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Most of the spectral bandwidths of previous publications are still limited by high input powers
making them economically less than ideal. By using a benzene core (C¢Hg) photonic crystal fiber
(PCF) as a new supercontinuum (SC) light source, it is possible to achieve a very large spectral
broadening with hundreds of times lower peak power. Due to the change in the diameter of air
holes in the first ring near the core, near-zero flattened dispersion, high nonlinearity and small
attenuation can be achieved for spectral broadening. The structural geometries of two CgHg-
PCFs are optimized to generate wide SC at low input energy. The SC spectrum produced in
1 cm long of all dispersion fiber extends from a part of visible light to the near-infrared range at
1.3 pm wavelength and a small pulse energy of 18 pJ (or 450 W of electrical input). The second
PCF shows wide soliton-induced SC from 0.8 to 4.2 ym with 71 pJ pulse energy (or input power
approximately 790 W) at 1.5 ym wavelength within a fiber of 12 cm. The proposed structures
have the potential to become a new class of microstructured optical fibers for low-cost, broad-
spectrum SC generation.

Keywords: Benzene-core photonic crystal fibers; flat near-zero dispersion; low attenuation; high
nonlinearity; large supercontinuum spectral width; low peak power.

PACS numbers: 42.65.—k, 42.81.—i

1. Introduction

The light utilization in various fields of optics, i.e., all-optical network communica-
tion, sensors and medical diagnostics has led to the invention of a waveguide medium
called optical fiber.! Accordingly, a new fiber type known as photonic crystal fiber
(PCF) are realized. Day by day PCF has gradually replaced conventional optical
fibers by alleviating their limitations.> In principle, PCFs work primarily in two
following ways. First, light propagates through the entire solid core using modified
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total internal reflection.® Second, the hollow-core fiber guides the light directly into a
core medium with a low refractive index on the basis of photonic bandgap effect.*”

In recent years, several exciting studies have been carried out in solid-core fibers
for various applications.®” However, it is usually difficult to change the optical fea-
tures of these PCFs to be tunable optical devices. Therefore, the efforts are focused
on using liquids with a highly transparent and high nonlinear index to enhance the
nonlinearity with adjustable dispersion,®” see Fig. 1. It may be noted that a high
nonlinear refractive index is required for SC generation.'’

Currently, the development of PCFs with silica glass (SiO5) and soft glasses is
becoming a popular approach for SC generation applications. SiO5-PCF is a good
candidate to generate SC in the near-infrared (IR) region. Whereas, soft glass PCFs
reportedly enabled pulse-preserving in the mid-IR. However, the low nonlinearity of
SiO, limits SC broadening in these fibers.!* On the other hand, optical fibers based
on soft glass typically require complex pumping system to deliver sub-100 fs pulses.'?
Therefore, highly nonlinear liquid-filled PCFs have been explored as an alternative
solution. Due to the high nonlinearity and high transparency of the selected liquids,
the spectral width of SC light in liquid-core fibers from visible to the near-IR range
can be achieved with low energies of pump pulses for short fiber samples.”'? Leaks
can occur when liquid is filled with the PCF core. Nevertheless, these can be repaired
by modern techniques such as two-photon direct laser writing techniques'* or the
UV-adhesive method.!”

Several publications have reported SC generation in fibers with liquid cores. Using
a very high pulse power of 55kW, Lanh et al.!! reported SC generation wider than
two octaves in a CgHg-filled core fiber. Hieu et al.'® measured SC generation in
tetrachloroethylene-core (CoCly) PCF over a wavelength of 0.8-2 ym with normal
dispersion. An improved method for selective liquid filling into fiber microstructures
was considered,' which led to interesting near-IR soliton dynamics in hollow-core
PCF structures infiltrated by 1,2-dibromoethane (C,H,Brs). Spectral broadening
was observed with large peak power (12.5kW). The filling of carbon disulfide (CS,)
into the fiber core with two zero-dispersion wavelengths (ZDW) allowed the
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Fig. 1. (Color online) The hollow-core PCF structure infiltrated with liquid.
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Table 1. Simulation results of SC generation in hollow-core PCFs infiltrated with liquid.

Pulse parameters PCF parameters SC generation parameters
Pulse Pulse PCF Fiber
# Wavelength power duration  structures ZDW length SC range Regime Refs.
1 1.56 um  55kW and  90fs CgHg-PCFs  1.557 yum lcm 0.7-2 ym and  All-normal 11
18.5 kW 0.6-2.6 pm and

anomalous
1.55 um 0.56 kW 100 fs C;Hg-PCF 1.523 pm 10cm  0.911-2.496 yum Anomalous 16

no

3 0.532 pum 11.11 kW 18 ps C,Hg-PCF —_ 5cm 0.55-0.87 yum  All-normal 17
4 1.56 pm 16.67kW 40fs C,Cl;-PCFs 1.5pum  S5cmand 0.8-2pm and All-normal 18
10 cm 1-2 pm and
anomalous
5 1.03 pm 12.5kW 40fs  C,H,Br,-PCF — 10 cm 0.64-1.7 ym  All-normal 19
6 1.95 pm 3.043kW 460 fs CS,-PCF 1.3 pm 15cm 1.1-2.7pum  Anomalous 20
7 1.92pm 1.428kW  350fs CSy-PCF 1.3pmand 5cm 1.2-3 pm Anomalous 21
2.1 pm

generation of SC from the 1.2 to 3 um range.”* A summary of previous results on SC
generation of different liquid-filled fibers is shown in Table 1.

Most of the works above use PCF with the same air hole diameter for the rings.
Unfortunately, uniform PCFs usually optimize only the dispersion properties and
not the loss or nonlinear coefficients, although they are very practical during fiber
fabrication. Moreover, the spectral bandwidths in these cases are still limited by high
input powers and long fiber lengths, making them economically less than ideal.

To overcome the above limitations, in this study, we design a CgHg-infiltrated
hollow-core PCF for SC generation. With the goal of generating a broadband co-
herent SC spectrum from the visible to the mid-IR at very low input power, the PCF
cross section was specifically designed to accommodate different diameters of the air
holes in the rings. This results in a flat dispersion profile and near-zero dispersion
wavelength, high nonlinearity and minimal attenuation. A hexagonal lattice is
chosen for the study because of its advantages from the dispersion curves demon-
strated in previous publications.!”'?° We emphasize using C¢Hg as the filling ma-
terial for the fiber core because CgHg has a high nonlinear refractive index,
ny = 168 x 1072 m?/W at 1.064 pum. When compared with liquids commonly used in
practice, this value is significantly higher than that of carbon tetrachloride and
chloroform. It also corresponds to the nonlinear refractive index of C;Hg and ni-
trobenzene.!!''%?2 This advantage and the transparent window in the broadband
range from 0.5 to 1.4 yum make CgHg a promising material for SC generation in liquid-
filled PCFs.!!

2. Numerical Modeling and Simulation Results
The goal of this section is to design a suitable liquid glass structure that allows the

optimization of optical property parameters. We examine a typical PCF performed

2450353-3



B. T.L. Tran € L. C. Van

by Saitoh et al.?® The hexagonal lattice model is flexibly changed to study the
influence of the air-hole diameter parameter in each ring on characteristic quantities
of the fiber (Fig. 2(a)). We flexibly modify the hexagonal lattice model to investigate
the effect of the air-hole diameter parameter of each ring on the characteristics of the
fiber. The results obtained after a series of simulations show that the dispersion
characteristics are dominated by the first air-hole ring. Meanwhile, the mode prop-
erties are controlled by the other rings.?> Therefore, we design the holes in the first
ring with diameter d; and filling factor (f; = d;/A) varying in the 0.3-0.8 range in
steps of 0.05 (Fig. 2(b)). The air-filling factor (f, = dy/A) for the other rings is
assumed to be 0.95. The core diameter is given by the following formula:
D, = 2A — 1.1d;, where lattice constant A is taken from 1.0 to 2.5 um in steps of 0.5.
It is very difficult to simultaneously control the PCF properties in previous mod-
els.%182% Thus, creating fibers with optimal chromatic dispersion and very low loss is
an innovation and a major achievement of current designs. From the obtained
structures, PCFs with flat dispersion of the fundamental mode are selected to cal-
culate the linear and nonlinear optical parameters in the wavelength range of 0.5—
2 pm.

It has already been emphasized in Sec. 1 that the use of C4Hg to penetrate the
hollow core of PCF seems interesting. It is widely used in industry and daily life, such
as making plastic, resins, synthetic fibers, rubber lubricants, gasoline and crude oil.?”
The material attenuation of C4Hg in the visible-to-near-IR region was experimentally
measured using a halogen lamp and two spectrometers Ocean Near-IR-QUEST and
Thorlabs CCS200 (see Fig. 3(a)). Figure 3(b) shows attenuation from 1.28 to
16 pm.*0

Current designs assume SiO, glass as the substrate due to its high transparency
and purity and ease of use in fiber manufacturing. The linear refractive indices of
Si0, and CgHg are described using the Sellmeier relation®” and the Cauchy relation.?
Their corresponding parameters are listed in Table 2. Mainly due to the fact that the
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Fig. 2. (Color online) Geometrical structure of PCFs: (a) Ref. 23 and (b) this work.
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Fig. 3. Attenuation of C¢Hg: (a) measured and (b) Ref. 26.
Table 2. Coefficients of the materials used.
) =1+ + 52+, (1) ) =G+ +G+3+% @
Si0, CeHs
Ay 0.6694226 Cy 2.170184597
A, 0.4345839 C, 0.000593990 pm?
Ay 0.8716947 Cy 0.023034640 yim?
B, 4.4801 x 1073 ym? Cy 0.000499485 pim*
B, 1.3285 x 1072 ym? (o 0.000178796 m®
B, 95.341482 ym?

refractive index of CgHy is always larger than that of SiO, over the entire studied
wavelength range, optical transmission in CgHg-filled PCFs follows a modified total
internal reflection phenomenon as solid-core fibers, see Fig. 4.

The chromatic dispersion at different A and f; is numerically analyzed based on
the finite-difference eigenmode (FDM). The cross section of PCF is divided into small
rectangular sections, called “Yee mesh”, which change the PCF properties very little.
The possibility to control the lattice constant and filling factor allows accurate
shaping of the chromatic dispersion properties in the whole wavelength range. As
shown in Fig. 5, most fibers have anomalous dispersion from near-IR towards longer
wavelengths except for the fiber with A = 1.0 um and f; = 0.5 yum. The dispersion
curve of this fiber is completely located in the normal dispersion region and is very
close to the zero-dispersion curve. A similar situation is also observed for fiber with
A =1.0um and f; = 0.45 ym regardless of the regime change. However, with the
expectation of SC generation at 1.5 um close to the third fiber optic communication
window (A, = 1.55 um) where the transmission loss is lowest, the PCF with
A =25pum and f; = 0.3 um is more satisfying because its ZDW is closest to the
wavelength of the pump source, 1.47 ym. It is worth noting that we do not use
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Fig. 4. (Color online) Refractive index of CgHg and SiOs.
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(Color online) Dispersion characteristics of the CgHg-filled PCFs: (a) A = 1.0 pm, (b) A = 1.5 pm,
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genetic algorithms and seed swarms to find the optimal structure to shorten the
simulation time. The selection of optimal structures based on flat near-zero disper-
sion characteristics as above aims to improve the efficiency of SC and has been

16,19,22 T¢ is well known that flat and near-

successfully applied in several publications.
zero dispersion is highly demanded for efficient SC generation. This makes it easy to
enforce phase matching between different wave packets for an extended period of
time producing new frequency components due to frequency mixing via cross-phase
modulation (XPM) or four-wave mixing (FWM). Optimization algorithms are not
used for the proposed structures because the structural parameters of PCFs are
changed by a very small amount. This is perfectly suitable for PCF production
because the error in fiber fabrication by the stack-and-drawn method is about

29 Therefore, two fibers with parameters A =1.0um, f; =05 and

50 nm.
A =25pum, f; = 0.3 are selected for further analysis because of their potential for
broadband SC generation.

From an experimental perspective, the stack-and-draw method and the procedure
for selective liquid infiltration are used to fabricate the optimized structures. The
manufacturing process has the following stages:

First, fused silica capillaries are gained by mechanical drilling on millimeter-sized
solid rods. Second, they are stacked in a circular glass tube to stack a preform. The
formed preform is successfully drawn into the fiber through precise control of the
drawing speed, drawing temperature and lower rod speed to ensure the parameters of
the designed fiber structures. In order to fill the core with a liquid, we use a thermal
splicer with tailored electric arc energies and fusion times to fuse the outer rings of air
holes. The core of the proposed fibers is then embedded into a liquid reservoir that is
integrated with a microfluidic pump system. In such a system, CgHg is infiltrated into
the core of PCF's by capillary force and pressure from a microfluidic pump so that the
liquid is kept in the core over a long time and to compensate for the evaporated
liquids at the fiber ends.?”*" It is also noted that the microfluidic system (e.g. shown
in Ref. 31) makes low pressure (around 100 kPa) and the value of pressure is highly
stable.???0:31 The coupling between the proposed fiber with a single-mode fiber can
be carried out by using an alignment sleeve or a conventional fusion splicer.*>** The
geometric parameters of the proposed PCF are shown in Table 3.

Figure 6 presents the dispersion characteristics of selected structures. It is known
that the fiber dispersion depends on the material dispersion of CgHg and SiOs, as well
as waveguide dispersion as shown in previous works.?"?? However, waveguide

Table 3. Main geometrical parameters of the
suggested PCF's for SC generation.

Parameters Fiber 1  Fiber 2
Lattice constant A [pm] 1.0 2.5
Filling factor f; 0.5 0.3
Core diameter D, [pum] 1.45 4.175
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Fig. 6. (Color online) Dispersion curves of two proposed fibers.

dispersion has a significant influence on the fiber dispersion if the fiber has a small
core in comparison with the wavelength (e.g., D./\ < 2). Meanwhile, the fiber with a
large core has a dispersion shape following material dispersion of the core material
(i.e., CgHg). For a case of small core fiber, the slight change in core diameter can
visibly shift the fiber dispersion. Because of the significant influence of waveguide
dispersion, the small core fiber (Fiber 1: A = 1.0 um, f; = 0.5) possesses a normal
chromatic dispersion with an ultra-flat plateau of roughly between 1.1 and 1.4 ym.
The fact that most small-core designs have a high confinement loss over the long-
wavelength range limits spectral broadening. Nevertheless, SC generation with all-
normal dispersion PCF has outstanding advantages that are widely aimed for since it
makes the output pulses coherent and flat when the pumped wavelength is close to
the wavelength of the maximum dispersion. This is one of our outstanding advan-
tages compared to previous works.'®?! Therefore, Fiber 1 is selected as one of the
optimal fibers and is expected to pump at 1.3 um. In contrast, Fiber 2 with
A =25um, f; =0.3 characterized mainly by material dispersion exhibits low
anomalous dispersion for a wide range of wavelengths. Its ZDW is at about 1.489 ym.
The central wavelength of the laser pump source of this fiber is 1.5 um. In the
proposed model, we took into account the effects of cladding SiO5 on fiber loss. The
fiber loss includes the material of CgHg in the core, SiO, in the cladding and con-
finement loss. It is noted that CgHg has a much higher linear refractive index than
Si0,, resulting in low confinement loss. Therefore, the fiber loss is approximately to
sum of the material loss of CgHg and light absorbed in the cladding by SiO,, see
Fig. 7. The attenuation curve (L;) peaks at 1.66 um for both structures, then they
decrease sharply with increasing wavelength. On the other hand, this value is neg-
ligible in the short wavelength range. At the respective pumping wavelength, L, is
about 41.71 dB/m for Fiber 1 and 126.67 dB/m for Fiber 2. It is well known that for
SCG, the high loss limits the spectral broadening and reduces the output intensity.

However, this magnitude is still lower than that of some previous works.!%:3*
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Fig. 7. (Color online) Attenuation curves of the proposed fibers.

Moreover, the effect of these fiber losses is not visible in the spectral broadening
because the high nonlinear refractive index of CgHg enables broad bandwidth of the
SC spectrum induced in a short propagation (a few centimeters).

3. SC Generation in Optimized PCFs

For single-mode propagation, we use the generalized nonlinear Schrodinger®®

A

0.4 —iBw)A -2 A = 1'7(1 +ﬂ) AF[/+00R(T’)|A|2(T —Tdr'|. (3)

wo 0

Equation (3) represents the transformation of the complex spectral envelope of
the output pulse fi(w, z), where z is the spatial coordinate along the fiber. Loss (&)
and dispersion (B) linear operators correspond to the values measured in Figs. 6
and 7. The nonlinear effects are characterized by the Kerr nonlinearity coefficient
¥(w) = 27ny /A A (w), pulse self-steepening 7 = 1/wy, and Raman response function
R(T) = (1 — fr)8(T) + frhr(t).""*° Nonlinear parameter vy depends on the non-
linear refractive index of the CgHg liquid and the effective mode area A, see Fig. 8.
As the wavelength increases, the light is no longer confined strongly inside the core
because the modes get leaked through the holes, in between them increasing the
effective mode area. Due to its large core diameter, the effective mode area of Fiber 2
is higher, and its nonlinear coefficient is lower than that of Fiber 1. In general, the
two proposed PCFs have relatively large v of 5256 and 960.02 W-'km~! at 1.3 and
1.5 pm, respectively, thanks to the high nonlinear refractive index of CgHg. These
values along with lower loss, flatter and smaller dispersion than previous publica-
tions'®3+37 demonstrate the feasibility of C¢Hg infiltration and the control of the
parameters of the lattice geometry in shaping the optical characteristics as desired
for SC generation.

For the proposed fibers, pulses with 1.3 um wavelength, 40 fs duration (Fiber 1)
and 1.5 um, 90fs (Fiber 2) are used based on Menlo Systems C-fiber femtosecond
erbium laser. Regarding the thermal properties of the proposed optical fibers, further
enhancing the pump power is a consideration during SC generation. The higher
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Fig. 8. (Color online) (a) Effective mode area and (b) nonlinear coefficient for the optimized PCFs.

energy for the longer time can lead to the burning of CsHg.?! We have carried out our
numerical calculations for the proposed fibers with short lengths of 1 and 12 cm, the
broad spectra generated with low peak power strongly depend on the all-normal and
anomalous dispersion regime.

The all-normal dispersion SC generation in Fiber 1 is examined with different
energy pulses. For a given input energy and dispersion shape, a bandwidth of self-
phase modulation (SPM)-induced spectral broadening is determined by the spectral
position of a pump wavelength. At an input pulse energy of 18 pJ (450 W peak
power), the spectral bandwidth covers 0.72-1.82 um within 5dB dynamic ranges
(Fig. 9(a)). The spectral broadening is caused by SPM in a few of the first cen-
timeters of propagation from the onset. The high slope of normal dispersion limits the
spectral broadening at the trailing edge. The spectrum becomes asymmetrical during
further propagation. As observed in Fig. 9(b), OWB occurs first in the trailing edge
of the pulse at 0.cm of propagation, creating a new band of the wavelength at

L ows SPM g T — i
oA P S o8 08 08 )
= [ 3 06 06 06
T S 04 04 04
o % 02 02 02
E L 0O o 0 0
~ 08112141618 081121416138 08112141618
27 A (um) 2 (um) 2 (um)
wv
L =1 = =
é I £ 1 E“ZpJ ; g_‘JSpJ . £=18p)
< L o8 08 \ 038 v
8 g 06 06 06
r S 04 04 04
! Y N A S S S S AN B 02 02 02
8 o
06070809 1 111213141516 17 1819 08112141618 08112141615 08112141618
Wavelength (um) A (um) A (um) A (um)
(a) (b)

Fig. 9. (Color online) (a) The output spectrum and (b) evolution of the SC along the fiber for various
input pulse energy in 1 cm length when pumped with pulses of 40 fs duration, 1.3 ym pump wavelength, for
Fiber 1.
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0.72 um. In the leading edge, the low value of dispersion (i.e. flat and close to zero)
leads to the unclear observation of OWB. The generation of new wavelengths occurs
through FWM where the short wavelength components propagate more slowly than
the pulse tail part at the center.*® The great effective mode area and small nonlinear
coefficients at long wavelengths also limit further broadening. The appearance of
OWB activates the energy transfer between different wavelength components which
enhances the flatness of the central part of the spectrum. No soliton is formed herein
because of not enough high energy. In addition, since modulation instability (MI) is
suppressed in a normal dispersion regime, the all-normal dispersion SC, therefore,
has high coherence over the whole observed spectrum. Pulses are maintained in the
time domain with a smooth temporal profile, see Fig. 9(a). It is conceivable that the
high coherence is that the SC generation is induced by SPM at the beginning of
propagation in a normal dispersion regime and a small part of the spectrum is to form
solitons in an anomalous dispersion regime when SMP-induced spectrum excess
ZDWs. Here, MI does not play a significant role in amplifying the vacuum noise, thus
the SC generation exhibits high coherence. Spectral broadening is completed at 1 cm.

In the case of Fiber 2, a ZDW exists at a wavelength of 1.47 ym. The 1.5 ym pump
wavelength is within the anomalous dispersion range and close to the ZDW. Here,
soliton self-frequency shift (SSFS) and soliton fission (SF)*” play important roles in
the broadband of the SC spectrum because of ultrashort pulse duration and low
input energy. This point implies that the spectral position of the soliton can trigger
the spectral bandwidth of the SC generation in the liquid core fibers. Dispersive
waves (DW) help to create a new wavelength band when traversing the ZDW related
to soliton shifting and OWB at the trailing edge. Whereas, SSFS causes the SC
spectrum to shift to longer wavelengths, broadening the spectrum significantly to-
wards redshifted wavelengths.'®

Figure 10(a) shows the pulse spectra at various energies over Fiber 2 length of
12 cm. By increasing the input pump pulse energy, the SC spectrum broadens dy-
namically. Broadband SC spans from 0.78 to 4.13 um at a 10 dB spectral level, wider
than Fiber 1. The fact that increased SC bandwidth leads to an increase in noise
sensitivity; it is for this reason that the spectral structures appeared to be complex as
shown in Fig. 10(b). A large effective mode area (i.e., low nonlinear coeflicient)
restricts the soliton shifting as well as DW at the trailing edge. Consequently, no new
wavelength is created during further propagation. Decreasing the pulse width and
choosing the pump wavelength in the near-zero anomalous dispersion range can
reduce noise amplification.'® Before being influenced by SF, a part of the SPM-
induced SC passes through the ZDW and is experienced in the normal dispersion
region because of the proximity of the pump wavelength to ZDW (1.5 ym). Thus, it is
stretched out with further flatness for the wing. It is possible to gain some insight into
the spectral broadening dynamics through a quantitative comparison of parameters
involved in various mechanisms during pulse propagation, namely the dispersive
length Lp, nonlinear length Ly; and soliton number N.'° For the peak power
Py = 789 W corresponding to an energy of 71 pJ, pulse duration ¢, = 90 fs, and group

2450353-11



B.T.L. Tran € L. C. Van

oNhOI®ON

10

Distance (cm)

L=l S e

-

Intensity (5dB/div)
oA OOON

Palel [N MR Ll VLY
06 0912 1518212427 3 33 36 39 42
Wavelength (um)

(a) (b)

L 1

Distance (cm)

Fig. 10. (Color online) (a) The output spectrum and (b) evolution of the SC along the fiber for various
input pulse energies in 12 cm length when pumped with pulses of 90 fs duration, 1.5 ym pump wavelength,
for Fiber 2.

velocity dispersion at the central wavelength 3, = —0.015 ps?/m, the values for these
scales are the following: L =t2/|0| = 54cm, Ly = 1/vPy =0.13cm and N =
v/ Lp/Lni, = 20. Therefore, SF (Lyg,,) and MI (Ly) property scales are defined as
Lis = Lp/N = 2.7cm and Ly = 16 Ly, = 2.08 cm. This means that SF started to
appear after only 27 mm of propagation length with the assistance of FWM. Fur-
thermore, the value of Ly < Ly, i-€., the noise is amplified by MI occurs before the
SF, proves the agreement of the spectral configuration obtained in Fig. 10.

The corresponding SC development over time is shown in Fig. 11. In any case,
different frequency components usually have different group velocities. Therefore,
the time delay between frequencies increases with longer propagation. On the other
hand, the higher the pump pulse energy, the faster the time delay between different
frequencies occurs over short distances. Although the SC is mainly induced by SPM
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Fig. 11. The temporal profile at different positions of the propagation length, respectively, with the
spectrum growing along the suggestive fibers: (a) Fiber 1 and (b) Fiber 2.
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and OWB for fiber with all-normal dispersion, the anomalous dispersion in the
output light leads to further delay of the leading edge in the time domain, see
Fig. 11(a). DW-induced and soliton-induced parts in the anomalous dispersion fiber
have different delays, and they visibly separate each other as shown in Fig. 11(b). At
a very short propagation distance, only a few millimeters of fiber length, SC gener-
ation occurs quickly due to the low attenuation and high nonlinearity of CgHg. The
spectrum is shaped after about 2.7 cm of propagation and extended until 12 cm in
length of the fiber.

The proposed CgHg-core PCF's have the potential for all-fiber robust compact all-
fiber SC systems if low-power pump pulses are considered. As observed in Table 1,
CgHg-PCF in Ref. 11 uses a peak power 122 times larger than those injected into our
normal-dispersion fiber, but the spectrum band also only approximates our work and
covers the range from 0.7 to 2 ym. For the rest fiber, the soliton-induced SC gen-
eration exhibits a relatively limited spectral range compared with 3.35 ym of the
broadband SC in Fiber 2. Here, the input power has been reduced to 18.5 kW and is
higher than that of this work 23 times. Ultrashort pulse duration and high pulse peak
power are the domain of complex optical parametric chirped-pulse amplification
(OPCPA) systems that usually operate with kHz repetition rates, resulting in de-
creased coherence. The coupling efficiency of high-power laser pulses into the small
fibers is low. In addition, high peak power may lead to fiber damage via the thermal
effects of laser pulses on the input fiber end and lead to high error in SC simulation
with the use of the split-steps method. In contrast, the proposed fibers can offer broad
SC generation with much lower input peak power (450 and 789 W). Noticeably, the
spectrum broadening in Ref. 16 is still limited even with identical peak power values
as ours. On the other hand, we prove that the short length of sample fiber can
minimize loss and cost during fabrication.

4. Conclusion

We reported on the all-normal and anomalous dispersion SC in the CgHg-core fibers.
The SC spectrum from 0.72 to 1.82 um is achieved with 40 fs pulse duration and 18 pJ
energy, i.e., input power of 450 W at 1.3 um central wavelength for Fiber 1. Whereas,
Fiber 2 allows to reach SC spectrum in the range of 0.78-4.13 ym in 10 dB dynamics.
The spectral band obtained herein is much wider than the SC reported for liquid-core
PCFs.'110721 The high nonlinear coefficient associated with the small effective mode
area and the relatively low loss contribute significantly to the great SC spectral width
of two proposed fibers. This is thanks to our new design, where the diameter of air
holes in the first ring near the core is different from the remaining rings.

All proposed fibers are good candidates for compact all-fiber SC systems operating
with low-power pump lasers. This would be a cost-effective alternative to glass core
fibers since the nonlinearity of CgHg is higher than that of SiO,. Note that the all-
fiber systems are robust, shock-proof and neither comprise axis adjustment me-
chanics nor additional pulse compressors. The proposed remedy may partially solve
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the issues related to the fusion splicing of liquid core PCF's and standard silica fibers.
With high coherence all-normal SC, Fiber 1 is found to be suitable for several
applications with high pulse-to-pulse coherence such as multi-beam pump-probe

technique, pulse compression and temporally synchronized ultra-fast amplifiers with
small noise. On the other hand, fibers with anomalous dispersion can be very useful
for applications that require a wide spectrum of bandwidth, e.g., gas or liquid
sensing, Mach-Zender interferometer and optical coherence tomography.
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