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We theoretically propose a novel liquid filled suspended core photonic crystal fiber as a new
class of micro-structure optical fiber for ultra broad supercontinuum generation. We emphasize

the advantage of liquid infiltration in enhancing the fiber nonlinearity.

To further enhance the

nonlinearity of the liquid infiltrated fibers, we introduce a suspended liquid core photonic crystal
fiber which significantly elevates the fiber nonlinearity through reduced effective area. A comparative
study on the continuum generated in conventional microstructured optical fiber (without suspension
effect) and the suspended core microstructured optical fiber is performed. A broad continuum is
numerically demonstrated through the suspended core fiber, which is substantially broader than the
fiber without suspension effect. Thus, we propose a new means to enhance the nonlinearity beyond
the intrinsic material dependence. The underlined suspended liquid core photonic crystal fiber can
be a new class of fibers for next generation of broadband laser sources.

I. INTRODUCTION

Rapid developments in micro structured optical fibers
(MOFs) driven by novel engineering techniques continue
to push the limits of light based technology and its
applications. This major advancement in MOFs is es-
sentially due to its high design flexibility in maneuvering
the fiber characteristics by simply changing the fiber
geometry [1]. Based on the geometry and the principle
of operation, the MOFs are primarily classified into
solid core photonic crystal fibers (PCFs) and hollow
core photonic crystal fibers (HC-PCFs). Former usually
consists of a set of cylindrical glass capillaries arranged in
a regular lattice with a central defect, while the latter is
the MOFs with a hollow core for band gap guidance [2—-
4]. MOFs also shows exceptional optical properties
like high nonlinearity, high birefringence, endlessly
single mode, and large mode area etc. thus makes it
naturally attractive for a vast verity of applications like
pulse compression, supercontinuum generation [5-7] etc.

There are several techniques have been proposed over
the years to enhance the linear and nonlinear properties
of MOFs by varying the geometrical parameters with the
prearranged form [8-19]. Omne of the possible means of
enhancing the nonlinearity associated with MOF struc-
ture is through non-silica material based technology [20].
For instance, liquid such as index oils [21, 22], poly-
mers [23], metals [24] etc., have been used to infiltrate
into the air hole to form non-silica based MOFs. These
kind of MOFs are useful for different applications like
switching, communication and optical sensing [21-29]
etc. Due to the rapid development of material research
and the advancement of fiber fabrication technology,
there are many new fiber designs continue to reach the
scientific community as well as the commercial market.

The present work in this paper is one such motiva-
tion, where we propose a novel nonlinear liquid based
suspended core photonic crystal fiber as a new class of
fibers for potential nonlinear applications. The research

in liquid core MOF's (liquid core photonic crystal fiber
(LCPCF), where the hollow core of the HC-PCF is
infiltrated with appropriate nonlinear liquids) is known
for a decade, and the quest for more efficient and hybrid
materials for various applications continues to thrive
research in fiber optics technology [27]. MOFs filled
with liquids was used to produce very low chromatic
dispersion by varying the size of air hole and low
confinement loss by varying the number of air-hole
layers in the cladding as reported in Refs. [28, 29].
LCPCFs have also been considered effectively as a tool
for temperature sensing, fibered photon-pair generation,
all optical wavelength conversion [30-32] etc. Recently,
Ghosh et al., realized a novel PCF structure known
as suspension core photonic crystal fiber (S-PCF) to
enhance the nonlinearity by maneuvering the air hole
geometry [33]. Thus inspired by the rapid technological
advancement in the fiber fabrication process, we propose
to merge the growing non-silica technology with the
state-of-the-art fiber fabrication technique to realize
a novel fiber structure known as suspended LCPCF
(S-LCPCF). Through an extensive numerical simulation,
we show that the proposed S-LCPCF exhibit enhanced
nonlinearity as a result of liquid infiltration and core
suspension. These kind of fibers can be of potential
interest in various nonlinear applications.

Among the various nonlinear applications, one of
the most advanced frontiers in nonlinear optics is the
generation of intense ultra-broadband spectrum known
as supercontinuum generation (SCG) [34-37]. SCG is
a complex nonlinear phenomenon featuring dramatic
spectral broadening of intense light pulses passing
through a nonlinear media. The invention of MOF's also
made much attraction towards the SCG as it can be used
as an effective optical broadband source [7, 38-40]. SCG
in optical fibers became an interesting area of research
recently because of its potential applications in genera-
tion of ultra short pulses, frequency metrology, optical
coherence tomography (OCT) systems [41-43]etc. For
example, superluminescent diodes (SLDs) and amplified



TABLE I: List of Acronyms and their description

Acronyms Description

MOF Micro structured optical fiber

PCF Photonic crystal fiber (solid core)

HC-PCF Hollow core photonic crystal fiber

LCPCF Liquid core photonic crystal fiber

S-PCF Suspended solid core photonic crystal fiber

Silica PCF Silica based solid core photonic crystal fiber

CCly LCPCF |CCly infiltrated liquid core photonic crystal fiber
S-LCPCF Suspended liquid core photonic crystal fiber
S-Silica PCF  |Silica based suspended core photonic crystal fiber
S-CCly LCPCF|CCly infiltrated suspended liquid core photonic crystal fiber

spontaneous emission sources are the usual sources of
OCT technique. With these sources the operations are
restricted to certain limited bandwidth and wavelength
range. These OCTs with 10-15 pm longitudinal reso-
lutions are replaced with PCF based supercontinuum
sources [44]. Supercontinuum can be generated by using
PCF with high power picosecond or femtosecond laser
pulses. Various research groups working in SCG has
analyzed different mechanisms responsible for spectral
broadening both theoretically as well as experimentally.
Typically, the SCG is achieved by two popular mecha-
nisms namely soliton fission and modulation instability
(MI) [45]. Based on the input condition such as pulse
width, peak power, either soliton fission or MI dominates
the generating mechanism. For instance, with fixed input
peak power, the soliton fission will be dominant in SCG
process in fiber if the input pulse width is shorter, while
MI take control of the SCG process for longer pulses [46].

Different approaches are made to obtain broad contin-
uum with low input power in short length of fibers. As
the material science engineering grows exponentially over
the last decade, many novel nonlinear materials were de-
veloped, which rejuvenate the non-silica based fiber tech-
nology. Observation of different nonlinear phenomena in
a hollow core fiber filled with nonlinear liquid was the
very first successful attempt for nonlinearity enhance-
ment with LCPCFs [47]. Recently, Zhang et.al., gen-
erated a very broad continuum with a hollow core fiber
infiltrated with CSy liquid [48]. Unlike silica, nonlinear
liquids shows high nonlinearity and hence capable of pro-
ducing a broad spectrum in a very short length of fiber
at relatively less input power [49, 50]. Thus, inspired
by the recent innovation in the fiber optic technology,
we propose in this paper a highly nonlinear S-LCPCF as
a potential fiber architecture for nonlinear applications
with a particular emphasize on SCG.

The organization of the paper is as follows: Following
a detailed introduction, Sec. II describes the modeling
of the proposed PCF and its characteristics. Sec. III
explains theoretical modeling and simulation results of
SCG process. Sec. IV concludes the paper with a brief
summary of results.

I1II. DESIGNING THE SUSPENDED CORE PCF

As the MOFs enable a delicate control over the fiber
parameters like dispersion and nonlinearity, a variety of
MOF structures have been proposed to achieve ultra-
short pulses and broadband sources through techniques
like pulse compression and SCG. Such fibers are typically
scaled by two characteristic parameters namely, pitch
(distance between the neighboring air holes represented
by A) and the diameter of the cladding air holes (d) as
shown in Fig. (la). During the fiber fabrication pro-
cess, these parameters are delicately controlled by man-
aging the drawing speed of the fiber, furnace temperature
etc., in accordance with the required prearranged struc-
ture. However, for the present theoretical investigation
we used the commercial software COMSOL 5.2a for fiber
modeling and the mode analysis are performed by finite
element method (FEM). To remove the back scattering at
the boundaries of the simulation area, a circular shaped
phase matched layer is imposed which has been the most
efficient absorbing boundary condition [51]. In addition
to the conventional route of changing the fiber parame-
ters by varying the geometry, there exist alternate means
by using non-silica material based core. Our presenta-
tion on the design of the S-LCPCF is two folds. Firstly,
we review the concept of LCPCF by incorporating car-
bon tetrachloride (CCly) in the core of the HC-PCF. The
choice of CCly in the present investigation is attributed
to its high nonlinear refractive index (ng) with almost
same linear refractive index to that of silica. This equal-
ity in refractive index keep the dispersion value of all
the proposed MOF's in almost same order and hence one
can adopt large dimensions of fiber geometry with a very
small shift in dispersion. Another advantage of using
CCly is attributed to the fact that the nonlinear refrac-
tive index of CCly is significantly high compared to that
of silica, and hence liquid infiltrated HC-PCFs became
an active area of research in nonlinear optical commu-
nity. The linear refractive index of CCl, and silica are
calculated by using the following formulae [52, 53]
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FIG. 1: (Color online) Cross sectional image of the proposed (a) liquid core PCF (LCPCF) and (b) suspended
LCPCF (S-LCPCF).
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FIG. 2: (Color online) Fundamental mode distribution in (a) silica PCF, (b) S-Silica PCF, (¢) CCly LCPCF and (d)
S-CCly LCPCEF.

1.31552 + 6090754 x 107°T + Following a short review on LCPCF, in what follows,
((0.91316 + 0.548368 x 1075T") x \?) we briefly discuss the technique of core suspension as a
22— 100 - (2 potential new route to further enhance the nonlinearity

of the LCPCF. A cross sectional view of the proposed



FIG. 3: (Color online) Schematic diagram of elongated
primary air holes formed by Bezier curve.

S-LCPCF is shown in Fig. (1b). The suspended core
fiber can be manufactured by adjusting the fiber draw-
ing parameters such as furnace temperature, feed rate,
draw speed and differential pressure [33] etc. In the pro-
posed model, the suspended core has a practically feasi-
ble structure designed by realizing in a hexagonal lattice
MOF, where the six air-holes adjacent to the core are
deformed into a conical shape towards the core as shown
in Fig. (1b). This way of suspending the core can reduce
the effective area and thereby substantially increases the
nonlinearity of the fiber. This can be easily concluded
from Fig. (2) where the effective mode area is substan-
tially reduced as a result of suspension in the core re-
gion of the silica based S-PCF (S-silica PCF) and CCly
core S-LCPCF. Also, the nonlinearity can be further
increased with high suspension factor. For the simula-
tions, we have used Beézier polynomial [54], defined by
Eq. (3), to model all the suspended core MOFs in this
work. Where P, C and Q are the three points given in
Fig. (3) which defines the Bezier curve. In Fig. (3) A
and B are the center of first layer air hole and center
of MOF respectively, which defines the suspension factor
given as SF=AC/AB. However, it should be noted that
SF cannot be increased more than a critical value called
S Fpaz, which is governed by the geometrical parameters
of the fibers d and A. In this study, we have deformed
the first layer of air hole with suspension effect having
SF=1.27. The minimum possible SF for this paramet-
ric ratio is d/A =0.545 (with d=1.2 A=2.2) and the
maximum SF value is 2.5-(d/A) =1.955. Therefore, our
choice of the SF value in the present context is practically
feasible as it falls within the allowed limit as outlined in
Ref. [33].

B(z) = (1—2*)P+2(1 — 2)zC + 2°Q, z€[0,1] (3)
As the change in refractive index with wavelength causes
dispersion, the dispersion as a function of wavelength can
be evaluated by using Eq. (4). Where n.ss is the effec-
tive refractive index, A\ represents wavelength and c is the
velocity of light. We have used Eq. (5) to calculate the
nonlinearity coefficient at different wavelength. Where,
Acry represent the effective core area of the MOF de-
signed, and nsy is the nonlinear refractive index which
can take values 3.5 x 10729 and 1.5 x 107! m?/W re-
spectively for silica, and CCly [49, 50, 55, 56].
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FIG. 4: (Color online) Variation of (a) coefficient of
nonlinearity and (b) dispersion parameter with
wavelength in different MOFs proposed with and

without suspension.

TABLE II: Fiber parameters of all different MOF's
design considered at pump wavelength 1.55um.

MOF without suspension effect

Parameters |Silica PCF CCl4s LCPCF
B2(ps? /m) -0.0974 -0.0706
B3(ps® /m) 3.084x107° | 3.041x107°
Ba(ps*/m) -6.272x107° | -1.041x 1078
YW tm™h|  0.0219 0.0937
MOF with suspension effect
Parameters |S-Silica PCF |S-CCl, LCPCF
B2(ps?/m) -0.0712 -0.0552
B3(ps®/m) 8.283x107° | 1.516x107°
Ba(ps*/m) -1.949x10719] -2.801x 1078
Y(W™tm™h | 0.0274 0.119
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To demonstrate the effect of liquid infiltration in the
fiber parameters, we have calculated the dispersion and
nonlinearity coefficients of the silica PCF and CCly
infiltrated LCPCF (CCly LCPCF) without any suspen-
sion effect. It has been observed that the nonlinearity
coefficients corresponding to LCPCF is very high as
depicted in Fig. (4a); this attribution is due to the high
nonlinear refractive index of CCly, which is consistent
with the earlier reports on LCPCF [48]. Nonlinearity
coefficient of 0.0219 and 0.0937 W~'m~! are evaluated
for silica PCF and CCly LCPCF without suspension
effect, at pump wavelength A\,=1550 nm. A signifi-
cant enhancement of nonlinearity ~5 times more than
silica PCF is noticed, which substantiate convincingly
that CCly LCPCF is better than the silica PCF. The
dispersion characteristics of each MOFs considered
are studied up to fourth order for all combinations
and the corresponding dispersion curves are depicted
in Fig. (4b). A complete list of fiber parameters like
dispersion and nonlinearity coefficients for all different
choice of fibers are listed in Tab.II.

We now discuss the effect of core suspension in the
LCPCF and compare with the above results to empha-
size the effect of suspension. Firstly, the nonlinearity
coefficients corresponding to S-silica PCF are evaluated
and depicted in Fig. (4a). It has been observed that,
irrespective of fiber materials the suspension -effect
enhance the nonlinearity by reducing the effective area.
The dispersion characteristics of the silica with and
without-suspension have also been evaluated and plotted
in Fig. (4b). It is evident that there is only a slight
variation in the dispersion curve, while the global varia-
tion remains unchanged by the suspension effect. This
is particularly attractive for nonlinear application where
one can effectively manipulate the nonlinearity without
appreciable effect on the dispersion characteristics of
that particular fiber type.

In similar lines, we study the effect of suspension in
LCPCF. The variation of nonlinearity and dispersion
with wavelength in the CCly infiltrated S-LCPCF (S-
CCly LCPCF) is shown in Fig. (4). As predicted earlier,
the nonlinearity coefficient observed for CCly LCPCF
(v = 0.0937W~tm~1) has increased to 0.119W ~tm~!
for the case of S-CCly LCPCF (refer Tab.IT). From the
above understanding, its quite obvious that the nonlin-
earity associated with the MOF structure can be signif-
icantly increased by infiltration of nonlinear liquids and
further enhancement can be made possible by suspend-
ing the fiber core. With this conclusive evidence on the
effect of S-CCl; LCPCF in enhancing the nonlinearity
of the system, we demonstrate the enhancement of non-
linear mechanism in S-CCly LCPCF by considering the
most popular nonlinear process namely, supercontinuum
generation.

IIT. SUPERCONTINUUM GENERATION

The equation governing the propagation of an ultra-
short optical pulse in MOFs is given by the generalized
nonlinear Schrédinger equation (GNLSE) of the form as
follows [6],

4
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« (U(z,t) /_O; R(t’)|U(z,t—t’)|2dt’> (6)

where U(z,t) represents the pulse envelope, z and ¢
are the longitudinal coordinate and time in the moving
reference frame, respectively. The dispersion coefficient
By, attributes to the Taylor expansion of the propagation
constant around the center frequency wg and n being the
order of dispersion. v and « respectively amounts to the
fiber nonlinearity and losses. The time derivative term
on the right-hand side of Eq. (6) takes into account the
dispersion of the nonlinearity, which is usually associ-
ated with the optical shock formation. The typical char-
acteristic timescale of the tspoer = 1/(wo). R(t) is the
response function which takes into account both the in-
stantaneous electronic response and the delayed Raman
response. The functional form of R(t) can be written as

R(t) = (1 — fr)o(t) + frhr(t) (7)

where hpr is the retarded response function and fgr
amounts to fractional contribution to the delayed Raman
response. 0(t) is the Dirac delta function. In the present
context, we have considered silica and CCly as the choice
of the core-material, and the corresponding appropriate
functional forms of the retarded function are as follows:

1. Silica

2, .2 .
hgr = I +27—2 sin <t> e 20(t) (8)

T175 T1

with fr=0.18, 7y = 0.012 ps, and 75 = 0.032 ps [57,
58]. ©(t) is the heavyside step function.

2. CCl

hr = Are” 7 sin(wit) + Ase™ 7 sin(wat) (9)

FAze” (1 - e—%) o(t)

with fr=0.12, A; = 0.0080, A4, = 0.0092, and
As = 0.1418. 7 = 0.89 ps, 4 = 0.241 ps
and 7 = 0472 ps. w; = 42.1 THz, and
we=60.60 THz [57, 59, 60].

To investigate the propagation dynamics and SCG,
we numerically solved Eq. (6) using split-step Fourier
method (SSFM) with hyperbolic sech profile of the form
U(0,t) = v/Psech(t/7y) as the initial envelope of the
pulse at z = 0 [6, 57]. Numerical simulations are carried
out for an input pulse of width 79 = 200 fs at pump
wavelength A\,=1550 nm. The fiber parameters used for
simulations are listed in Tab. II.
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FIG. 5: (Color online) SC produced by an input pulse of power 5kW in a MOF of length L=0.05 m for (a) Silica
PCF (silica based solid core PCF), and (b) CCly LCPCF (CCly infiltrated liquid core PCF).
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Like in the previous section, we first consider the effect of liquid infiltration in supercontinuum process



TABLE III: Spectral characteristics of SC generated in
different MOF's proposed with P=5kW and L=0.05m
(Values are extracted from Fig. (5))

MOFs )\mzn (nm) )\maz (nm) )\maz - )\mzn
Silica PCF 1364 1881 517
CCly LCPCF| 1300 2022 722

followed by the influence of the core suspension in
the broadband spectrum. To be more realistic in our
numerical approach, we effectively included the fiber
loss in the propagation dynamics. The effective loss
(a) in the system is attributed to the sum of material
absorption (a,,) and confinement/leakage (c.) loss
given by a = ay, + . Former is intrinsic to the nature
of the material, while the latter depends on the fiber
geometry and the structural parameters. We estimated
the material absorption from the imaginary part of
refractive index and can take the values 0.0002 dB/m,
and 0.237 dB/m respectively for silica and CCly [52].
The confinement loss is calculated from the imagi-
nary part of the effective index using the expression
a,=8.6TkoIm{n.sr(\)} with kg = 27/X being the free
space wavenumber. For all the fiber design discussed in
the context, the confinement loss corresponding to the
excitation wavelength (A, = 1550 nm) is negligibly small.

An input pulse with peak power 5kW at excitation
wavelength 1550 nm is coupled into PCF of length 0.05 m
with different core materials considered. Fig. (5) depicts
the evolutionary dynamics and the associated spectral
broadening of conventional silica PCF and CCly infil-
trated LCPCF. The underlying physical mechanism of
supercontinuum generation is generally well known, typ-
ically, modulational instability and soliton fission are
the two prominent mechanisms of broadband generation.
Particularly, in the anomalous dispersion regime pump-
ing, the spectral broadening leading to supercontinuum is
typically governed by the soliton-driven dynamics. In the
parametric space of our choice, the so-called soliton fis-
sion (SF) being the most important stage in the spectral
broadening process, such that, the initial pulse profile set
by the system parameters constitute a higher-order soli-
ton which on perturbation breaks up into N soliton-like
pulses. Depending on the combination of system parame-
ters, the initial input profile changes, which substantially
influence the spectral and temporal evolution which can
be obvious from the subsequent discussion.

In order to highlight the physical process involved in
the SCG, as a representative case we show in the Fig.
(6), the evolutionary dynamics of the SCG in silica PCF
for a fiber of length 0.15m with same set of parameters
as in Fig. (5). In similar lines to the earlier reports
on SCG, it is apparent from the Fig. (6) that the
initial stage of propagation is governed by a symmetrical
spectral broadening (< 0.05 m), resulting from the
temporal compression of the propagating higher-order
soliton.  On further propagation, the perturbation
resulting from higher order dispersion brings the onset
of the soliton fission. The distance of the onset of the
soliton fission is characteristic of the system which is set

by its parameters. In principle, the injected higher-order
soliton tends to split when its bandwidth reaches a
maximum. In the present parametric space, both the
higher order dispersion and Raman scattering accounts
to perturbation and thereby contribute to fission of
solitons.  The constituent soliton resulting from the
fission experiences a continuous shift due to soliton
self-frequency shift resulting from Raman scattering.
Arguably, it is apparent that the continuum generated
by CCly LCPCF is significantly broader than that of
silica PCF. This can be explained in terms of soliton

order N defined as N=T 78—1:.
is proportional to the nonlinearity coefficient, one can
effectively increase the soliton order by infiltrating the
LCPCF with highly nonlinear liquids. For the proposed
MOFs, N ~ 7 and N = 16 is observed respectively for
silica PCF and CCly LCPCF. It can also be noticed that
the soliton order also depends on dispersion coefficient
as Nx1/f8,, and in comparison with silica PCF, CCly
infiltrated LCPCF shows relatively lower dispersion
coefficient and thus contribute to increase in the soliton
order (N). Increased soliton order of the pulse used
in CCly LCPCF through nonlinearity and dispersion
management result in effective spectral broadening in a
short length of fiber as evident from Fig. (5b). Also from
the theory of soliton fission, the soliton pulse having
shorter pulse width tend to suffer a large self frequency
shift given by the expression dyg/dz oc 82/T4 [61]. The
estimated pulse width of the shortest soliton after fission
by using the formula T;=T(/(2N-2j+1)[62] with j=1 (
for first ejected soliton) is found to be 16 fs and 6.3 fs for
the case of silica PCF and CCly infiltrated LCPCF. This
shorter width of the first ejected soliton in the case of
LCPCF contribute significantly to the broadening of the
spectrum. In addition to the spectral extension on the
long wavelength side, a narrow band resonance on the
normal group velocity dispersion regime can be noticed,
which is identified as the dispersive wave generation.
A broad continuum spanning = 722 nm is generated
by using CCly LCPCF as evident from Fig. (5b). A
reference corresponding to an intensity level of 20 in
arbitrary units is chosen to estimate the bandwidth
of the spectrum. Highly broad continuum generation
in CCly LCPCF is attributed to the high nonlinearity
coefficient provided by the CCly liquid along with the
reduced dispersion parameter. Tab. III display the esti-
mated spectral bandwidth at a reference level of 20 (a.u).

As the soliton order

Having acquired a comprehensive understanding of the
influence of liquid infiltration in the enhancement of spec-
tral broadening process, in what follows, we describe the
effect of core suspension in SCG. To highlight core sus-
pension, we consider silica PCF and CCly; LCPCF as two
representative fiber of choice for our investigation. It is
apparent from section II, that the suspension of the core
enhances the nonlinearity of the fiber. For numerical
appreciation, the nonlinearity coefficient of the S-CCly
LCPCF is =~ 1.3 times higher than the CCly LCPCF
without suspension effect. Thus one can expect that
this increase in nonlinearity to further promote the spec-
tral broadening process. As it is obvious from Fig. (7)
portraying the spectral evolution of silica and CCly in-
filtrated suspended core MOFSs, the combination of lig-
uid infiltration and suspension dramatically enhance the
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FIG. 7: (Color online) SC produced in (a) S-silica PCF (silica based suspended core PCF), and (b) S-CCly; LCPCF
(CCly infiltrated suspended LCPCF for an input pump power P=5kW.

TABLE IV: Spectral characteristics of SC generated in silica PCF and CCly LCPCF with and without suspension
effect with power P=5kW at length L=0.05 m (Values are extracted from Fig. (8) at a reference intensity 20 [a.u]).
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FIG. 8: (Color online) Spectral output with and
without suspension for silica PCF and CCly infiltrated
LCPCF for an input power of P = 5 kW at L = 0.05 m.

spectral broadening process.

To emphasize the role of the core suspension in SCG,
we show in Fig. (8) the spectral output in silica PCF and
CCly infiltrated LCPCF with and without suspension for
an input power of 5 kW in 0.05 m length of fiber. The
recorded spectral width at a reference level of 20 (a.u)
for conventional silica PCF and S-Silica PCF are 517 nm
and 567 nm, while, CCl, infiltrated LCPCF register
a bandwidth of 722 nm and 1253 nm, respectively for
LCPCF with and without suspension. The results of
the simulations are outlined in Tab. IV. The substantial

Wavelength (nm)

FIG. 9: (Color online) Variation of SC spectra for
different input power at L=0.05 m with the proposed
S-CCly LCPCF (suspended CCly infiltrated liquid core
photonic crystal fiber).

enhancement in the spectral width is due to the fact
that, the suspended core increases the nonlinearity
coefficient further along with decrease in dispersion
coefficient. This results in increasing the soliton order
from N=6.7 (16.3) for the case of silica PCF (CCly
LCPCF) to N=8.7 (20.7) corresponding to S-Silica PCF
(S-CCly LCPCF). This increase in soliton order not only
increase the number of constituent solitons derived from
fission, but also significantly reduce the width of the
ejected soliton which consequently enhances the spectral



TABLE V: Spectral characteristics of SC generated in
S-CCly LCPCF with different input powers (for a fiber
length 0.05m) and propagation length (with input peak
power 5kW)(Values are extracted from Fig. (9) and
Fig. (10)) at a reference intensity 20 (a. u).

Power (KW)| Amin(nm)| Amaz(nm)| Amaz — Amin
1 1395 1805 410
2 1324 1909 585
3 1258 2015 757
4 1159 2138 979
5 1045 2298 1253
Length (m) | Anin(mm)| Amae (M) | Amaz — Amin
0.01 1479 1624 145
0.02 1315 1786 471
0.03 1178 2009 831
0.04 1089 2228 1139
0.05 1045 2298 1253
broadening.

For better insight, we study the effect of input power
and fiber length on the spectral broadening process.
Firstly, we study the impact of pump power at fixed
length of fiber. Fig. (9) depicts the spectral evolution of
S-CCly LCPCEF of length L =0.05 m for a range of pump
powers. In given parametric space of choice, any increase
in the pump power invariably broadens the continuum
as shown in the Fig. (9). This is attributed to the fact
that the increasing pump power tends to monotonously
increase the effective nonlinear contribution and hence
broadens the spectrum. The effect of fiber length on
SCG is studied by passing an input pulse of power 5 kW
through fibers for some representative length and the cor-
responding spectral output is shown in Fig. (10). Similar
to the effect of power, the continuum generated in CCly
S-LCPCF depends on the length of the fiber segment,
such that, the width of continuum generated increases
monotonically with length. An overview of the results
obtained are tabulated in Tab.V. It is very obvious to
understand that the CCly infiltrated LCPCF structures
are superior in terms of the nonlinearity and thus inher-
ently enhances spectral broadening. Also, the proposed
new design with suspended core further elevates the non-
linearity, thus enabling one to achieve broad spectrum at
the shortest possible distance than the rest of the com-
binations of fiber design so far realized.

IV. CONCLUSION

In summary, a highly nonlinear suspended liquid core
photonic crystal fiber has been proposed for different
nonlinear applications. The optical characteristics such
as dispersion, nonlinearity have been studied and com-
pared with conventional silica counterpart. An ultra

broad supercontinuum of width =~ 722 nm was simu-
lated by passing a 5 kW soliton-like pulse of width 0.2 ps
through a CCly filled liquid core photonic crystal fiber of
length 0.05 m. The broad continuum generation in CCly
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FIG. 10: (Color online) Variation of SC spectra for
different lengths of propagation for an input power
P=5kW with the proposed S-CCly LCPCF and S-Silica
PCF.

LCPCEF is attributed to the high nonlinearity resulting
from large nonlinear refractive index. In order to fur-
ther enhance the supercontinuum generation, suspended
core MOF's with suspension factor (SF) of 1.27 was con-
sidered. An enhancement in SC width from 722 nm to
1253 nm has been observed in S-CCl, LCPCF in the
similar simulation condition. The variation of continuum
width with input pulse power and propagation distance
are also studied. Although we limit the present study
to CCly, the aforementioned results are universal and
can be adopted to any different material medium. To
conclude, we successfully explained a new means to en-
hance the nonlinearity of the microstructure waveguides,
which could potentially find new applications in photonic
technologies. Considering the recent technological devel-
opment of supercontinuum based laser source, we believe
the proposed suspended liquid core photonic crystal fiber
can be a new class of fibers for next generation of broad-
band sources.
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