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Keywords: Most recent broad supercontinuum sources have used nonlinear fibers with small core diameters, resulting in
Optical fiber low coupling efficiency, limiting power level launching into the fiber, and low spectral power density. In this
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work, we numerically investigate tapered liquid-core fibers for supercontinuum generation that have a potential
for both high coupling efficiency (with a standard SMF-28 fiber) and high nonlinear effects. Carbon disulfide
is selected to fill into the fibers because of its high nonlinear refractive index and high transparency from the
visible to the mid-infrared range. We consider cascaded fibers including SMF-28 and the tapered liquid-core
fibers for all-normal and anomalous dispersion supercontinuum generation pumped by C-band femtosecond
lasers (1560 nm, 90 fs). In such a case, we obtain all-normal dispersion supercontinuum generation with flat-
top, broad bandwidth (1.0-2.5 ym) via an input peak power of 27 kW. By changing the core diameter of the
tapered fiber, we also yield anomalous dispersion supercontinuum generation with broad spectral bandwidth
(1.0-3.3 pm). In addition, the use of the cascaded tapered fibers is possible to mitigate fiber damage (via
thermal effects of a high-power laser on the selected liquids) and increase stability of output supercontinuum
spectra. In this context, supercontinuum generation in the cascaded fibers by using a picosecond laser with
high average power (~ 800 mW) is considered towards applications requiring high spectral power density
(e.g., multiphoton imaging techniques).

1. Introduction

Fiber-based supercontinuum (SC) sources have played a significant
role in science and industry via their unique properties, i.e., brightness,
multi-octave frequency spanning, single-mode output, and high spatial
and temporal coherence. The important applications of fiber-based SC
sources include, for example, frequency combs [1], material process-
ing, optical sensing, absorption spectroscopy [2], and metrology [3].
In the near and short-wavelength infrared, SC sources with spectral
bandwidth covering numerous multi-photon absorption peaks of vast
fluorophores have motivated multi-photon microscopy for imaging liv-
ing tissues with large penetration depth [4,5]. Coherent SC generation
covering the major gain bands of rare-earth amplifiers has been used
as coherent seeds for low-noise ultrafast fiber lasers [6]. For the last
few years, it has seen attractive research to improve the spectro-
temporal properties of SC sources, such as extending spectral spanning
— from deep ultra-violet (UV) up to mid-infrared (IR), upgrading the
output spectrum stability, “on-the-fly” controlling the properties of SC
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generation leveraging machine learning and deep learning techniques
[5,7-9].

It is worth mentioning that silica-based fibers have been used widely
for SC generation, and they can provide SC spectra with spectral broad-
ening in a range of 0.4-2.4 pm and watt-level of output average power.
Extending the SC bandwidth leads to the necessary development of
non-silica fiber materials, such as gases, liquids, or hybrid glasses. The
gas-core fibers (i.e., hollow-core fiber infiltrated with notable gases)
have typically been used for SC generation in UV and visible range [10].
They are applicable in ultrafast molecular spectroscopy [11] and co-
herent anti-stokes Raman scattering (CARS) microscopy [4]. Notwith-
standing, the drawbacks of gas-core fibers are the narrow transmission
bandwidth if antiresonant and/or band-gap fibers are used. The light
also can be guided in a hollow core microcapillary filled with a gas.
However, the core diameter of the capillary must be large (a few
hundred micrometers) to reduce the loss, thus an extremely high input
pulse energy (at a level of pJ) is required for broad SC generation [12].
The gas-core fibers also require a complex experimental setup with
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the use of gas cells, vacuum equipment to operate, and high-power
lasers as pump sources. Another approach is to use soft-glass fibers
made from fluoride, chalcogenide, and telluride [7,13-17] for SC in
the mid-IR range. They have found applications in optical coherence
tomography (OCT) imaging, security, medical surgery, remote sensing,
and air pollution monitoring [18,19]. However, the soft-glass fibers
have weak-mechanic resistance, and high loss via crystallization. The
soft-glass fibers also require harmonic processes and/or an optical para-
metric oscillator and amplifier to adjust pump wavelengths to match
with dispersion characteristics for broadband SC generation [20]. In
addition, both gas-core fibers and soft-glass fibers are incompatible
with standard fiber technology in fiber coupling by using conventional
fusion splicer, which limits development of a compact all-fiber system
for SC generation.

Recently, liquid-core fibers have emerged as a versatile solution to
overcome the aforementioned challenges [21-23]. In particular, the
selected liquids, such as carbon disulfide (CS,), carbon tetrachloride,
and toluene, have a high nonlinear refractive index [24,25] and optical
transparency in the near and mid-IR range [26]. Thus, liquid-core
fibers can offer multi-octave broadband SC generation (from visible
up to mid-IR range) by using standard commercial femtosecond lasers
as pump sources [27-30]. Moreover, unlike solid-core fibers where
the optical properties are almost constant via changing of ambient
temperature and pressure, the sensitivity to temperature of the selected
liquid enables real-time controlling of the properties of liquid-core
fibers (e.g., dispersion, mode guidance). This provides a high degree
of freedom to optimize the spectro-temporal characteristics of SC gen-
eration for practical applications [29]. The drawback of liquid core
fibers is requiring a complex experimental setup system using a liquid
reservoir to fill the selected liquid into the fiber core and fully keep
liquids in the fiber core [21,22,29].

Up to now, almost all of the liquid core fibers considered for SC
generation have a small core diameter (on the level of single-digit
micrometers or even smaller) to enhance the nonlinear coefficient via
the small effective mode area [22],[28-33], and single-mode guid-
ance. The small core fibers also allow to efficiently adjust the fiber
properties (dispersion regime, position of zero-dispersion wavelength,
loss, polarization) by changing the cladding structure (i.e., diameter
and pitch lattice of the cladding air-holes). However, the small core
fibers typically offer a low coupling efficiency with the standard single-
mode fibers if an all-fiber system is considered for SC generation. It
is to note that coupling efficiency between two fibers depends on the
coupler, and fiber properties (e.g., polarization, overlap between the
mode exited in the fibers). Typically, two fibers with similar effec-
tive mode areas provide high coupling efficiency between them [34].
Therefore, in another approach, a few of the previous works considered
large core photonic crystal fibers (PCFs) infiltrated with liquids for SC
generation [21,35]. The aim of using these fibers is to assure a high
coupling efficiency with the selected laser source and standard single-
mode fibers. However, large core PCFs have a limitation in optimizing
mode properties to match with properties of used laser sources. The
large core fibers also have a low nonlinear coefficient, and thus, a high
peak power of input laser pulses is needed for broad SC generation.
Therefore, the development of a liquid-core fiber that can provide both
a high nonlinear coefficient and coupling efficiency with a standard
single-mode fiber is necessary to improve and widen the application
range of fiber-based SC sources.

In order to meet this requirement, tapered fibers have been used
as a versatile approach for broad SC generation [36-40] because of
their unique configuration. Particularly, the untapered part with a large
mode area guarantees an efficient input coupling, and the waist part
with a small core (i.e., a small mode area) can provide a high nonlin-
ear coefficient resulting in readily spectral broadening. Moreover, the
tapering process to scale-down fiber cross-section enables changing the
mode properties, e.g., dispersion, and birefringence, so that to finely
match with a central wavelength of the laser sources and application
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Table 1
Length of tapered fiber.#F, and #F, indicate the tapered fibers considered in this work
with waist diameter d; = 3 pm and 2.5 pm, respectively.

Fiber part Length

(cm)

Core diameter (pm)

14

14 — 3 (for #F,); 14-2.5 (for #F,)
3 (for #F,) and 2.5 for (#F,)

3 — 14 (for #F,); 2.5—14 (for #F,)
14

Input-light untapered (d,) 1
Down-tapered transition (d,) 1
Waist (d3) 2
Up-tapered transition (d,) 1
Output-light untapered (ds) 5

requirements. For instance, the tapered process can shift the dispersion
from the anomalous to normal dispersion regime, thus tapered fibers
have been leveraged for the all-normal dispersion (ANDi) SC generation
with high coherence and flat-top output SC spectrum in the ultra-
violet, visible [41], or mid-IR range [40]. However, state-of-the-art
tapered fibers are mostly based on solid-core fibers. The combination
of advantages of liquid-core and tapered fiber is necessarily exploited
for a robust compact all-fiber SC system.

In this work, we numerically demonstrate the SC generation in
cascaded tapered liquid core fiber. In particular, the liquid core is a
capillary with a large core diameter of 14 pm infiltrated with CS,.
The large core is used for high coupling efficiency with standard
single-mode fiber and/or large-mode area fibers for high-power laser
delivery [42,43]. The mode properties (dispersion, loss, effective mode
area) of tapered fibers are calculated by using the finite-difference
eigenmode method. Next, the spectro-temporal properties of SC gen-
eration in the cascaded tapered fibers are characterized by using the
split-step method with a standard commercial femtosecond Erbium
laser as a pump source.

2. Fiber design

Schemes of the tapered fiber are presented in Fig. 1. The fiber is a
step-index, and it is made by tapering a silica micro-core capillary. Car-
bon disulfide is subsequently infiltrated into the core for light guidance.
From an experimental perspective, the silica capillary can be tapered
by using the heating-and-stretching method or tapering cold-and-fast
[44-47]. It also can be directly drawn from a draw tower which offers
high accuracy of the fiber parameters by changing temperature and
pressure during the fiber-draw process [48]. The liquid infiltration may
be implemented by using a liquid pump system [21,35]. In such a
system, the selected liquid is filled into the core of the capillary by
capillary force and pressure from a microfluidic pump. The coupling
between the proposed liquid core fiber with a single-mode fiber can be
carried out by using an alignment sleeve [49] or a conventional fusion
splicer [50]. The length of the proposer fiber is shown in Table 1.

In this work, we conserved carbon disulfide (CS,) for a light guid-
ance medium (i.e., the core of the proposed fibers). CS, is toxic which
may limit the possibility of the proposed fibers for practical appli-
cations. However, in comparison with other liquids, this liquid has
a relatively high nonlinear refractive index, high transparency from
visible up to 4 um [25,26]. Moreover, carbon disulfide has a refractive
index higher than that of silica to guarantee light guidance by total
internal reflection with low leakage loss. Properties of CS, and silica,
as shown in Fig. 2, are used to calculate linear properties of the tapered
fibers. Both silica and CS, have high attenuation in the mid-IR range
(4 > 2.8 pm), see Fig. 2(b), this may decrease output intensities of SC
generation and limit the spectral broadening in the mid-IR range.

The full-vectorial finite-difference method with the perfectly
matched layer (PML) boundaries is used to calculate the linear proper-
ties of the proposed fibers, where the calculated region is a rectangular
(50 x 50 pm) with a size of the mesh step is 0.1 um. Fig. 3 presents
the advantages of tapered fiber that allow not only tailoring disper-
sion profiles but also reducing effective mode areas (i.e., increasing
nonlinear coefficient). For example, the untapered parts have effective
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Fig. 1. Scheme of a cascaded liquid core fiber for broad supercontinuum generation.
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Fig. 3. Linear properties of tapered fibers at considered cross-sections with various core diameters. (a) group-velocity dispersion, (b) loss, (c) effective mode area, (d) group

velocity, (e) effective refractive index, (f) nonlinear coefficient.

mode areas (A, ’ f) of 78-90 yum? and nonlinear coefficients (y) of 12—
15 (W~! km™!), while the waist part (with d,,,, = 2.5 ym) has A,/ of
3.15-12.8 pm? and y of 94-384 (W—! km™1), see Fig. 3 (c, f).

The fiber has a core diameter (d,,,) of untapered parts of 14 pm,
and the core diameter is tapered down to around 2.5 pm or 3 pm by
the tapering process. The large core of untapered parts assures high
coupling efficiency between tested fiber with standard silica fiber. For
example, we numerically calculate the coupling efficiency between the
proposed fiber and SMF-28 by 90% (i.e., 0.45 dB of coupling loss).
The diameter of the waist part at 2.5 pm assures all-normal near-zero
dispersion in the investigated wavelength range (from 1 pm to 3 pm),
see Fig. 3(a), and thus, this fiber can be used for all-normal dispersion

SC generation (ANDi). Whilst, the waist part with a core diameter of
3 pm has flat dispersion profiles with zero-dispersion wavelength (ZDW)
at 1.8 yum, and this fiber is used for soliton-induced SC generation that
typically has broader spectral bandwidth than the ANDi SC generation
via the same level of input laser power.

The fiber dispersion depends on the material dispersion of CS,,
silica, as well as waveguide dispersion as shown in previous works
[52,53]. However, the waveguide dispersion has a significant influence
on the fiber dispersion if the fiber has a small core in comparison with
the wavelength (e.g., d,,../A < 2). Thus, the fiber with a large core has
a dispersion shape following material dispersion of the core material
(i.e., CS,). Because of the significant influence of waveguide dispersion,
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the small core fiber (d.,, = 2.5 pm) has flat dispersion and ZDW at
3 pm, while the fiber with d,,,, = 3 pm has the dispersion shape with
high slope and ZDW at 2 pm.

Losses of the proposed fibers include confinement loss and material
loss of CS, in the core as well as silica in the cladding. Since CS, has
higher refractive index than silica, the light is strongly confined inside
the core resulting in low confinement loss. Consequently, loss profiles
of fibers with various core diameters follow the material attenuation of
CS,, see Fig. 3(b). However, in the mid-IR range, a fiber with a small
core diameter (e.g., d,,., = 2.5 pm) has a loss slightly higher than a large
core fiber (e.g., d,,,. = 14 pm), see inset in Fig. 3(b). The higher loss of
the small core fiber originates from confinement and high absorption
of silica in the mid-IR range.

The tapered fibers, theoretically, support multimode guidance.
Notwithstanding, in our model, we assume that only the fundamental
mode (LP"-y;) is exited. It is also to note that large walk-off between
the modes in step-index fibers, as well as the use of subpicosecond
laser pulses, and short fiber lengths, enable a significant reduction of
nonlinear interaction between the modes, and thus, effects of high order
modes on the nonlinear propagation can be neglected [54,55]. During
nonlinear propagation along the tapered fibers, the mode properties
of LPy; are gradually changed, including dispersion, loss, mode area,
delay, and phase. Therefore, along with dispersion and nonlinear
effects, the terms for the delay (described by group velocity) and phase
(described by effective refractive index) would be considered as shown
in Eq. (1) in the below section. The values of group velocity and
effective refractive index are shown in Fig. 3 (d,e).

In this work, we consider two kinds of tapered fibers for anomalous
and ANDi SC generation. These fibers are labeled as #F; and #F, with
waist diameters (d;) of 3 pm and 2.5 pm, respectively.

3. SC generation in tapered fibers
3.1. Numerical modeling

SC generation in cascaded tapered liquid-core fibers is numeri-
cally simulated by solving the general nonlinear Schrodinger equation
(GNLSE) as given in Eq. (1):

04 L a(2)

0z 2

it oA _ . . 9
- X A S =i @) (14 i ) X )
k>2 '

A=i [ O - @] A+ [5 O - (2)] I

x{(l—fR)|A|2A+fRA/h(T—T')|A(T—T’)(2dT’}

where A(z,T) is amplitude function of input pulse, a(z) is the loss,
B (2) (k > 2) is the first and high-order dispersion. In our model, we
calculate with dispersion terms with k = 41. T is the retarded time
frame comoving with A given by T = t-z8,(0)f, and p, are calculated
by effective refractive index (n,,,) and group velocity (v,) as given in
Eq. (2):

fo (D)= ey () and fy (2) = @

1
v, (2)
Topock = 1/@g is the shock time regarding the self-steepening effect.
Nonlinear coefficient y is determined through effective mode area and
nonlinear refractive index,y (z) = /1/42’;’;2(2) in which n, is the nonlinear
refractive index. The value of the nonlinear refractive of CS, is in the
range of 2 x 1071% —30 x 10~1° m2/W, depending on the pulse duration
of the excitation laser [25].

h(T) is the response Raman function which is determined from the
nonlinear mechanism of CS, [24,25], such as reorientation, interaction,
and collision-induced of CS, molecules via effects of external electro-
magnetic fields. h(T) is approximately a sum of the commend nonlinear
mechanism as given in Eq. (3):

h(T)= L <n2,e_T/’f~’ / @D ¢ (@) do
N, 0 w
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Table 2

Values of nonlinear parameters of CS2 [25].
Parameters Values Parameters Values
1,,(1071° m2/W) 18 te (PS) 0.15
ny,(1071° m2/W) 7.6 tr. (ps) 0.14
1, (1071° m?/W) 1.0 tr; (ps) 0.45
1,4 (ps) 0.15 w, (ps~) 8.5
trq (pS) 1.61 e (ps7H) 5

+ z nye (1= e T/iri) e_T/7/~k> (©)]
k=c,d

where the subscripts d, [, ¢ indicate the molecular reorientation, molec-
ular interaction, and collision-induced, respectively, and N, = ny;+ny+
n,.. Values of nonlinear parameters of CS, are shown in Table 2.

In our model, we consider shot-to-shot coherence via the effects of
vacuum noise [56] and laser noise (i.e., amplitude fluctuation of each
laser pulse compared to mean values) [57,58]. The formation of input
pulses is written in Eq. (4) [57].

A0, = /P, h d F!

0= Vs (e )+ o) @
Where P, is the peak power, T, is the pulse duration, 64, is a single
random value for each input pulse with unit mean and its a standard
deviation equal to the root mean square (RMS) amplitude noise of
the modeled laser (RMS = 0.5% for our model, i.e., RMS of C-band
femtosecond laser [59]). F~! is inverse Fourier transform. don is the
phase noise of the input pulse over each spectral bin with angular
frequency w,, as given in Eq. (5) [57].

hw,, .
Son = ( E) exp (i27,,) %)

where h is Planck’s constant and @,, is a random number Gaussian
distributed in the interval [0,1]. @,, is also a random phase in each
spectral bin w,, and bin size 4Q.

The equation to calculate the coherence is given in Eq. (6) [60]:

<X;=< (@) 4, (a))>

i#) 6)

{Eel){mer)

In this work, we use parameters of a pump laser which are extracted
from a commercial C-band laser (central wavelength at 1560 nm, pulse
duration of 90 fs and 1 ps). For ultrashort pulses (90 fs), CS, has
a nonlinear refractive index is around of 3 x 107! m2/W, and the
Raman fraction (f) is 0.5 [24,25]. Whilst, for picosecond laser pulses,
CS, has a nonlinear refractive index is around 20 x 10~!° m?/W, and
the Raman fraction (fy) is 0.95 [25]. The nonlinear propagation in a
noninstantaneous Kerr (i.e., duration-dependent Kerr nonlinearity and
Raman factors) is also thoroughly theoretically investigated in ref [61].

[STE

3.2. Femtosecond anomalous dispersion SC generation

#F, fiber with a waist diameter of 3 pm has group velocity disper-
sion changing along the fiber and zero-dispersion wavelength varies
in the range of 1.7-2.2 pm (depending on the diameter of the fiber
part). Therefore, #F; fiber can offer broad bandwidth SC generation
via soliton dynamics. Fig. 4 presents nonlinear propagation in 10 cm of
#F, fiber with input energy of 1.5 nJ (peak power of 27 kW) and pulse
duration of 90 fs. The input pulse is almost spectrally broadened in the
waist part, and the spectral structure of the pulse does not noticeably
change during further propagation in the up-tapered transition (d,) and
untapered part (ds), see Fig. 4(b). Evolution of the pulses in the time
domain is shown in Fig. 4(a). Most input pulse energy locates in the
normal dispersion regime with a smooth temporal profile, i.e., positive
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Fig. 4. Pulse evolution in #F,; fiber. (a) evolution of the input pulse in the time domain and the inset shows temporal profile at 10 cm of propagation, (b) spectral evolution, (c)
coherence and spectrum at 10 cm of propagation in #F, fiber and untapered fiber (uniform fiber).
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Fig. 5. Spectrogram and spectrum at the end of various parts of #F; fiber. (a, e) input-light untapered part, (b, f) down-tapered part, (c, g) waist part, and (d, h) output-light

untapered part.

delay. Meanwhile, the spectral components of solitons in the anomalous
dispersion regime have negative delay. The output SC spectrum has a
spectral bandwidth of 1.1-3.3 pm within 30 dB, the spectral bandwidth
is much broader than that obtained from untapered (uniform) fiber, see
Fig. 4(c).

The SC generation is high coherence with gglz) (a))‘ ~ 1 over most
wavelength bits of the SC spectrum. The high coherence can be un-
derstood by noting that the SC generation is induced by SPM at the
beginning of propagation in normal dispersion regime and a small part
of the spectrum is to form solitons in anomalous dispersion regime
when SMP-induced spectrum excess ZDWs. In this context, modulation
instability does not play a significant role in amplifying the vacuum
noise, thus the SC generation exhibits high coherence.

Nonlinear dynamics for spectral broadening are in detail described
in Fig. 5. SPM is the main contribution to nonlinear propagation in the
input-light untapered part (d,). The large effective mode area (i.e., low
nonlinearity) leads to narrow spectrum bandwidth in this part, see
Fig. 5 (a, e). The smooth decrease of core diameter in the down-tapered
part leads to further spectral broadening, however, the spectrum is
still in normal dispersion regime and no soliton is formed, Fig. 5 (b,
f). In the tapered waist, spectral broadening could exceed ZDW at
1.75 pm resulting in soliton formation. Such soliton shifts toward long
wavelengths via self-frequency soliton shifting, contributing to spectral
broadening at the leading edge of the pulse. Whilst, the structure of
the trailing edge becomes further complex that consists of dispersive
wave (DW) related to soliton shifting and OWB, see Fig. 5 (c, g). In the
up-tapered and output-light untapered parts, large effective mode area
(i.e., low nonlinear coefficient) restricts the soliton shifting as well as
DW at the trailing edge. Consequently, no new wavelength is created
during further propagation, and the spectrum structure at the end of the
waist and untapered parts are similar to each other, see Fig. 5 (g, h).
The spectrogram at the trailing edge experiences a normal dispersion

regime, and thus, it is stretched out with further flatness for the wing,
see Fig. 5(d).

The above study of nonlinear propagation in #F; fiber is extended
to investigate SC generation in a cascaded fiber with the same values
of input laser (i.e., the central wavelength of 1560 nm, peak power of
27 kW, and pulse duration of 90 fs). The considered cascaded fiber is
an all-fiber system as shown in Fig. 1 including input SMF-28 (d,, = 100
cm), #F; fiber, and output SMF-28 (dq = 10 cm). In our model, SMF-28
has A, ; = 82 um?, dispersion g, = —0.023 ps?>/m and f; = 1.47 x 10~*
ps 3/m. The loss SMF-28 is assumed to follow the material loss of silica
with high transparency in visible and near-IR and high attenuation in
the mid-IR range (4 > 2.8 pm).

High-order modes can be excited when the light from the SMF-28
launches into the liquid-core fiber, resulting in energy transfer from
the fundamental mode to the excited high-order modes. However, as
the above comment, the coupling efficiency depends on the effective
mode area and polarization between the modes. In this context, we
numerically calculate the coupling efficiency between the fundamental
mode in the SMF-28 and high-order modes in the liquid core fiber. The
results point out that the coupling efficiency between the fundamental
mode in the SMF-28 and high-order modes in the liquid core is low, for
example, the coupling efficiency between LP(; in the SMF-28 and LP,
mode in the liquid core fiber is 0.5%, whilst the coupling efficiency
between LP;,; in the SMF-28 and other high-order modes in the liquid-
core fiber is close to zero. Therefore, we consider only the fundamental
mode that is excited in the liquid core fiber for SC generation.

Evolution of the input pulse in a cascaded fiber is shown in Fig. 6.
The narrow spectral broadening in the d,, part (input-light SMF-28) in-
cludes a fundamental soliton (F) and DW. The soliton is slightly shifted
to long wavelengths via self-frequency shifting, see Fig. 6(a). At 100 cm
of the propagation, the soliton and DW have central wavelengths at
1680 nm and 1535 nm, respectively, see Fig. 6 (f, g). This leads to spec-
tral broadening in the tapered fiber (#F,), which includes DW-induced
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(S}) and soliton-induced (S,). These parts have different delays, and
they visibly separate each other in the time domain as shown in Fig. 6
(c, e). The spectral broadening in #F; fiber is mainly induced by the
soliton F because of its ultrashort pulse duration (around 60 fs) and
peak power of 34.7 kW. Whilst, the DW in the d,, has a pulse duration
of 0.45 ps and peak power of 0.59 kW is slightly breaded by SPM during
further propagation in the tapered fiber. At the end of the tapered fiber,
SC has spectral bandwidth in the range of 1.0-3.3 pm within 30 dB
dynamics.

The use of SMF-28 as an output fiber (dy) of the cascaded fiber
system leads to a significant decrease of light intensities at the long
wavelengths (1>2.8 pm) via strong absorption of silica, as shown in
Fig. 6 (a,b). Therefore, the short length of output fiber (e.g., dg = 10
cm) should be used for the cascaded fiber system.

3.3. Femtosecond all-normal dispersion SC generation

The waist part with a core diameter of 2.5 pm has all-normal dis-
persion in the investigated wavelength range, thus spectral broadening
mainly occurs in the normal dispersion regime. In the other words,
ANDi SC generation can be observed in #F, fiber.

Fig. 7 presents ANDi SC generation with an input peak power of
27 kW in #F, fiber. The pulse is slightly broadened in the input-
light untapered (d,) and tapered-down part (d,) because these parts
have large effective mode areas (i.e., low nonlinearity). The spectral
broadening mainly occurs in the waist parts by contributions of SPM
and optical-wave breaking (OWB), see Fig. 7(b). Consequently, the
output SC spectrum has an octave-spanning bandwidth of 0.94-2.3 pm
within 20 dB dynamics. The ANDi SC in #F, fiber is much broader
than that in untapered fiber (i.e., longitudinal uniform structured fiber).
In addition, since MI is suppressed in a normal dispersion regime,
the ANDi SC, therefore, has high coherence over the whole observed
spectrum, see Fig. 7(c). A single pulse is maintained in the time domain
with a smooth temporal profile. The high values of normal dispersion
in the short wavelengths lead to a large delay at the trailing edge, see
Fig. 7(a).

Nonlinear dynamics of spectral broadening in #F, fiber are further
studied and shown in Fig. 8. The spectral broadening is completed in
the tapered waist of the fiber because of the high nonlinear coefficient
in this fiber part, see Fig. 8 (b, e). The spectral broadening is induced
by SPM in the input untapered fiber (d;) and tapered-down part (d,)
with a narrow spectral bandwidth and linear varying in time of the
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instantaneous frequencies, see Fig. 8 (a, d). The OWB occurs firstly in
the trailing edge of the pulse at 2.5 cm of propagation, and it creates
new wavelengths around 1000 nm. In the leading edge, the low value of
dispersion (i.e., flat and close to zero) leads to the unclear observation
of OWB. During further propagation (in up-tapered and output-light
untapered parts), no new wavelengths are created, and thus spectrum
at the end of the waist (d;) and output-light untapered part (ds) have
the same bandwidth (from 0.94 to 2.3 pm). The absorption peak of
CS, at 2.2 pm decreases spectral intensity around this wavelength, see
Fig. 8(f).

The spectrogram is further stretched out via effect group velocity
dispersion in the time domain. In addition, it should be pointed out
that the output-light untapered part has ZDW at 2.2 pm, and thus a part

of the spectrum with 4 > 2.2 pm moves in an anomalous dispersion
regime. However, no soliton is formed herein because of not enough
high energy. Notwithstanding, the anomalous dispersion causes slower
movement of the long wavelengths than the short ones. Consequently,
spectrograms of the leading edge (in anomalous dispersion regime)
become further compressed, see Fig. 8(c).

SC generation in a cascaded fiber with #F, fiber is shown in Fig. 9
with spectral bandwidth from 1.0-2.5 pm within 20 dB dynamics. The
SC generation includes two parts induced by DW (.S}) and soliton (S,)
as discussed in the above section. In the frequency domain, interference
between S| and S, results in many peaks of intensity in a wavelength
range of 1.45 — 1.65 pm, see Fig. 9 (b, d). In the time domain, although
the SC is mainly induced by SPM and OWB, the anomalous dispersion
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in the output-light untapered part (ds) and output-light SMF-28 (dy)
leads to further delay of the leading edge, see Fig. 9(c).

Spectral bandwidth of SC generation induced in the liquid core
fibers typically depends on the spectro-temporal properties of exci-
tation pulses. For example, the ANDi SC generation is mainly in-
duced in the waist part of #F, fiber with contributions of SPM and
OWB, in which OWB only occurs if there is temporal overlap between
SMP-induced components and pulse tail (i.e., at 1.56 pm). Therefore,
the spectral bandwidth of the ANDi SC generation solely depends on
the amount of SPM-induced spectral broadening before OWB occurs.
For a given peak power and dispersion shape, a bandwidth of SPM-
induced spectral broadening is determined by the spectral position of a
pump wavelength, meaning that a pump wavelength locates near ZDW
(i.e., low value of dispersion) would offer further SPM-induced spectral
bandwidth. For #F; fiber, the spectral bandwidth of SC generation can
be tuned by the central wavelength and pulse duration of excitation
laser pulses via soliton fission and self-frequency shifting mechanism.
This point implies that the spectral position of soliton (F), and thus,
a length of input-light SMF-28 can trigger the spectral bandwidth of
the SC generation in the liquid core fibers. As shown in Fig. 10, SC
generation in both #F; and #F, fibers get broader spectral bandwidth
by using a long length of the input-light SMF-28. In the other words, the
spectral bandwidth of SC generation depends on the length of the input-
light SMF-28. The use of a short length of the input-light SMF-28 (e.g.,
dy = 0.1 m or 0.2 m) does not provide efficiently broad spectral band-
width because the input laser pulse does not significantly change during
propagation in short sample SMF-28 via its low nonlinear coefficient.

3.4. SC generation with picosecond pulses

Supercontinuum generation induced by ultrashort laser pulses (sub-
picosecond lasers) typically has broad-spectral spanning and high shot-
to-shot coherence. Notwithstanding, there are remaining challenges
related to the low spectral power densities (SPD) of these SC sources
for specialized applications. For example, in multiphoton imaging tech-
niques, a power spectral density (typically, above 2 mW/nm) requires
for high-intensity of fluorescence signals and excellent sectioning ef-
fects [4]. However, the PSD of SC generated via femtosecond pulses
lies below 0.5 mW/nm [4]. In fact, the SPD can be improved if pico
and/or nanosecond lasers are used for SC generation.

It is worth noting that the nonlinearity of liquids (e.g., CS,) de-
pends on the pulse duration of excited lasers. For example, nonlinear
refractive index of CS, via excitation of ultrashort laser pulses (FWHM
< 100 fs) and picosecond pulses are around 3 x 1071° m2?/W and
20 x 107!° m?/W, respectively [25]. The high nonlinearity enables
broad SC generation via picosecond lasers in the investigated cascaded
fibers. In addition, a noticeable feature of liquids that is significantly
different from fiber glasses is an increase in Raman fraction (/) over

laser pulse duration, such as fp = 0.5 and fi = 0.95 for excitation
lasers with FWHM < 100 fs and FWHM =~ 1 ps, respectively. The
high value of Raman fraction leads to hybrid soliton dynamics in an
anomalous dispersion regime, enabling a reduction of MI effects and
an increase in shot-to-shot coherence [22].

Fig. 11 Presents picosecond-SC generation in cascaded fibers with
#F, and #F 5. The excitation laser has a peak power of 27 kW (as a peak
power used in the above sections) and a pulse duration of 1 ps. It is to
note that the use of 1 ps pulse duration cases the significant spectral
broadening in SMF-28 if a long sample of SMF-28 is used, such as d, =
1 m. The complex spectrogram in the input-light SMF-28 may cause a
high error in the simulation of SC generation in the liquid-core tapered
fiber by using the split-step method. Therefore, we only use a short
length (dy, = 10 cm) of input-light SMF-28 to significantly reduce the
pulse distortion before launching it into the tapered liquid-core fibers.

The high value of Raman faction decreases soliton behaviors, mean-
ing soliton shifting, and soliton fission (i.e., it takes a further length of
nonlinear propagation for soliton fission) [22]. Therefore, SC genera-
tion in the cascaded fiber with #F; is purely induced by SPM with
spectral bandwidth from 1.1 pm to 2.3 pm, see Fig. 11 (a, b). The
spectral bandwidth is narrower than that induced by the femtosecond
laser with the same value of input peak power. SC generation with
broad spectral bandwidth induced by SPM and soliton dynamics is
possible to observe in a cascaded fiber with #F; with a further length
of the waist part (d3). For instance, SC generation with a spectral
bandwidth of 0.65 pm-3.3 pm in #F, with d; =5 cm is shown in Fig. 11
(c, d). In the case of cascaded fiber with #F,, nonlinear dynamics for
spectral broadening are SPM and optical wave breaking at the trailing
edge of the pulses, see Fig. 11 (e, f). As discussed in Section 3.3, optical
wave breaking only occurs when there is temporal overlap between
components of SPM-induced and pulse tail [62], therefore the increase
in the waist length (d;) does not significantly increase the spectral
bandwidth of SC generation. Fig. 11 (g, h) presents ANDi SC generation
in the cascaded fiber with #F, (d; = 5 cm) with spectral spanning of
0.65 — 2.5 pm within 20 dB dynamics.

4. Conclusion

The cascaded fibers with tapered liquid fibers have been investi-
gated for broad SC generation with the use of the femto and picosecond
lasers at the C-band. The tapered process not only improves the non-
linear effects, but also modifies the dispersion, and thus, tuning the
properties of nonlinear propagation. All tapered liquid core fibers have
the same diameter of the input-light untapered part (d; = 14 pm)
assuring high coupling efficiency with SMF-28 for a compact all-fiber
system. With an input peak power of 27 kW, the cascaded fiber with
#F, provides anomalous dispersion SC generation with a spectral band-
width of 1.0-3.3 pm within 30 dB dynamics, while cascaded fiber with
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Fig. 11. SC generation and output spectrum in cascaded fibers with different length of the waist part. (a, b) #F; with 2 cm waist length, (c, d) #F; with 5 cm waist length, (e,
f) #F, with 2 cm waist length, (g, h) #F, with 5 cm waist length. The laser has a peak power of 27 kW and 1 ps pulse duration.

#F , offers ANDi SC generation with a spectral bandwidth of 1.0-2.5 pm
within 20 dB dynamics.

The use of SMF-28 coupled with the tapered liquid-core fibers leads
to slight modification in the temporal profile. In particular, the spec-
trogram includes the dispersive (S;) and soliton (S,) parts, in which
the S, part mainly contributes to spectral broadening. In addition, the
spectral bandwidth of SC generation can be broader if an appropriate
length of SMF-28 is used for input-light coupling (d). It is to note that
if further long SMF-28 is used, the laser pulse would be significantly
starched out in the time domain, which reduces the peak power, and
thus, decreases the spectral broadening.

Interestingly, directly launching the light into SMF-28 from the
pump lasers (instead of directly coupling the light to the liquid-core
fibers) is possible to mitigate the fiber damage and improve the sta-
bility of output SC spectra in long term. Therefore, a picosecond laser
with high average power (average power of 800 mW, peak power of
27 kW) is used for SC generation. Although the SC generation is not
broader than ones induced by femtosecond lasers, a high average input
power, and thus, high spectral power density of output SC generation
mat meet requirements for important applications in e.g., multiphoton
microscopy, and LIDAR.
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