse is maintained
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in the time domain. With outstanding features such as large
bandwidth, high power density and good coherence, SC is
of great significance in application including optical coher-
ence tomography, fluorescence microscopy, optical telecom-
munication systems, gas sensing, biomedical imaging, etc.
[8-13].

With the rapid development of fiber optic technology,
new PCF materials or hybrid materials with many outstand-
ing properties have always been the target of researchers
despite many recent reports on liquid-core PCF (L-PCF).
Liquids have good propagation characteristics from the
visible to near-infrared spectral region and high nonlinear
refractive indices of n, (two orders of magnitude larger than
that of pure silica), which makes L-PCF confirmed as an
ideal nonlinear medium for increasing the efficiency of SC.
The characteristic quantities including chromatic dispersion,
nonlinear coefficient, effective mode area and confinement
loss are changed markedly when PCF is infiltrated with
nitrobenzene [14—16], carbon tetrachloride [6, 7, 17], tetra-
chlorethylene [4, 18], toluene [5, 19-21], carbon disulfide
[3, 22-24], benzene [2, 25]. In experiments, the works [5,
6, 17, 23] have shown that L-PCFs are fabricated by the
conventional stack-and-draw method. Liquids are filled into
the core by integrating a microfluidic pump system using a
thermal fusion splicer or laser writing technique [26]. Along
with this, L-PCF presents advantages in the application of
temperature sensing, interferometer with high sensitivity,
photon-pair generation, and optical wavelength conversion
[27-29].

Until now, there have been very few publications on SC
generation using chloroform-filled hollow-core PCF and
these results are mainly reported by numerical simulation
despite the fact that chloroform is a liquid with many inter-
esting properties. First, its linear refractive index is only
about 0.012 lower than that of silica [30], which will further
improve the coupling efficiency with the standard silica fib-
ers used in the all-fiber pump laser system. Second, its non-
linearity (n,=1.64X 107" m®2.W~") [31] is one order of mag-
nitude higher than that of fused silica (7,=2.74x 1072 m?.
W) but similar to toluene (n,=16X 107 m2 W™ and
carbon tetrachloride (1.53 x 107! m®. W) [32], allowing
light to be confined better in the core of the PCF. Third,
its toxicity is not significant when compared with carbon
disulfide and toluene [33] because the toxicity of liquids is
essential when considering safety in the practical application
of PCF. A laser pulse with 2 kW low peak power excited at
0.8 um, propagating in a PCF in the anomalous dispersion
regime provides a broad spectrum of 1100 nm [34]. This
work also presented dispersion of PCF infiltrated chloroform
is flatter than carbon disulfide, resulting in a broader SC
spectrum. The SC spectrum of 1020 nm was obtained using
PCF with ANDi has small values in the — 20 to — 50 ps/
nm.km despite the rather large peak power of 47 kW [35].
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With a small peak power of 2.5 kW, the two optimized fibers
with ANDi and anomalous dispersion in [36] also generated
SC with a broad spectrum of 660 nm and 800 nm, respec-
tively. In addition, the AsSe,-suspended core fiber with three
air holes was filled with chloroform and demonstrated the
ability to broaden the SC spectrum from 1 to 14 pm using
short pulses with 10 kW peak power and 50 fs pulse duration
at 2560 nm [37]. Furthermore, efficient pulse compression
using chloroform-filled PCF was also reported in [38, 39].
In these works, PCF with hexagonal lattice or suspended
core was observed. Similarly, the hexagonal lattice PCF
with air holes permeated with chloroform, was investigated
“to nullify the deleterious effects of temperature fluctua-
tions on continuum width and soliton pulse propagation”
[40]. Finally, to our knowledge, there is no experimental
evidence yet to investigate SC spectral expansion based on
chloroform-infiltrated PCFs. However, by experimentally,
some other works verified a markedly improved SC gen-
eration efficiency using other liquids-infiltrated PCFs with
high nonlinearity similar to chloroform. SC spectra spanning
950-1100 nm with 10 nJ input pulse energy at 1030 nm
based on toluene-infiltrated PCFs with all-normal dispersion
was reported in the work [5]. The publication [6] demon-
strated the generation of an all-normal dispersion supercon-
tinuum in the 850-1250 nm wavelength range using an avail-
able 1030 nm fiber laser with 400 fs and 25 nJ input pulses
via carbon tetrachloride-filled PCFs. An octave-spanning SC
in the range 1.1-2.7 pm at 14 nJ pulse energy with capillary
fiber infiltrated with CS, pumped in the anomalous disper-
sion regime by a 460 fs laser operating at 1.95 pm [41]. An
octave-spanning SC bandwidth (1.1 pm to 2.4 um) using a
core of C,Cl,-filled PCF was presented in the paper [42].
Input pulse has energy as low as 0.5 nJ with 270 fs duration
at 1.92 pm. Most recently, a water-filled-cladding PCF gen-
erated the flat spectral SC with a bandwidth of 102.5 nm at
1030 nm wavelength with input energy of 9.0 nJ and pulse
duration of 400 fs [43]. Therefore, the results of SC stud-
ies using chloroform-infiltrated PCFs by simulation will
provide reliable evidences to verify the efficacy in further
experimental studies. Table 1 summarizes some results of
SC studies using chloroform-infiltrated silica-based PCF and
different liquids based on numerical simulation.

In this paper, we demonstrate the ability to improve dis-
persion and nonlinear properties of chloroform-infiltrated
PCF to generate broad-spectrum SC above 2700 nm based
on numerical simulation. The PCFs are designed with a cir-
cular lattice to meet the requirement of tight light confine-
ment in the core due to the circular lattice's higher symmetry
than other lattices. The defects are introduced into the lattice
structure by reducing the size of the air holes of the first ring
around the core. Together with the infiltrating of chloroform
into the hollow core of PCFs, their optical properties are
significantly improved to enhance SC spectral expansion
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Table 1 Overview SC generation in several chloroform and different liquids-infiltrated silica-based PCFs

Structures Liquids Fiber Pump wave-  Dispersion regime SC range (nm) Input peak Refs.,
length (cm) length (um) power (kW)

Hexagonal Chloroform 0.5 0.8 Anomalous 1100 2 [34]

Hexagonal Chloroform 1 1.06 Anomalous 1020 47 [35]

Hexagonal (#F)) Chloroform 10 0.92 All-normal 660 2.5 [36]

Hexagonal (#F,) 10 1.03 Anomalous 800 2.5

Hexagonal (#F)) Nitrobenzene 5 1.03 Anomalous 1400 0.83 [16]

Hexagonal (#F,) 5 1.56 All-normal 1300 5.56

Hexagonal (#F5) 5 1.56 Anomalous 1000 0.67

Hexagonal (#F)) Carbon tetrachloride 30 1.35 Anomalous About 1400 2.67 [13]

Hexagonal (#F,) 30 1.064 All-normal About 400 2.67

Hexagonal (#F)) Tetrachlorethylene 5 1.56 All-normal 1200 16.67 [18]

Hexagonal (#F,) 10 1.56 Anomalous 1000 16.67

Hexagonal (#F;) 10 1.03 Anomalous 1700 20.83

Circular (#F)) Toluene 1 1.064 All-normal 950 0.45 [20]

Circular (#F,) 10 1.55 Anomalous 2386 0.56

Hexagonal (#1_0.3) Toluene 10 1.55 All-normal 650 7.14 [19]

Hexagonal (#1_0.35) 10 1.55 Anomalous 750 6.67

Hexagonal Carbon disulfide 14 1.56 Anomalous 640 560 [24]

Hexagonal (#F)) Benzene 1 1.55 All-normal 1300 55 [25]

Hexagonal (#F,) 1 1.55 Anomalous 2000 37

Hexagonal (#F;) 1 1.55 Anomalous 2900 37

efficiency. Based on a detailed analysis of numerical simu-
lation results, two fibers with flat all-normal and anomalous
dispersion with low dispersion values of — 1.629 ps/nm.km
and 2.619 ps/nm.km, respectively, and small effective mode
area are selected as SC generation nonlinear medium. The
pulse is injected at 0.945 um wavelength with 0.13 nJ energy
and 90 fs duration (corresponding to 1.44 kW peak power)
broadened from 596.1 to 1350 nm when propagating in
10 cm of the first fiber length. With a pump wavelength
of 1.4 um in an anomalous dispersion regime, the second
fiber generates SC with a spectrum ranging from 750.4 nm
to 3530 nm with an input pulse of 0.9 nJ of 45 fs duration
(peak power of 20 kW).

This paper is organized into four sections. In the first sec-
tion, an overview of SC studies using highly nonlinear liquid
infiltrated-PCF are presented in detail. Section 2 describes
the structure of PCF with corresponding lattice parameters.
In Sect. 3, the chromatic dispersion of chloroform-infiltrated
PCF are discussed in detail based on numerical simulation
results. More, the characteristic quantities such as effective
mode area, nonlinear coefficient and confinement loss and
structural parameters of two proposed fibers for SC are also
introduced in this section. Section 4 simulates numerically
how the low peak power input pulses are broadened after
propagating in the fiber by solving the generalized nonlin-
ear Schrodinger equation, where the influence of the main
nonlinear effects and fiber parameters on the bandwidth and

flatness are also covered. Finally, some conclusions about
the SC generation efficiency of chloroform-infiltrated PCFs
compared with some other publications are shown.

2 Numerical modelling OF PCFs

Lumerical Mode Solution (LMS) software was used to
model the structure of the PCF. We choose the fused silica
material in the system data as the substrate to design the
PCFs. At the same time, the coefficients of the refractive
index of silica according to Sellmeier equations (Eq. 1)
[44] are also included in the data system for comparison
and matching. The advantage is that lattice structure types
are available in the system, so the circular lattice is marked
because of its high symmetry. The air holes are designed in
8 layers evenly spaced and parallel along the core. Chloro-
form is filled into the hollow core of the PCF by declaring
the Sellmeier coefficients according to according wavelength
(M) (Eq. 2) [36]. The perfectly matched layers that strongly
absorb the waves coming from the calculated region with-
out any reflection are the boundary conditions established
for the LMS to be able to solve Maxwell's wave equations.
The full-vector finite-difference eigenmode (FDE) method
allows obtaining the field intensity profile of the fundamen-
tal mode of the PCFs with minimal loss. The propagation
constant f with high accuracy is calculated using the “FDE
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solver” thanks to the cross-section of the fiber being divided
into small rectangular sections called “Yee's mesh” [45].
This makes the optical properties in each of Yee's meshes
almost unchanged. An index averaging technique is used
for the cells across interfaces at points lying on the surface
between two media. The minimum mesh step of 10—6 um
and 300 mesh cells without override regions is set for PCFs.
The wavelength range investigated is 0.5-2.0 pum which is
compatible with existing LMS data.

core size must ensure good light confinement and match the
actual manufacturing. The structural cross-section view of
the circular chloroform-infiltrated PCFs is shown in Fig. 1a
and b displays the light confined in the core for the structure
A=2.0 um; d;/A=0.65.

The real parts of the refractive index (n) of silica and
chloroform depending on the investigated wavelength range
is presented in Fig. 2a. The Re[n.q] values decrease with
increasing wavelength. Although the real parts of the refrac-

0.6961663 12

0.4079426 A2 0.8974794 A2 )
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sio,(4) \/ 12 —4.679148 x 1073

A% — 1.3512063 x 102

A2 —97.93400254

1046472 0.003454
H=4/1+ + 2
Mencr,(A) \/ 12001048 © 72 —0.15207 @

In our work, the optical properties of the PCFs are
improved by a combination of three factors including the
selection of the circular lattice, the chloroform filling in the
hollow core of the PCF, and the lattice defects. Several pre-
vious publications [46, 47] verified that the difference in the
air hole's size of rings in the cladding strongly influences the
nonlinear properties of PCFs. That means that every ring in
the structure of PCFs has a profound effect on dispersion
[48-50]. From this idea, we considered breaking the perio-
dicity of the cladding rings to enhance the design freedom of
the fiber to a large extent. So, we modeled PCFs with the air
holes of the first ring near the core being smaller than others.
Because the dispersion property is dominated by this ring
including the shift of ZDW towards the long wavelength.
But the remaining ring size is responsible for the loss in the
fundamental mode or even the higher-order modes [46]. The
filling factor d,/A varies from 0.3 to 0.8 with each step of 0.5
(d, is the air hole's diameter of the first ring), d,/A is kept
constant with a value of 0.95 (d, is the air hole's diameter the
second and other rings). We have carried out the simulations
for different lattice constants (A=1.0 ym, 1.5 ym, 1.8 um,
and 2.0 um). The radius of the hollow core is determined
by the formula R,=(2A — 1.1d,)/2, which is also an impor-
tant parameter to note in the design of PCF. Because the

Fig. 1 Cross-section view of the
circular chloroform-infiltrated
PCFs a, the light confine-

ment in the core of PCF with
A=2.0pum; d;/A=0.65b

@ Springer

tive index of chloroform are lower than that of silica, the
difference is not too large, and convenient for coupling with
standard silica fibers. The transparency of chloroform is in
the broad range of visible and near infrared wavelengths.
The attenuation A depends on the adsorption wavelength 4
calculated according to Eq. (3) [36]. Figure 2b shows a few
adsorption peaks at 1.152 pm, 1.410 pm and 1.691 pm, the
strongest absorption peak at 1.691 pm with k reaching the
value of 2.65 x 107*, corresponding to A at this wavelength
is equal to 85.6 dB.cm™!. Furthermore, chloroform has the
lowest material dispersion in the visible region among com-
mon nonlinear liquids such as carbon disulfide and carbon
tetrachloride. This implies that its applicability is suitable
for new fields such as quality and security control or envi-
ronmental monitoring as "some substances exhibit strong
resonances related to rotational and vibrational resonances
of various technologically vital molecules" [36, 51].

A = 10.log [e*™*/%] 3)

3 Simulation results and analysis

Chromatic dispersion is an important property of optical
fiber in consideration for SC generations. The main nonlin-
ear effects that appear to broaden the spectrum depend on

y (microns)
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Fig.2 The real parts of the refractive index n of chloroform and fused silica is extrapolated using Sellmeier’s equation a and the real n and imag-
inary k part of the refraction index of chloroform for the temperature of 20 °C is based on experimental data from [52] b

the dispersion properties of the PCF. It is the phenomenon
where different pulse components propagate with different
velocities, which is characterized by the propagation coeffi-
cient . Background material types and defects in the lattice
or geometry of the structure are responsible for altering the
chromatic dispersion. Chromatic dispersion as a function
of wavelength (1), the speed of light in a vacuum (c), and
the second derivative of the effective refractive index of the
guided mode with respect to wavelength, is calculated by the
formula (4) below [53]:

y) aZRe[neff]
D=—Cn @

The second and higher dispersion are given by.

2
= /12D(/1) (5)
c
_amp
ﬁm - dCOm W=y (6)

with @ is the light center frequency.

Table 2 denotes that the higher-order dispersions have
very small values and do not significantly influence the SC
spectrum expansion (in the case of PCFs with A=1.0 um;
d/A=0.65 and A=2.0 um; d,/A =0.3). Therefore, we only
analyze PCFs’ dispersion and nonlinear properties with the
fundamental mode.

Figure 3 shows the simulated dispersion characteristics
of the circular chloroform-infiltrated PCFs via a full-vector
finite-difference eigenmode method. Both anomalous and
all-normal chromatic dispersion are found in these PCFs.
Owing to the large waveguide dispersion achieved with
the small core diameter (A =1 pum), the fibers considered
in this work presented two ZDWs below 1.2 um when the

Table 2 The coefficient of higher-order dispersion at the pump wave-
length of the circular chloroform-infiltrated PCFs

Coefficients A=1.0 pm; d,/A=0.65 A=2.0pm; d,/A=0.3
B, (ps/m) 9.61x10™ —291x1073
B (ps*/m) —6.18x107° 1.11x1074

B, (ps*/m) 2.02x1077 —1.43x1077
Bs (ps>/m) 427x10710 1.15x107°

Bg (ps/m) 2.32x 107! —1.06x 107!
B, (ps’/m) —-491x107"1 —4.01x107"
Bg (ps®/m) —545x1071 1.46x1071
By (ps°/m) 1.68x 10716 2.43%10718
Bio (psi%m) 8.73x 107" -332x107"
By; (ps'l/m) —-5.07x1072° —~7.54x10722

d,/A is greater than 0.65. It can be readily observed that
reducing the filling factor d;/A leads to lower chromatic dis-
persion profiles, and the saddles in the profiles become flat-
ter and broader. In Fig. 3a, the dispersion of the fiber with
0.45<d;/A<0.7 is all-normal and the local maximum dis-
persion wavelengths are redshifted as the d;/A decreases. As
d,/A continues to decrease, the dispersion curves are uplifted
showing anomalous dispersion with one ZDW, the ZDWs
perform a blue shift, this is not expected.

When A is larger (A= 1.5 pm) (Fig. 3b), the curves with
ANDi characteristics are no longer observed, they are
uplifted higher than the zero dispersion line and become
anomalous dispersion curves with two ZDWs. More, local
maximum dispersion wavelengths are also redshifted. For
fibers with larger cores (A=1.8 and 2.0 pm) (Fig. 3c and
d), the dispersion value increases with the increase of d,/A
in the wavelength region less than 1.7 pm. All dispersion
curves intersect the zero dispersion line at a point cor-
responding to the anomalous dispersion profile with one

@ Springer
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Fig.3 The chromatic dispersion characteristics the circular chloroform-infiltrated PCFs with various values of d;/A and A=1.0 um a, 1.5 um b,

1.8 um ¢, and 2.0 pm d

ZDW. Furthermore the ZDWs are shifted towards shorter
wavelengths as d,/A increases. This suggests that struc-
tures with small d;/A can be selected to obtain an appropri-
ate ZDW. The structure with A=2.0 pm, d;/A=0.3 has a
flat dispersion curve and is closest to the zero dispersion
line. In this case, material dispersion prevails. It can be
seen that a reasonable adjustment of the air holes diam-
eter of the rings in the cladding is an advantage factor for
dispersion control.

The choice of pump wavelength in SC generation depends
on the shift of the zero dispersion wavelength. This is an
important factor affecting the SC spectrum expansion, more-
over, the proposed pump wavelengths must satisfy condi-
tions such as the dispersion value being small enough to
improve SC performance and matching commercial lasers.
Most of the ZDWs1 of PCFs with large A decrease with

@ Springer

increasing the filling factor, except PCFs with A=1 pm
(Table 3).

The fundamental mode dispersion parameters play a
very important role in SC generation, because they would
determine which PCF produces the broad spectrum. The
fiber materials and structures often affect various aspects
of dispersion such as value, the number of ZDWs, flat-
ness. PCFs with many ZDWs have a small range of vari-
ation that can make the dispersion profile flat [54]. In
addition, coherent SC in guided structures can be gen-
erated by flat-dispersion PCFs with lower values [55].
Also, the combination of different nonlinear properties of
an optical medium can govern the influence of the main
effects occurring during SC generation including soliton
dynamics and non-solitonic dispersive wave (DW). The
above analysis leads to the recommendation of selecting
two fibers with optimal dispersion for SC generation. The
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Table 3 ZDWs of the circular

. d\/A A=1.0 (um) A=1.5 (um) A=1.8 (um) A=2.0 (um)
chloroform-infiltrated PCFs
ZDWsl ZDWs2 ZDWsl ZDWs2 ZDWsl ZDWsl

0.3 1.141 1.286 1.335 1.374
0.35 1.23 1.268 1.28 1.308
0.4 1.381 1.207 1.205 1.234
0.45 1.716 1.113 1.135 1.17

0.5 1.12 1.079 1.116
0.55 0.986 1.904 1.033 1.071
0.6 0.947 1.83 0.998 1.034
0.65 0.914 1.818 0.968 1.004
0.7 0.827 1.053 0.886 1.815 0.941 0.978
0.75 0.781 1.103 0.862 1.827 0.918 0.954
0.8 0.75 1.136 0.839 1.837 0.895 0.931

first fiber, #F, (A =1.0 um and d,/A =0.65), has an ANDi
with the local maximum dispersion wavelengths clos-
est to the zero dispersion. With a small dispersion value
of — 1.629 ps/nm.km at a pump wavelength of 0.945 pm
(Fig. 4a), this fiber is expected to produce a broad SC
spectrum and high coherence due to the SPM effect. Mean-
while, the soliton dynamics will dominate the SC spectral
expansion when the #F, fiber (A=2.0 ym and d,/A =0.3)
is pumped in an anomalous dispersion region at the pump
wavelength of 1.4 um. The #F, fiber has the flattest disper-
sion among dispersion curves with A =2.0 um. It has a low
dispersion value of 2.619 ps/(nm.km) at the pump wave-
length (Fig. 4a). Several previous publications on hexago-
nal chloroform-infiltrated PCFs showed rather high disper-
sion values at the pump wavelength. At 1.06 um pumping
wavelength, the optimal fiber with ANDi in [35] has about
12 to 30 times more dispersion than in this work. The
dispersion value of about 14 times for ANDi and 3 times
for anomalous dispersion, at 0.92 pm pump wavelength
and 1.03 um, respectively, were reported for two fibers
proposed for SC generation in [36].

The generation of broad-spectrum SC is also affected
by the nonlinear properties of the optical medium because
they contribute to the generation of new frequencies
through nonlinear phenomena such as FWM, SPM, SF,
SSFES, etc. ... The nonlinear coefficient quantifies the
strength of a nonlinear interaction, which often strongly
influences the peak power of the input pulse, is determined
by the following formula (7) [4]:

y(A) = 21—
AA

(N

where A, is the area of the effective mode for the basic
mode of the fiber and n, is the nonlinear refractive index
of the optical material. The effective mode area for the

fundamental mode is a quantitative measure of the area
which a waveguide or fiber mode effectively covers in the
transverse dimensions, can be calculated by using formula
(8) [56]:

< f f |E|2dxdy>

Aeff =

®)
|E|*dxdy

where E is the transverse electric field over the cross-section

of the PCF.

“Confinement loss is the loss which should be minimized
so that the light modes to be transmitted is confined in the
core and it should not be dispersed” [57], can be computed
on basis of imaginary part of effective refractive index and
wavelength:

2r
L = 8.68671m[neff(/1)] 9)

Figure 4b, c, and d display the dependence between the
nonlinear coefficient, effective mode area, and confine-
ment loss of the fundamental mode on the wavelength for
#F, and #F, fibers. The nonlinear coefficient of fiber #F,
is higher than #F, for all wavelengths. The y of the two
proposed fibers is relatively high at the pump wavelength
of 763.313 W~L.km™! and 63.913 W~L.km™!, respectively.
Since the effective mode area is inversely proportional
to the nonlinear coefficient, fiber #F, has a larger A .
The A.q of #F, is 11.524 um?, about 8 times the value
of #F, (1.43 um?) at the respective pump wavelengths.
Fibers with large core sizes often exhibit worse core
light confinement, so #F, fibers have a higher confine-
ment loss. This involves leakage of modes from the core
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Fig.4 The optical characteristics of the fundamental mode for #F, and #F, fibers

to the cladding or between air holes in the cladding. So,
the core size limitation is also necessary in the design
and numerical simulation of PCFs. If the core size is too
large, of course, it will negatively affect the fiber loss, but
if the core size is too small, it will be difficult to fabricate
the fiber in practice. The L, value of #F, 39.628 dB/m is
about 16 times that of fiber #F, (2.477 dB/m). We expect
that a larger L value of #F, will have a small effect on the
SC spectral broadening (we will discuss in the next sec-
tion) because #F, has a rather small anomalous dispersion
at the pump wavelength. Table 4 manifests the structural
parameters and the characteristic quantities of the two pro-
posed fibers at the pump wavelength in comparison with
some other liquid-infiltrated PCFs. It is essential for broad

@ Springer

spectrum SC that mostly the fundamental mode is pumped
due to the lowest effective mode area leading to the highest
nonlinearity. So, these structures offer low dispersion and
suitable nonlinearity for optimum SC in PCF.

4 Supercontinuum generation in proposed
fiber

The higher-order dispersions are simulated to the 11th order
and presents a rather small value, verified in the Table 2. The
impact of the dispersive and nonlinear processes on pulses
shapes and SC spectra when the ultrashort optical pulses
propagate inside the optimal PCFs are numerically studied



Journal of Computational Electronics

Table 4 The structure parameters and the characteristic quantities of #F; and #F, fibers at the pump wavelength in comparison with some other

liquid-infiltrated PCFs

# R, (um) AQum)  dJ/A Pump wave- Aegp (UM?) y (W km™) D (ps/nm.km) L. (dB/m)
length (um)

#F, 0.643 1.0 0.65 0.945 1.43 763.313 -1.629 2477

#F, 1.67 2.0 0.3 1.40 11.524 63.913 2.619 39.628

#F, [36] chloroform 0.643 1.0 0.65 1.03 1.5 1290 -24 -

#F, [36] chloroform 1.643 2.0 0.65 1.03 4.48 440 7.6 -

#1_0.3 [19] toluene 3.28 2.0 0.3 1.55 7.79 2132.575 —7.784 40

#1_0.35 [19] toluene 2.8 2.0 0.5 1.55 78.9 2890.276 -1.19 120

#F, [18] 1.28 1.5 0.4 1.56 433.2 156.9 —-15.0 4.0

tetrachloroethylene

#F, [18] 3.753 4.0 0.45 1.56 16.67 40.79 3.20 4.2

tetrachloroethylene

#F; [18] 1.198 1.5 0.55 1.03 359.1 189.3 —4.85 5.3

tetrachloroethylene

#F, [13] 1.125 1.5 0.45 1.35 11.83 - 12.0 1.85

carbon tetrachloride

#F, [13] 3.56 4.0 0.8 1.064 10.58 - —4.37 1.58

carbon tetrachloride

using the generalized nonlinear Schrodinger equation which
is in the form of [1]:
(w)

0.A — if(w)A — “T A

= iy<1 4 2% )AF{/DOR(T’)IAF(T—T’)dTW (10)

@

where A(z, ) is Fourier transform of the amplitude of a
pulse A(z, T), and R(T”) is the Raman response function.
The left side of Eq. 10 depicts the linear propagation effects
of the fiber,@dand f are attenuation and dispersion in the
frequency domain, respectively. The right-hand side of the
Eq. 10 describes the nonlinear effects which depend on the
nonlinear optical response of chloroform determined by the
combination of the bound-electronic and nuclear contribu-
tion. Nonlinear parameters used in simulations [58]. The
subscripts el, d, [, ¢ indicate the following mechanisms:
the bound-electronic, molecular reorientation, molecu-
lar interaction and collision induced, respectively. Where
Ny =041x107"m*W=", n,,=075x10""m*W~!,
7,4 =025ps, 7;,=0.18ps, ny; =04x107" m*W~',
ny. =0.08x 107°m*°W~", 7, . = 0.1ps, 7, = 0.1ps.

Both all-normal and anomalous dispersion of #F, and
#F, fibers clearly show the dominance of different nonlinear
effects on the characteristics of the SC spectrum. #F, fiber
provides a broad, low-noise SC spectrum while #F, fiber
generates a much broader SC spectrum despite more noise.
The large difference between the nonlinear refractive index
of chloroform and silica, the low dispersion, and the small

effective mode area are necessary for us to simulate SC gen-
eration with low peak power.

In the first step of this section, we analyze the simula-
tion results of a laser pulse propagating in a 10 cm long
#F, optical fiber excited at a wavelength of 0.945 pm. The
width of the input pulse is set as 90 fs. The influence of the
input pulse energy (E) on the broadband spectra is shown
in Fig. 5a. The spectra is broadened obviously when the
E increases from 0.01 to 0.1 nJ corresponding to the peak
power (P) rising from 0.11 kW to 1.1 kW. However, the
spectral width changes slightly when the E increases to
0.13 nJ (P=1.44 kW). Thus, P=1.44 kW is considered as
the limiting peak power to broaden the spectra. The fairly
flat profile with small fluctuations (spectral levels below
10 dB in this work) of the output pulse is typical of pumped
fibers in the ANDI regime. Also, the spectral fluctuations on
the longer wavelength side are significantly reduced as the
peak power increases. The nonlinear optical process, namely
SPM and OWB, contribute to the pulses’ spectral broaden-
ing in the #F, fiber with the ANDIi regime. With an input
peak power as small as 0.11 kW (corresponding to an input
pulse energy of 0.01 nJ), the spectrum is expanded symmet-
rically only by the SPM. As the input pulse energy increases
further, SPM is the dominant expansion mechanism in the
initial stage. Then, new frequencies are created by over-
lapping of different pulse spectral components due to the
OWRB associated with FWM. That leads to a significant blue
shift and red shift of the spectrum. However, the spectrum
broadening on the short wavelength side is less efficient than
that on the long wavelength side causing the spectral shape
to be asymmetrical. The steeper dispersion profile at short

@ Springer



Journal of Computational Electronics

-60
-70
— If
= 80 :
o | 3
5 Hi
8 I3 \ : \
w 90 | ] :
= | : e o\ !
2 -100 e T )
Q | B o . A
S e DS oot n| |3\ :
0 - oot Y !
| ——0.035 nJ : : \
el L g e 0.07 nJ 2 ~
-120 R A I e R LN T [v Y
K J |—o013 nJ HEREN \\
-130 . 3 I I 3 \
550 650 750 850 950 1050 1150 1250 1350
(a) Wavelength (nm)
1o E=0.01nJ E=0. 0175 nJ E =0.035 nJ
[
=
o
o 6
o
S 4
®»
5 2

&0

05-025 0 025 0.5
Delay (ps)

0.5-0.25 0 0.25 0.5
Delay (ps)

0.5-0.25 0 0.25 05
Delay (ps)

Distance (cm)

-0.5-025 0 0.25 0.5

05-0.25 0 0.25 0.5
(C) Delay (ps)

Delay (ps)

0.5-0.25 0 0.25 05
Delay (ps)

Fig.5 For #F, fiber (length of 10 cm):a the output spectrum for
various input pulse energies when using pump pulses with 0.945 pm
pump wavelength and 90 fs duration, b the output spectrum with the

wavelengths is responsible for this phenomenon, although
the higher input energy can be used to increase intensity at
the trailing edge [59, 60]. When the E is increased to 0.13 nJ
(P=1.44 kW), the long wavelength edge of SC spectrum
was broadened, and the widest SC covering from 596.1 to
1350 nm was generated, as depicted in Fig. 5b. In fact, it is
the absorption of chloroform at long wavelengths and the
increase in the effective mode area of #F, fiber at long wave-
lengths that reduces the spectral expansion even though P is
further increased. One of the ways to increase the bandwidth
further is to reduce the effective mode area, i.e., increase
the nonlinear coefficient of the fiber by reducing the core
diameter. However, we should consider the coupling effi-
ciency in fiber fabrication. It will be lost if the core size is
further decreased and therefore decrease input pulse energy
when coupled with standard single-mode fiber in an all-fiber
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system [6]. Hence, P=1.44 kW is the maximum peak power
used in this #F, fiber.

Figure 5c and d testify the temporal profile at various
propagation lengths, and the pulse evolution of the SC along
with fiber. At the beginning of propagation, the interaction
between the SPM and the normal dispersion leads to a sym-
metrical spectral broadening during the first few millimeters.
OWRB occurs first at 8 cm of propagation towards the short
wavelengths side with E=0.175 nJ. For E=0.035 nJ, the
OWRB occurs at a distance of 4 cm and 8 cm of propaga-
tion on the short and long wavelength sides, respectively. As
the input pulse energy increases further, the OWB appears
at shorter propagation distances. When E reaches a peak
value of 0.13 nJ (1.44 kW of the peak power), and the sym-
metrical expansion in the first few millimeters of propaga-
tion is attributed to the SPM. When the excitation pulse
propagates at a distance of 1 cm, the OWB appears early
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on the blueshift side, creating a new wavelength band and
broadening the short wavelength components to 596.1 nm.
During further propagation, the high slope of the disper-
sion profile on the short wavelength side is responsible for
the inhibition of spectral expansion. On the redshift side, a
new wavelength band is generated at 4 cm of propagation
and extends the long wavelengths up to 1350 nm due to the
appearance of OWB. At this point, the spectrum can expand
further. However, the limitation here is related to the optical
fiber’s nonlinear reduction due to the increase of effective
mode area at long wavelength. The contiguous spectral com-
ponents overlapping each other in a too short period cannot
effectively contribute to further spectral widening, which is
the cause of the group delay of the pulse being stretched out
in the time domain (Fig. 5c).

In the second step of this section, we have carried out
nonlinear optical characterizations by pumping the #F, fiber
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Fig.6 For #F, fiber (Iength of 12 cm):a the output spectrum for vari-
ous input pulse energies when using pump pulses with 1.4 pum pump
wavelength and 45 fs duration, b the output spectrum with the input

at 1.4 um in an anomalous dispersion regime. A pulse of
width 45 fs is propagated in 12 cm of fiber length. The effect
of the input pulse energy on the bandwidth of the gener-
ated spectrum is observed in Fig. 6a. It illustrates that the
broadening of the output spectra increases with a further
increase in input pulse energy. With a minimum input pulse
energy of 0.01 nJ (corresponding to 0.22 kW peak power),
the SPM causes the spectrum to broaden symmetrically.
Soliton starts to occur, causing the pulse to lose symmetry
with E=0.075 (P=1.67 kW). As E increases further, the
pulse spectrum becomes broader but noisier and the spectral
width is much larger than that of the pumped #F, fiber in
the ADNi regime. This spectrum characterization indicates
that the typical SC growth is connected to the dynamics
of soliton propagation and break-up in the anomalous dis-
persion regime [1]. Namely, in the initial stage of only a
few millimeters of propagation, the SPM followed by pulse
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break-up affects the input pulse extension. Next, the SSFS,
due to intrapulse Raman scattering, strongly dominates the
spectral broadening for longer wavelengths. In addition, the
#F, fiber is pumped at a wavelength of 1.4 pm close to its
ZDW (1.374 um), so the solitons generated in the anomalous
dispersion regime have shed energy into dispersive waves
(DW) in the normal dispersion regime [1]. The influence
of nonlinear effects on spectral expansion includes SSFS
(red-shift side) and DW generation (blue-shift side). There-
fore, the bandwidth gets larger for higher peak power. Our
numerical simulation shows that the generated SC for the
highest peak power of 20 kW (E=0.9 nJ) reached 2779.6 nm
(Fig. 6b).

Figure 6¢ and d display the temporal profile at various
propagation lengths, and the pulse evolution of the SC along
the fiber #F,. When the input pulse energy reaches 0.9 nJ
(corresponding to 20 kW peak power), there is a preliminary
symmetric pulse broadening as a result of the influence of
the SPM at about the first 5 mm of the propagation length.
Then, further propagation is aided by soliton fission at about
1 cm of fiber length with the involvement of Raman scatter-
ing events. The presence of higher-order dispersion increases
the SF process, so a series of fundamental solitons, which
are both spectrally more extensive and temporally narrower,
are created from a higher-order soliton [61]. The first fun-
damental soliton having the shortest duration and broad
spectrum with the highest energy undergoes SSFS shift
towards the red-side due to stimulated Raman scattering. As
a result, there is a continual redshift of the long-wavelength
elements, spectrum drifts right side to 3500 nm. At the same
time, the first ejected soliton has a reduced speed due to the
high dispersion slope being caught up by the DW and new
wavelength components are generated through the FWM
effect resulting in a slight blue shift in the spectrum. The
spectrum is extended to a wavelength of 750.4 nm, which
is less than the pump wavelength. The pulse peak power is
also important to improve the bandwidth of the SC, this is
also expected by increasing the peak power even further.
However, the limitation of spectral expansion is attributed
to fiber loss due to the high absorption of chloroform in the
long wavelength region and the low nonlinear coefficient of
63.913 W-L.km™ of the #F, fiber. It can be seen that a value
of 20 kW is the limit for the expectation of further increase
in peak power. So, a broadband supercontinuum generation
with a spectral width of about 2779.6 nm obtained after a
pulse propagation of only 1 cm benefits from the flat and low
anomalous dispersion of the #F, fiber.
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5 Conclusion

The circular chloroform-infiltrated PCFs with reasonable
modification of structural parameters have been stated in
this study showing high dispersion control for efficient SC
generation. By selecting suitable sets of fiber parameters,
we propose two optimal PCFs to investigate SC generation
processes. Broad SC spectra have been obtained and found
in good agreement with numerical predictions, thus confirm-
ing the simulated dispersion properties. The main results
obtained are as follows:

For #F| fiber (A=1.0 um and d;/A =0.65): The dispersion
as small as — 1.629 ps/nm.km at 0.945 um pump wavelength
is found with ADNi regime. The rather high nonlinear coeffi-
cient of 763.313 W~ km™! is also a necessary factor contrib-
uting to the SC spectrum expansion with a small peak power
of 1.44 kW. SPM followed by OWB are the main nonlinear
effects that cause the spectrum to broaden with a width of
753.9 nm when the excitation pulse propagates within 10 cm
of the fiber length. In the work [36], chloroform-infiltrated
PCF with the ANDi regime emitted a wide SC spectrum of
660 nm with a peak power 1.7 times higher than this study
despite the short fiber length of only 1 cm. Compared with
other nonlinear fluids-infiltrated PCFs, #F, fiber achieves
a broader spectrum with 1.8 times [13] and 5 times lower
peak power [19], respectively. With benzene-filled PCF, the
work [25] demonstrated an SC spectrum twice as broad as
this work but about 38 times higher peak power. Similarly,
nitrobenzene and tetrachlorethylene-infiltrated PCF perme-
able also give about twice as wide spectrum but about 3.9
times and 12 times more peak power, respectively (Table 1).

For #F, fiber (A=2.0 pm and d,/A=0.3): This fiber has
flat and low anomalous dispersion, the dispersion value at
1.4 um pump wavelength is 2.619 ps/nm.km. Despite having
a relatively low nonlinear coefficient of 63.913 W' km™
and a rather high confinement loss of 39.628 dB/m, this fiber
generates a broad SC spectrum of 2779.6 nm with the main
dominance of the soliton dynamics. An input pulse with
a peak power of 20 kW propagates in 12 cm of the fiber
length. Table 1 also shows that compared with some other
previous publications on chloroform-filled PCF, we achieved
a spectrum of about 2.7 times broader with 2.35 times lower
peak power [35]. Although #F, has the advantage of 2 to 3
times wider spectrum, the peak power is nearly 10 times
higher than the reports [34, 36]. When using other nonlinear
liquids to fill PCFs, such as tetrachlorethylene, the work [18]
showed that the SC spectrum is 1.6 to 2.7 times narrower
than this study in spite of similar peak powers. The work
[25] showed that with higher peak power, the PCF filled
by benzene emits SC with a narrower spectrum. However,
for toluene-infiltrated PCFs, the publication [20] indicates
that a broad SC spectrum above 2000 nm can be achieved
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with only 0.56 kW peak power when PCF was pumped at
1.55 um.

These results anyway confirm the great potential of #F;
and #F, fibers for the efficient supercontinuum generation. In
addition, in our study, SC spectrum with broadband is gener-
ated even though the input pulse peak power is small, bene-
fiting from the high non-linearity of chloroform. These fibers
can be a new class of optical fibers that effectively replace
traditional glass-core fibers and such broad SC bandwidth
could be advantageous for wide applications in the fields
of spectroscopy, biomedical, and sensing. However, before
they can become really useful in applications, the problems
associated with the fusion splicing of liquid core PCFs and
standard silica fibers need to be considered. This is still of
interest to research groups, although various modifications
of the fusion splicing methods have been proposed to date.
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