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Abstract. In this paper we present the development of a new direction in so-called optofluidics,
namely the research of photonic crystal fibers (PCF) infiltrated with liquids. In particular we con-
centrate on the flagship application of PCE, the process of Supercontinuum Generation (SG), in
which injected monochromatic pulse may be dramatically broadened (spectrally), which creates a
coherent beam generation of high brightness comparable to that of monochromatic lasers. The su-
percontinuum is formed when a collection of nonlinear processes act together upon a pump beam
in order to cause severe spectral broadening of the original pump beam. Explanation of this pro-
cess is based on numerical simulations for Generalized Nonlinear Schrodinger equation (GNLSE)
which describes the rich nonlinear dynamics of pulse propagation in nonlinear dispersive media.
All nonlinear phenomena involved in SG will be analyzed. We present specially activity of the
Polish-Vietnamese Group from the beginning in 2016 to recent time in this domain. Some recent
scientific projects concerning fiber physics of our Group in the near future, especially applications
in Biology and Medicine will be mentioned.
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2 SUPERCONTINUUM GENERATION IN PHOTONIC CRYSTAL FIBERS INFILTRATED WITH LIQUIDS

I. INTRODUCTION

Supercontinuum is a phenomenon based on a set of effects resulted from combined inter-
action of linear and nonlinear properties of optical medium involved in photonic crystal fibers
(PCFs). The input monochromatic pulse of light is broadened spectrally to form a continuous
spectrum in a beam of high brightness, even comparable to that of a monochromatic laser. The
output spectrum becomes much wider than the input (Fig. 1).
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Fig. 1. Supercontinuum generation.

Discovery of the lasers realized experimentally by Maiman [1] for the first time in 1960
gives as a light source with very high intensity. This created a very important domain of physics,
namely nonlinear optics [2]. To this time the majority of optical effects are considered only in
the case of a linear material response of a medium to an incoming light field. However when the
intense light field is high, nonlinear optical effects appear which dramatically modify properties of
the incoming light. Experimental nonlinear optics started from the experiment on second harmonic
generation performed in 1961 by Franken et al. [3]. In this experiment, two photons having the
same frequency made up a photon of the doubled frequency by the nonlinear material responses
of the medium. In this phenomenon, a light spectrum of an enormous broaden bandwidth was
generated together with new frequency components, so one can say that a phenomenon, later
called as Supercontinuum Generation (SG) has been observed there for the first time.

The further development of nonlinear optics provided to the appearance of conventional
optical fibers which made the revolution not only in nonlinear optics but also in higher technolo-
gies as in telecommunication for last few decades. This discovery is treated as one of the greatest
scientific advents in the XX century. A new field of physics appeared, namely nonlinear fiber
optics [4]. This field had developed intensively, so new nonlinear phenomena were discovered,
such as self-phase modulation in fibers [5] and parametric mixing processes [6,7]. In particular
optical solitons [8] and their dynamics [9, 10] have been highly interested by researchers. These
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nonlinear phenomena played an important role in explanation of SG mentioned above. Now we
have an ultra-broad spectrum spanning almost the complete visible region of light [11, 12].

Guiding of light in optical fibers based on the phenomenon of total internal reflection (TIR).
A break point in development of optical fibers has been made in the 1950s by covering of glass
fiber with a material with a lower refractive index [13,14]. This type of fiber structure including the
core and cladding is used as the basic solution until now. Since the first experimental realization
of low-loss optical fiber in 1970 [15], worldwide telecommunication experienced extraordinary
growth.

However the conventional fiber guiding the light by TIR has several limits related to op-
tical nonlinearities and attenuation. Several new guiding mechanisms minimizing these effects
have been proposed. Among these mechanisms, discovery of Photonic Crystal Fiber (PCF) is a
milestone in the development of fiber optics. This has been started by papers [16, 17] through
extending band-gap mechanism in solid state physics to photonics. In 1991 the first experimental
observation of the photonic band-gap effects has been demonstrated in Ref. [18]. Inspired by this
paper, Russel and his collaborators fabricated the first PCF it by the method of stacking silica
capillaries in a hexagonal pattern. The light guiding in the core is based the band-gap mechanism.
The typical structure of the first PCF consists of micro-structured fibers made from silica glass
with air-holes arranged in a hexagonal lattice with a solid core, named now solid-core photonic
crystal fiber [19]. The central region was replaced by a glass rod acting as the core (see Fig. 2(a)).

The advantage of solid-core PCF in comparison with conventional fiber is that by changing
its geometrical structure, namely the diameter and lattice pitch of air-holes in the cladding region,
one can freely manages its dispersion (D). From other side, one can use various materials to
moving the zero dispersion wavelength (ZDW) and also making modification of the dispersion’s
shape. A typical example that for the PCFs made of silica, the ZDW can be shifted into the visible
region, in consequence a range of various pulse sources would be effectively used for generating
broadband SC can cover both of the near-infrared and visible spectrum. It is available to achieve a
large negative dispersion and ultra-flat or normal dispersion, which is essential for SG process in
the required wavelength range.

In other paper [20] Russel and his coworkers tried to guide the light in the air-core (see
Fig. 2(b)). The larger air core is now in the central region. PCF with this structure can confine
more than 99% of the light in its core. It called later called hollow-core photonic crystal fiber
(HC-PCF). It has a second name as photonic band-gap (PBG) fiber because of its guiding mecha-
nism. Further studies showed that the exact structure of the cladding is not essential for obtaining
broadband guidance [22, 23], but the geometry of the first layer surrounding the core is crucial
for the transmission character of the fiber [24,25]. Wang et al. experimentally demonstrated in
Ref. [25] that loss of this fiber depends crucially on the core shape. A breakthrough to guide the
light in the air-core fiber is achieved by Pryamikov ef al. [26] when they fabricated a fiber with a
single cladding layer and the core formed by a single row of silica capillaries (see Fig. 2(c)). In
comparison with PBG-fibers, this fiber has relatively broader transmission windows in the mid-
infrared range (MIR) and lower loss. It is named negative-curvature core fiber. This fiber is also
called as anti-resonant (AR) fiber. The disadvantage of PBG fiber is that its attenuation is still not
low enough for communication. Therefore, HC-PCFs are not suitable for data transmission for a
long distance. However the large possibilities of modifying their structure, and thus their optical
properties gave us many various applications not achieved by conventional ones. One can mention
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-core

Fig. 2. Scanning electron microscope (SEM) images of (a) solid-core PCF [19], (b) PBG-
fiber [20], (c) AR fiber [21].

some of them: a large mode area (LMA) HC-PCF used for high power delivery [27], HC-PCF
with high birefringence [28] used to measure physical properties, while liquids and gases can be
detected by the sensor using suspended core PCF [29]. With the flexible capability of modifying
dispersion and mode area, HC-PCF is a most suitable for studying the nonlinear effects involved
in SG [11].

Furthermore the use of different materials for making PCFs, for example heavy metal oxide
glasses and tellurite which have much higher nonlinear coefficients than silica glasses, gives us
more broadband transmission into the mid-infrared region [30]. This creates new possibilities for
the fiber design. Reassuming, PCFs are powerful flexible tool for considering all optical effects.
Furthermore they have many effective applications.

On other hand, one can infiltrate liquid into the core of HC-PCF. By varying the liquids’
refractive index properly we can modify the guiding effect of the fiber from basing on modified
total internal reflection to basing on the photonic band gap effects. In consequence, the optical
characteristics of the fiber would highly depend on the temperature and concentration of liquids.
Therefore by using liquids, the dispersion properties of the fiber can be further modified without
changing its geometrical parameters by varying the temperatures and concentrations. One can
say that insertion of liquids in PCFs introduces new degrees of freedom for observing and con-
trolling nonlinear effects. In Sec. II, we will present in detail dispersion and its engineering in
PCF infiltrated with liquids. Due to the unique properties of the liquid, e.g. high nonlinearity,
high transparency, possibility of modifying the refractive index by changing ambient temperature,
liquid core PCFs have numerous applications. We can mention some examples: the liquid core
PCFs applied in e.g. sensing, laser, and SG; The AR fiber infiltrated with low-index liquid used
for optofluidic laser [31] and as temperature sensors [32]...
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My paper is organized as follows. In Sec. I, I will briefly present an important concept,
namely the dispersion an how can modify it for different purposes, in other words how can make
dispersion engineering. For this purpose Mode Solutions (MODE) simulation program provided
by Lumerical to modelling PCF infiltrated with liquids for different applications, in particular for
SG is used. I will not demonstrate this in detail here, concentrating only on analyzing SG in
Sec. III. The last section contains conclusions.

II. DISPERSION AND ITS ENGINEERING IN PCF INFILTRATED WITH LIQUIDS

In this section, we describe briefly theory of propagating light in optical fibers. At first we
start from linear propagation in standard step-index fibers for fixing some essential concepts, in
particular the dispersion. Next, we consider the propagation in PCFs. Finally we extend this to
nonlinear propagation which leads to Generalized Nonlinear Schridinger Equations (GNLSE).
In which, the characterized parameters and quantities of light propagating process are clearly
mentioned.

A standard derivation of the NLSE in arbitrary dispersive media has been given in [33, 34].
A more detailed derivation for the case of optical fibers can be found in an excellent book [4], in
which all nonlinear phenomena involved in the problem have been clearly described. If a source
less medium is assumed, one that does not generate current, but can still exhibit attenuation and
gain, from the system of Maxwell’s equation one can arrive at the wave equation (see also Eq. (1)
in Ref. [33]):

1 J’E P
VxVxE:C—zﬁ—uOW
where c is the light’s speed in vacuum and ¢? = %

Generally, one can use a quantum mechanical to check the polarization P. But it is well
known that when the frequency is near a medium resonance, the quantum treatment is necessary.
But in our case we are far from medium resonances, so we can use Taylor’s series for P as follows

(Eq. (4) in [33]):
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here ¥’ (i = 1,2,3,...) is i-th order of the material’s electric susceptibility. In the further we
will consider the fiber made by symmetric molecules SiO,, the second order susceptibility ) (2)
vanishes because of P(—E) = —P(E). If we take only the third order nonlinear effects related to
%), the polarization induction consists of linear and nonlinear part:

P(rat) :PL(r7t)+PNL(r7t)7 (3)

which are expressed correspondingly as:
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Now we assume for simplicity that nonlinear polarization Py, in Eq. (3) is only a small perturba-
tion to the total polarization. This is reasonable because for silica fiber the nonlinear effects are
relatively weak. Thus in the first step, we put Py, = 0 in equation (1). Then it becomes linear in
E. Furthermore in the case of optical fibers we have propagation in an arbitrary direction, say Oz.
Thus in the linear regime, the linear wave equation has the form [4]:

JI’E N 1 0°E N 1 °E N JI*E

dp?  padp? p?de? I
where ko = w/c = 27/A and E is the Fourier transform of the electric field E(r,¢). The general
solution can be presented as superposition of waves propagating in the z-direction:

+n’kiE=0. (6)

E.(r,0) = A(®)F(p)exp(£im)exp(ifiz) (7)
where A is normalization constant depending only on ®, m is an integer number and f is the
propagation constant defined as:

1/2
B(0) = [(0)i — K (@)] . ®

The propagation constant f3 is one of the key parameters to describe the light propagation
in the optical fiber. The values of 3 are different for individual modes and depends on the fre-
quency (wavelength). They are determined from the following equation for F (frequently called

as eigenvalue equation)
d*F 1dF 5 m?
—+—— ki—p?—— |F=0. 9
dpz+pdp+<n 0 ©

This equation has been considered in many excellent books [35-37] for determining an
important parameter characterizing arbitrary fibers, namely apart from the relative core index dif-

ferences

ny—np
A:

(10)

ni
the normalized frequency V is defined by

V = koa(nt —n3)'/?, (11)

where a is radius of the core and A is wavelength. Thus the number of modes of a particular fiber
per specific wavelength depends on its design parameters and is determined by so called cut-off
condition: All other modes are beyond cut-off if the parameter V < V¢, where V( is the smallest
solution of JoV¢o = 0 or V¢ =~ 2.405. In practice fibers are designed to satisfy that V is close to
Ve. The cut-off wavelength A¢ for single-mode fibers might be obtained with kg = 27 /A¢ and
V =2.405 in Eq. (11), core radius should be below 2 um for fiber to support a single mode in the
visible region. Single mode fiber is commonly used to transmit over longer distances [38].

It is well-known from Newton’s time that in light propagation through a medium, as in
an optical fiber, different modes need different time to pass through a certain distance. The total
dispersion of optical fiber defined as:

D, =\/13 — T} (12)
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where 7y, 7; are the width of the input pulse and the output pulse, the unit is seconds [s]. Usually
we are interested in pulse expansion per kilometer. Dispersion increases the width of the pulse, it
is calculated in units of [ps /km].

For monochromatic light waves propagating along the waveguide in the z-direction (waveg-
uide axis), these constant phases move with phase velocity:

dz o
V,=— = —. 13

In practice, the light wave is not ideally mono-chromatic, there is a group of waves with
frequencies near each other spreading so that the final form has a waveform. This group of waves
propagates with group velocity:

dm

Vg = % (14)
We have the following relation for Group velocity:

c

Ve = —

S g

where p
n

ng=n;—A diﬂ,l (15)

is called group index.

For short pulse propagation in a single mode fiber [33, 34], the wavelength dependence of
the propagation constant o) is called chromatic dispersion, which causes the short light pulse to
be broadened. Expanding B ®) into Taylor series around the central frequency @y we obtain:

ﬁ(w):ﬁ0+[31((0—wo)+%[32((0—(00)2+---7 (16)
where: .
By — (dd[(i)(rf’)> _ (m=0,1,2,...). (17)

The parameters ; and 3, are related to the refractive index n = n; and its derivatives
through the relations:

1 n
pr=—="2 (18)
ve ¢
1 dn d*n
=—(2—+0—— ). 1
p 2(dco+wd(o2> (19)

Thus from physical point of view, the envelope of an optical pulse moves at the group ve-
locity, whereas the parameter 3, represents dispersion of the group velocity and is responsible
for pulse broadening. This phenomenon is known in literature as the group-velocity dispersion
(GVD), and B, is the GVD parameter. The GVD is the change of the group velocity with fre-
quency. The wavelength range is said to be normal dispersion regime when 3, > 0. In this case,
group velocity decreasing with increasing optical frequency. The wavelength corresponding to
a value of B, < 0 is called the anomalous dispersion regime (group velocity increasing with in-
creasing optical frequency). The wavelength where 3, = 0 is referred to as the zero-dispersion
wavelength (ZDW) (see Fig. 3).
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Fig. 3. Dispersion regimes in relation to the ZDW [39].

Another definition of the GVD is frequently used to describe the dispersion of fibers,
namely the parameter D:

dﬁl 2me - A dzngff

b= = mh~ar 20)

It is expressed in units of ps/km/nm. According with Fig. 3, the region with D < O is

normal dispersion, D > 0 (3, < 0) corresponds to anomalous dispersion regime and where D = 0,

the wavelength is zero-dispersion wavelength (ZDW). The effects of higher-order dispersion will

be taken into account when the very short pulses launch into the fiber or the central wavelength

is very closed to the ZDW. The D of optical fiber depends on its geometrical structure and fiber

material, and it is approximate to the sum of waveguide dispersion Dy and material dispersion

DMi

D =Dy +Dy (21)

Dy (A) originates from the geometry of the fiber refractive index distribution that deter-

mines the D relation of the guided mode. D, originates from the dependence of the refractive

index of fiber material on the wavelength ny, = ny,A, due to the difference in group velocities

of different spectral components in the fiber. Pulse expansion due to material dispersion can be

obtained by examining the group delay time in optical fiber [34]. The material dispersion Dy, and
the waveguide dispersion DW are given by the following formulas:

2mdny,  ldmy  2mA | n3, VAA(Vb)  dmyd(Vb)

Dy =—>= % By —
M= A do ¢ dd 7" T A2 [ m(e) dV? do dv "’

(22)

where n, is the group index of the cladding material and V' is given by Eq. (11), A is given by the
Eq. (10) and b = WL_;’Z The relation of (21) is presented on Fig. 4

ny—n
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Fig. 4. Total dispersion Dand relative contributions of material dispersion Dj; and waveg-
uide dispersion Dy for a single mode fiber [40].

As it has been recognized in Sec. I, Photonic fibers, thanks to the possibility of modifica-
tion geometry, at the design stage, provide great freedom in designing dispersion properties for
different purposes, for example it is possible to obtain a tailored spectrum of supercontinuum as
we will see in Sec. III. Unfortunately, modifying the dispersion in the fabricated PCF is trouble-
some, it is difficult usually to manipulate its optical properties to make it a tunable optical device.
Therefore, one can make a smooth change of dispersion properties of such fibers by filling them
with gases or liquids. In this way, one can adjust the dispersion characteristics of PCF, in other
words make engineering in PCF infiltrated with liquids. This enhances the range of its possible
applications [40,41].

Photonic Crystal is a periodic optical nanostructure designed to affect the motion of the
photon in a similar way that the periodicity of a semiconductor crystal affects the motion of the
electron. It is well-known that Photonic Crystals occur already in nature with various forms and
have been studied for about 100 years. As it has been mentioned in Sec. I, Crystal Optical Fibers
(PCF are new types of fiber, based on the properties of photonic crystals because they are capable
of capturing light in the core area, what is not possible for conventional optical fibers). Some
different kinds of PCF have been presented in Sec. 1.

The PCF is basically a silica compound optical fiber in which there are holes or air holes
running parallel to the fiber axis. Unlike conventional optical fibers, the core and cladding area
of PCF are also made from the same material, and all properties of PCF are derived from the
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presence of these air holes. Until now, the continuous development of fiber technology and its
manufacturing industry for conventional fibers has reached its limit. The main advantage of PCFs
over classic step-index fibers is the fact, that by adjusting the geometrical parameters of the pho-
tonic lattice, the waveguide dispersion can be designed with big freedom. Therefore PCF is an
alternative fiber optic technology with many advantages in speed, bandwidth, bending ability, low
dispersion, because one can control its behavior by modification of the shape, size and position
of the holes or the air holes in the micro-structured cladding [42,43]. The two basic geometrical
parameters, namely hole diameter and hole spacing (or linear filling factor) lead not only to the
guiding properties but also the dispersion, transmission and even nonlinear properties of PCF. In
consequence PCF is the subject of intensive study since more than two decades and its many ap-
plications have been found in fiber lasers, optical amplifiers, high-power transmission lines, highly
sensitive gas sensors and other nonlinear devices. The invention of PCFs makes a dramatic jump
in communication technology. It not only overcomes the disadvantages of conventional optical
fibers but also has outstanding advantages so that PCFs are increasingly studied, manufactured
and widely used. The most common technique for the fabrication of PCFs is the stack-and-draw
method [44] which is not presented in detail here.

The wave propagation in PCF is much more complicated in comparison with that in conven-
tional optical fibers described briefly above. As with many other areas of scientific research, the
software for computation and simulation of related problems is always the most effective tool for
scientists to bring their designs closer to reality. In our simulation for PCF we use so-called Mode
Solutions (MODE) simulation program provided by Lumerical [45]. This is a new (commercial
with one-month free application) powerful optical simulation tool. Mode Solutions are beneficial
for designing and analyzing any structured and geometric waveguide components. It is flexible
in describing sophisticated geometrical devices, in particular suited for simulate microstructure
optical fibers such as PCF, and optical waveguide integrated multiple layers. Mode Solutions is a
new generation of design tools that incorporate advanced design features with innovative simula-
tion tools. Mode Solutions’ unique ability is to provide designers with flexibility in their project
development process. Mode Solutions is designed for both general and advanced users. It is char-
acterized by the simplicity and flexibility which are so needed to help designers quickly create
a new photonic device. It simulates at the same time on multiple cores and multiple systems,
the time domain calculation provides broadband results in a single simulation. Furthermore, it
provides movies of dynamic simulations.

In numerical simulation, we must pay special attention to single-mode light transmission.
In the results of the electromagnetic field spectral simulation we can see many different light
modes that move in the core. We are interested only in the case, when the light confined in the
core, in other words when we have only fundamental mode. Then propagation equation becomes
one-dimensional as the GNSE presented below. If the requirement for light to run only in the
fiber core area is not fulfilled, the light is wholly dispersed off the fiber and all results obtained
by using GNSE are invalid. Of course this is only the first property of a PCF that we need to test.
For obtaining final desired models for PCF we should look at the results that the Mode Solutions
program has calculated in optimizing other properties of proposed models. In particular several
aspects of the dispersion behavior have been analyzed as the zero-dispersion wavelength (ZDW)
shift [46], the ultra-flattened dispersion characteristic [47], and the optimization of chromatic dis-
persion [48]. Mode Solutions program has also calculated two important parameters involved in
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GNSE which is foundation for SG described in next section, namely fiber loss and Effective Area
related to Nonlinear Coefficient.
During transmission of optical signals inside the fiber, there is some power loss. Consider
a fiber of length L, if is P, the input power launched of the fiber then the transmitted power Py is
given by:
Pour = Pin eXP(—O‘L) (23)

where the attenuation constante is a measure oftotal fiber losses from all sources. In practice, o
is usually expressed in unit of dB/km using the relation:

10 P,
adB:—Llog<;i’> 24)

where L is the distance along the fiber and P,/ P; is the ratio of output power to input power.

As it is emphasized above, during propagation of an intense laser pulse through a fiber, the
response of the medium is both linear and nonlinear. In GNSE describing this propagation and
used to considering Supercontinuum (SC) Generation in the next section, the Nonlinear Coefficient
yin W—! km~! is calculated by the following expression:

. 271'112
;LAeff

Y(A) (25)
where n, is the nonlinear refractive index of silica (2.66 x 10220 m? /W) and Aepr is the Effective
Area covered by the light during propagation through PCF. It is calculated by:

(If [EPdxay)”
Al sy .

In Ref. [41] we calculate numerically the refractive index, effective mode area and disper-
sion of the fundamental mode in the case when the air holes are filled with 11 organic solvents with
unknown absorption losses and 6 with known absorption losses. A PCF based on the soft glass
PBG-08 is designed and developed in the stack-and-draw process described above in Institute of
Electronic Materials Technology in Warsaw. All considerations have been made by analyzing
SEM images of real fiber. In particular we used our simulations for the case of toluene to SG
consideration presented in the next section. In the paper [49], the HC PCF with a large core or 12
micrometer infiltrated with toluene was designed and developed. The large mode area is required
for the efficient delivery of high power pulses from large mode area input fiber. After detailed
useful presentation of state-of-the-art of experimental results on liquid core optical fiber SG, the
authors reported for the first time an all-normal dispersion SG in a HC-PCF infiltrated with toluene.
Dispersion properties of the proposed fiber were simulated and measured in a Mach-Zehnder in-
terferometer setup. Next, the fiber has been used to SG (see below). Because toluene evaporates
quickly in an open core fiber, continuous pumping as applied throughout the experiment.

We proposed in Ref. [50] a PCF made of fused silica glass and infiltrated with nitroben-
zene. The guiding properties of considered fiber structure were determined numerically, namely
estimated effective refractive index, attenuation, dispersion of the fundamental mode. From ob-
tained results three structures were treated as optimal and they were chosen and used to SG.
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Some of the liquids used in our simulations were highly toxic, so in real applications for
example, although benzene and nitrobenzene which shift the ZDW the most, should be replaced
by some alternatives, such as carbon tetrachloride, chroloform.

In Refs. [51,52] we proposed PCFs infiltrated with carbon tetrachloride, whereas in Ref. [53]
with chloroform. In Ref. [51], the proposed PCF consists of eight rings of air-holes ordered in
hexagonal lattice. It is made of fused silica glass and the central hole is filled with carbon tetra-
chloride. This liquid is transparent in a broad range of VIS and NIR wavelengths. Its refractive
index is closed to that of fused silica, whereas the difference between these two materials is clear
in the nonlinear refractive index. As usual, the guiding properties as effective refractive index, at-
tenuation and dispersion of fundamental mode are determined numerically. From obtained results
we optimized structures of PCF and in consequence two structures are chosen. They are verified
in detail below in the next section against SG.

In Ref. [52] we considered a regular hexagonal lattice PCF with 5 rings air-holes. We
studied theoretically an influence of its geometrical structure on dispersion properties of the fun-
damental mode using so-called the finite difference numerical method (FDM). In consequence
we selected a proper model for the large-hollow core PCF. Then we fabricated this fiber using
fused silica capillaries with standard stack-and-draw method described above. In the next, we
have used a fusion splicer to close air holes in the photonic cladding as it has been made in our
previous paper [51]. Then the fiber was mounted in a custom-made microfluidic reservoir filled
with Carbon Tetrachloride. Dispersion characteristics have been calculated numerically and veri-
fied experimentally by Mach-Zehnder interferometer setup. The measured results match very well
the simulated ones. The calculated confinement losses are similar to the losses of ideal structure,
because material losses of Carbon Tetrachloride have dominant contribution and the waveguide
losses are negligible. As in other models, we modelled SG with proposed PCF solving GNLSE by
SSF method in the next section.

In our last published paper [54] two selected PCFs were analyzed two fibers with different
structure parameters. The first one is the same as the fiber reported earlier in Ref. [52], while the
second is a new one. Optimal PCFs are proposed with good nonlinear properties, and at the same
time, they are easy to incorporate in all-fiber systems. A further analysis with SG for this selected
PCFs will be made below.

The liquid used in Ref. [53] was chloroform. Among common nonlinear liquids chloro-
form has the lowest material dispersions in the visible region. Near- and mid-infrared wavelength
ranges are convenient applications in novel areas because in this spectral region many substances
have strong resonances associated with the fundamental rotational and vibrational resonances of
various technologically vital molecules. Guiding properties of proposed PCF are again analyzed
numerically. As a consequence two fibers were chosen. The nonlinear properties of selected fibers
are simulated numerically by solving GNFSE using SSF method below.

Another interesting liquid with negligible toxicity is just water which is most common sol-
vent used for biomolecules [55]. A temperature change of the water infiltrated PCF is interesting
practical method for a fine tuning of ZDW. This new approach can be useful in applications in
which fast dynamical compensation or dispersion shift is necessary. The influence of temperature
on dispersion properties of proposed PCFs infiltrated with water has been considered in detail in
Ref. [55]. We concluded that this type of fiber can be used for the precise adjustment of ZDW.
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We consider also dispersion characteristics of crystal fibers infiltrated with water in an in-
teresting structure, namely in a suspended-core SCF [56-58]. This is a special index guiding fiber
type that consists of a suspended core fiber which leads to increase the core-cladding index contrast
without using a second glass material. The cladding index is just decreased by the amalgamation
of big air-holes. An example of such a fiber is shown in Fig. 5.

Fig. 5. The SEM of suspended core fiber NL_35B1. [59]

We have shown that [59] replacement of air with water improves dramatically the disper-
sion characteristic of the fibers: The near-zero flat dispersion can be achieved in the anomalous or
normal dispersion region for various diameters of the core, what is valuable in the process of SG
(see below). The changing the temperature of the fiber infiltrated with water leads to fine-tuning
of the dispersion characteristics and this fiber could be suitable e.g. for spectroscopy applica-
tions. The SCF infiltrated with water can be modified further by adding organic components and
biomolecules. Other enhancement of thermal dispersion tuning can be achieved if water is re-
placed by other organic liquids with higher thermal expansion coefficients and lower absorption.

In other our paper we replaced water by water-ethanol mixture [60]. Infiltration of the PCF
with ethanol-water mixtures is very interesting for several reasons. It has very small viscosity, so it
can penetrate very small holes. It is also nontoxic, and evaporation is very limited. In consequence
ethanol-water mixture can be efficiently used for the PCF dispersion tuning with temperature
and concentration. The proposed PCF is real and has been fabricated in ITME by stack and
draw method described above. Results simulated numerically have been verified experimentally
for several concentrations and temperatures of ethanol. Such verification has not been presented
elsewhere. Our results allow for fine adjustment of fibers parameters e.g. to the wavelength of the
pump used in SG.

A low-dispersion and low-nonlinearity silica PCF is designed and fabricated in Ref. [61].
The dispersion characteristics were measured and compared with calculated ones. They are well
matched. In the next, we investigated femtosecond pulse propagation numerically by solving
GNLSE and tested it experimentally. The results show that proposed PCF can be dedicated to
near-infrared high-power femtosecond pulse delivery.

Recently interactions of light with the various cultured microorganisms, e.g., cells, bacteria,
are studied and applied in bio-devices as bio-sensor [62] and optofluidic bio-laser [63, 64]. The
aqueous solutions, which contain and produce the life function for organic elements, are called
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buffer (buffer solution) or cell culture media (CCM). In Ref. [65] widely used buffers and CCM
are studied, where we concentrated on optical properties as transmission, material dispersion and
scattering properties. Well-fixed properties of buffers and CCM are essential for proper design of
various optical sensors or other future optofluidic systems dealing with biological structures. In our
paper, we have measured optical properties mentioned above for selected commercially available
buffers and CCM. We concluded that although buffers and CCM with good optical properties
can be used as optical medium for various bio-photonic systems, the long-term stability of these
media should be taken into account. We observed their important change in properties after 8
months of storage. Therefore monitoring their optical properties is needed to identify degradation
or infection in long-term considered experiments.

Reassuming, Mode Solutions (MODE) simulation program provided by Lumerical is an
excellent power tool for modelling PCF infiltrated with liquids for different application purposes,
in particular for its the most important application, namely for Supercontinuum Generation. This
is the subject of the next section.

III. SUPERCONTINUUM GENERATION

Because in SG the nonlinearity plays an essential role, let us now go back to it. For the first
order in Eq. (2), linear susceptibility, we just considered in previous section. The second order,
that is quadratic susceptibility or quadratic nonlinearity, is responsible for a group of three-wave
or three photon interaction processes, such as sum or difference frequency generation or second
harmonic generation. But as we recognized before, the tensor elements of the quadratic suscepti-
bility are non-zero only in optical media which have no inversion symmetry. An optical material is
inversion symmetric if it gives the same response in any plane, in any direction of propagation. A
glass is generally isotropic; therefore it exhibits inversion symmetry and no quadratic nonlinearity.
That is why we do not observe second harmonic generation in glasses.

Now let’s move to cubic nonlinearity — this describes interactions of four waves or four
photons. Related processes are four wave mixing, optical Kerr effect, Raman scattering and third
harmonic generation. These processes have been widely discussed in many text books [4,33] and
references cited therein). We concentrate on some of them [4].

In the first, we consider self-phase modulation (SPM). This is a manifestation of the optical
Kerr effect. Since each wavelength in an optical pulse spectrum experiences different refractive
index in dependence on the intensity at that wavelength, the phase delay will be introduced into the
pulse’s spectral components. This phase delay will have the same shape in the temporal domain, as
the pulse optical intensity. Intensity dependent change of frequencies (Intensity dependent phase
modulation) across the pulse leads to the change of spectrum of the pulse, but at the same time the
pulse’s temporal shape remains the same. SPM does not depend on GVD. Mathematically, SPM
is described with the equation (27), which is demonstrates evolution of pulse amplitude along the
propagation A = A(z,1):

94 _ iYA|AJ*. (27)
9z

The gamma is the nonlinear coefficient, which groups the nonlinear refractive index, fre-
quency and effective mode area into one parameter and given by the formula (25). Nonlinear
effect is known as Cross-phase modulation (XMP) in which the optical phase of a light wave is
changed by the interaction with another light wave in a nonlinear medium like Kerr medium [4].
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The nonlinear polarization appearing in media based on the nonlinearity term %) also contributes
to making the description of XPM effects.
Now if we include both the nonlinearity term of SPM the effect of GVD in propagation
equation (28): )
A J A
gzz—’%%ﬂwmw, (28)
we will generate solitons [4,33]. Solitons (or solitary waves in optics) are such formations that do
not change their shape during propagation due to the fact, that SPM and group velocity dispersion

(GVD) effects can compensate or cancel each other out (Fig. III).

Lo

Fig. 6. Soliton as a result of complete compensation of SPM and GVD.

Depending on the order of the soliton, such structures can propagate without change of
spectral or temporal shape, or they can fluctuate, periodically returning to their original form in
PCEF, as we see in the example taken from [8] (Fig. 7).

For comparison, this soliton has been already one year earlier simulated by Split-Step
Fourier Method (mentioned below for numerical solving GNLSE), presented in Fig. 8 for one
period [65].

The next interesting phenomenon is four-wave mixing (FWM) [4, 33]. In this process,
interaction of two wavelengths can produce a pair of other two wavelengths. In a degenerate four
wave mixing case, when two wavelengths out of four are the same, we have a process with three
wavelengths (but still with four photons), where two pump photons produce one signal photon and
one idler photon. Starting from dispersion relations, one can arrive at the phase-matching equation
for four-wave mixing as follows [4]:

o B2m 2
K=2yR(1—fr)+2},, 55 @ (29)

By setting kappa to zero, such phase matching curves are obtained, which indicate where
for a given pump wavelength, the signal and idler wavelengths would be located. FWM is a
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(a) Spectral Evolution (b) Temporal Evolution
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Fig. 7. Spectral and temporal shape of the third order soliton [8].

nonlinear optical process, which through the phase matching condition does depend on the linear
phenomenon as dispersion. Mathematically, four-wave mixing is included along with SPM in the
pulse propagation equation introduced below:

JA |« "B,d"A

TZZ’Z - am+zyA|A| (30)

m>2

If anomalous dispersion is assumed starting just before the pump wavelength, we can ob-
serve a sudden break-up of the pulse envelope and red-shifting of solitons, which emerge in anoma-
lous dispersion from the noise-seeded FWM [4]. This leads to modulation instability. Since this
is one of major processes in formation of long-pulse pumped supercontinuum, one of the design
strategies for nonlinear fibers, is optimization of dispersion profiles such, that this opening be-
tween the two parametric wavelengths be as widest as possible, or otherwise, depending on which
is required.

Taking instead (7) the following form of solution of wave equation in frequency domain:

E(r,0 — @) = F(x,y)A(z, @ — o) exp(ifoz) 31)
we get following Generalized Nonlinear Schrédinger equation (GNLSE) [4,33]

k+1 k oo
a—A+g y BkM—ly(l—i-lrshockaat) {A(z,t)/ R A=) dl|.  (32)

| k
= kot
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Fig. 8. Temporal shape of the third order soliton simulated in Ref. [66].

This important equation allows us to reconstruct the rich nonlinear dynamics of pulse prop-
agation which contains, among others, all nonlinear phenomena mentioned above. In its left
side, the second term describes fiber attenuation and the third represents fiber dispersion resulting
from Taylor expansion (16) in frequency domain. They are linear effects involved in the process.
Whereas the right side of equation (32) contains nonlinear effects [4,33]. The self-steepening is a
typical nonlinear process related to the dependence of intensity on the group index. Since there is
a higher group index for the pulse peak than that for the pulse rest so the previous one travels with
a lower velocity comparing to the later. In consequence, the intensity gradient of the leading edge
decreases and that of trailing edge increases. Thus self-steepening of the pulse leads to the forma-
tion of a steep front in the trailing edge of the pulse, resembling the usual shock wave formation.
From this reason this effect is called also the optical shock. The pulse becomes more asymmetric
in the propagation and its tail finally breaks up. The cubic nonlinearities discussed above (SPM,
XPM, FWM) and Raman scattering are other terms included in this side.

Thus after designing a nonlinear PCF and dispersion engineering in PCF infiltrated with
liquids described in previous section, we know its dispersion characteristics, we can expect its
attenuation, we know what the nonlinear refractive index and Raman response are, we can estimate
what kind of nonlinear frequency conversion performance we could expect. For solving GNLSE
(32), there several approximate analytical methods reviewed in Refs. [34,67]. But this equation
is so complex that it is usually solved numerically by so-called Split-Step Fourier (SSF) Methods
described in Refs. [33,66], in which linear and nonlinear effects treated separately over very short
propagation distances.
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Paper [41] starts for our consideration of SG by comparing the SG performance for the
fiber structures with and without liquids using numerical solving GNLSE by SSF method. We
restricted ourselves in this paper to the case when the PCF structure with air holes is filled with
toluene and dispersion terms up to the ninth order. An extended study for SG in PCF with core
filled with toluene has been performed in Ref. [68]. Two proper structures have been chosen. We
have concluded that although confinement losses in the considered are as high as 0.4 dB/cm, the
coherent SG in the range from 1.0 to 1.7 micrometer with the pulse energy conversion of 16%
is feasible in 4 cm long fiber samples with standard fiber femtosecond lasers. A PCF proposed
in Ref. [69], also infiltrated by toluene has been used to SG, which has been investigated numeri-
cally by solving GNLSE, and next verified experimentally with fiber sub-picosecond pulses for a
range of pump energies. The coherence of the obtained supercontinuum has been also considered
numerically with the uses of the first order coherence. The value of this coherence was equal 1
across the obtained spectrum. As it has been noted above, continuous toluene pump system was
needed. The authors concluded that experimental and numerical results are in excellent agreement
both in spectral width and shape of the spectrum.

We proposed in Ref. [69] a PCF infiltrated with nitrobenzene and by numerical analysis
we obtained three optimal structures for SG. It was formed in the first centimeter of the light
propagation. These fibers are good candidates for all-fiber SG sources as an attractive alternative
to glass-core fibers, because the nonlinearity of nitrobenzene is much higher than that of silica.
The proposed model may give us new low-cost all fiber systems for SG.

As it has been emphasized above, some of the liquids used in our simulations were highly
toxic, so in real applications for example, although benzene and nitrobenzene which shift the
ZDW the most, should be replaced by some alternatives, such as carbon tetrachloride, chloro-
form. .. Therefore we use now the proposed models PCF infiltrated by these liquids to considering
SG. Firstly, we use two optimal structures chosen in Ref. [55] to SG. We used again numerical
solutions of GNLSE based on SSF method. We concluded that the proposed PCF has some ad-
vantages over other types of optical fibers devoted to SG. Firstly, higher nonlinearity of Carbon
Tetrachloride than fused silica leads to needed lower power of pulses required in SG, preserving
at the same time the possibility of dispersion engineering to achieve a flat dispersion characteris-
tic necessary in SG. Secondly, the proposed PCF can also be tuned by means of temperature to
modulate the dispersion characteristic. Finally, Carbon Tetrachloride has similar refractive index
of fused silica that as a filling medium it can easily incorporated in all-fiber optical systems.

The measured dispersion characteristics, wavelength-dependent losses and effective mode
area obtained in the PCF described in [68] have been taken into account in GNLSE for considering
SG. The temporal coherence of SG in the proposed PCF has been also calculated for the complex
degree of first -order coherence according with the formula given in Ref. [70]. SG in this model
was verified also experimentally. We concluded that the agreement between simulation and ex-
periment is remarkably good. It certainly confirms the dominant role of single mode regime and
all-normal dispersion features of observed SG dynamics.

Two fibers selected in Ref. [53] have been analyzed with respect to SG. It follows that both
proposed fibers are good candidates for all-fiber SC sources as alternative to glass core fibers,
because nonlinearity of chloroform is higher than silica and its toxicity is negligible. Two chosen
fibers allow for SG on the basis of two mechanisms. The first one is SC in all-normal dispersion
regime, so can be coherent. The second one is soliton fission based SC in anomalous regime.
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In Ref. [59] some selected types of the suspended-core SCF infiltrated with water have
been analyzed in the relation to SG. We have shown that in SCF made of borosilicate glass one
can obtain flat dispersion characteristics which are required for efficient SG in fibers.

We demonstrate in Ref. [54] experimentally SG in PCFs with CCl4-filled cores when it
is pumped with 90-fs-long pulses with a central wavelength of 1560 nm. Here we have used
shorter pulses than previously to suppress the noise and to increase the temporal of the recorded
SC pulses [71,72]. We also used different pump wavelengths to better match the dispersion char-
acteristics and the location of ZDW. In this way as it has been emphasized above, optimal PCFs
are chosen with good nonlinear properties, and at the same time, they are easy to incorporate in
all-fiber systems. Furthemore we demonstrate for the first time that this SC can be achieved in
hollow-core fibers with CCly infiltration and low-peak-power pulses. Evidently, the peak power of
pump pulses used in this paper was 10 times smaller than that in our previous paper [52]. More-
over, it is extremely low in comparison to that in Ref. [73], where peak power was MW level. We
used shorter input pulses than those in previous papers, and therefore the effects of polarization and
laser noise on coherence degradation were reduced. As it has been shown by numerical analysis,
the considered fibers have the potential for high coherence. The results obtained in Ref. [54] prove
that the use of CCly-infiltrated PCFs is an interesting solution for compact all-fiber SG systems
with low-power femtosecond lasers. We concluded also that a combination of low-cost, standard
silica PCFs with cores infiltrated with CCl4 gives us possibility to develop efficient fibers with
ultra-broadband transmission on short distances up to a few tens of cm. From the reason that the
energy of the guided beams is confined in liquid cores, only a small fraction of light interacts with
the silica walls in which it is highly attenuated. In consequence the work with liquid-core PCFs is
challenging at the current stage, because it requires the use of dedicated reservoirs for input liquid.
However, if silica fibers are used, all-fiber integrated systems are feasible to be constructed in the
near future.

All PCF samples used in experiments were fabricated in Institute of Electronic Materials
Technology ITME) in Warsaw. As we know, the use of these liquids as cores in photonic fibers
made it possible to obtain a medium with strong light location in a medium with high non-linearity
over long distances. Initially, research work was theoretical, but after mastering the methods of
controlled liquid introduction into photonic fiber cores (hollow core), they were confirmed by
experimental research.

IV. CONCLUSIONS

As it is has been presented above, development of nonlinear optics and optical fibers cre-
ated the nonlinear optical fibers [4]. This leads to the new model of optical fibers using photonic
crystal claddings i.e. the dielectric matter with periodic structure of refractive index. This new
kind of fibers, called later as photonic crystal fibers (PCFs) with special optical properties possible
to be tailored with high degree of freedom. Furthermore they can be adjusted to the needs of ex-
periment. The appearance of PCF in the late 1990s is considered as a revolution comparable with
the invention of laser before. PCFs overcome many limitations intrinsic to step index fibers and
create an ideal platform for observing new optical phenomena, in particular so-called supercontin-
uum generation (SG) which has reported for the first time in [74]. The big freedom in dispersion
engineering of PCF allows SG to be performed optimally in the wide range of available pump
sources, so one can use very short input pulses as well as high power continuous wave sources.
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SG in PCF was immediately applied in many fields of science and technology. The freedom in
dispersion tailoring is much more enhanced when PCF is filled by different liquids.

Recent studies of SG concentrate on giving new insight into the spectral broadening mech-
anism, adjusting supercontinuum properties to specific applications and creating new PCFs infil-
trated by liquids suitable to SG through dispersion engineering of multicomponent glasses mate-
rials. Our work belongs to this trend of study.

A modern fiber optics laboratory has been created now in Vinh University. It can be used
to carry out research in the field of non-linear fiber optics, fiber photonic systems and fiber optic
sensors. We will design new kinds of PCFs, now infiltrated of new liquids and verify their optical
properties, in particular their dispersion in this Laboratory. The first our paper with a complete
experimental verification in our Laboratory has been already published [75].
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