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Abstract: This paper presents new results on dispersion in photonic crystal fibers (PCF) based on a
circular lattice, with benzene infiltration into the hollow-core. We achieved near-zero, ultra-flat
dispersion through the appropriate adjustment of air hole diameters and pitch of cladding. The result
gives a dispersion of +0.484 ps/nm=*.km over a wavelength range of 450 nm. Besides, we also
obtained very high nonlinear coefficients, up to several thousand W*km™, and a very low
attenuation, about 1072 dB/m for optimal structures suitable for supercontinuum generation
application.
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1. Introduction

Photonic crystal fiber (PCF) [1] has been an attractive nonlinear medium for laser pulse propagation
in supercontinuum (SC) generation studies, because it fulfills the requirements of low power and
increasing the nonlinear effects [2]. The task of controlling the chromatic dispersion and increasing the
nonlinearity of PCF has been the goal of the research groups. Recently, some publications mentioned
two ways to efficiently control the chromatic dispersion and nonlinear properties of PCF suitable for SC
applications. First, the lattice structure of PCF is suitably modified by varying the shape, size, and
position of air-holes in the microstructured cladding, as shown in the selection of lattice types such as
square [3], circle [4], hexagon [5], suspended core [6], etc. and the change of lattice parameters such as
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hole diameter (d), core diameter (D¢), pitch (4) [7]. Second, the highly nonlinear liquids are infiltrated
into the hollow core of PCFs [4, 8-12].

The interaction of the laser pulse with a highly nonlinear medium such as PCF is strongly influenced
by dispersion properties, as a result, various nonlinear effects appear to dominate the broadening as well
as the coherence of the SC spectrum. SC generation uses PCF with all-normal dispersion for broad SC
spectrum, flat top, and high coherence due to the main dominance of the self-phase modulation (SPM)
effect followed by optical breaking (OWB). For the input pulses in the anomalous dispersion regime of
PCF, the main dynamics of SCG include initial fission of the Nth-order soliton, self-steepening effect,
intrapulse Raman scattering, and high-order dispersion [13]. Thus, controlling the dispersion property
in the engineered PCFs is essential. SC generation is most effective when the obtained dispersion curve
is flat and close to the zero-dispersion curve. At the same time, the effective mode area and attenuation
are as small as possible [13].

In this work, we combined both ways including lattice modification and benzene infiltration into
the hollow-core of PCF to optimize dispersion and other nonlinear properties. The circular lattice was
chosen due to its high geometrical symmetry, which further enhances the light entering the core of the
PCF. Benzene has a low attenuation over a wide spectral range from 0.5 to 14 um although its nonlinear
refractive index is similar to that of toluene or nitrobenzene (n.= (0.6 to 5)x1071® m?/W). This results in
a more stable spectrum and less attenuation over a wide wavelength range [14]. Our new structural
design is to make the difference in air hole diameter and pitch in the innermost layer around the core
from the other layers in the cladding. With such a structural design, we controlled the dispersion of the
PCFs, obtaining both all-normal and anomalous dispersion regimes. More interestingly, we have
achieved ultra-flat dispersion, as small as = 0.484 ps/nm.km over a wide wavelength range. Furthermore,
the small effective mode area resulting in high nonlinearity and very low attenuation make these PCFs
quite an ideal nonlinear medium for SC applications.

2. Numerical Modeling of the PCFs

To design the structure of benzene-permeable hollow-core PCF and simulate their optical properties,
we use Lumerical's Mode Solutions (LMS) software with vector full vector finite difference eigenmode
(FDE) method. The advantage of this method is that the FDE process solves Maxwell's equations on a
waveguide cross-sectional grid, the waveguide geometric mesh is divided into an infinite number of
small rectangular parts. The boundary condition for the simulation is a perfectly matched layer, which
allows strong absorption of outgoing waves from the computational region without any reflection.

The structural design of PCFs includes the following steps: First, the fused silica and benzene
materials are entered into the data system by declaring the refractive index coefficients from equations
(1) and (2). These are the Sellmeier [15] and Cauchy [16] equations representing the variation of the
real parts of the refractive index of fused silica and benzene with wavelength. Next, we create a hollow-
core circular lattice of PCF from the available data on the geometry of the structure and enter the
calculated structural parameters into the data. Finally, benzene is filled into the hollow core of the PCF,
and the air is chosen as the substrate for the parallel holes along the fiber.

Some of our previous publications [4, 8] have demonstrated the ability to control dispersion well by
varying the air hole diameters of the layers, but the pitch remains unchanged. Thus, in this new design,
the diameter d; of the air hole and the pitch A in the innermost layer near the core is different from the
other layers in the cladding. The pitch of the innermost layer is set 41 = 1.0954. The geometric cross-
section of the PCF is shown in Fig. 1la. We simulate the optical properties of PCF according to the
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variation of the filling factor di/4 and pitch A in the wavelength range from 0.5 to 2.0 pm because of
the wavelength limitation of fused silica. The di/4 varies from 0.3 to 0.65 while 4 = 0.9, 1.0, 1.5, and
2.0 um. Light is well confined within the core of the PCF, as depicted in Fig. 1b.

N2, ene () = 2.170184597 +0.00059399.1° + 0'02323464 + 0'0004?9485 + 0'0001678796 (1)
A A
2 0.66942261° 0.43458391° 0.87169474°
nFused silica ()“) = 1+ 2 -3 + 2 -2 + 2 (2)
A°—4.4801x10 A°—=1.3285x%10 A°—95.341482

where / is the excitation wavelength in micrometers, n(2) is the wavelength-dependent linear refractive
index of materials.

The real parts of the refractive index of benzene and fused silica used in this paper versus wavelength
are shown in Fig. 1c. In the investigated wavelength range, the real parts of the refractive index of
benzene are always larger than fused silica. The larger the difference in refractive index between the
coating and the core, the better the light confinement of the PCF.
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Figure 1. The geometrical structures of PCF with benzene-core (2), The light is well confined in the core
of PCF (b), Real parts of the refractive index of benzene and fused silica (c).
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3. Chromatic Dispersion and Nonlinear Properties of PCFs

The chromatic dispersion D(A) of PCF can be easily computed from the derivative of the real part
of the effective refractive index Re[ner] with respect to the wavelength A and is determined by the
following formula [17]:

2 d*Re[ng]
c da?
where ¢ is the velocity of light in vacuum.

The optical pulse variation per unit distance of the propagation length is dominated by the dispersion
property, so the design of PCFs with diverse dispersion will flexibly meet its application in SC. The
variation of dispersion with wavelength is illustrated in Fig. 2.
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Figure 2. The dispersion characteristics of benzene-core PCFs with various di/4 and 4 = 0.9 um (a),
A=1.0pum (b), 4 =1.5 pm (c), and 4 = 2.0 pm (d).

The variation of chromatic dispersion is strongly influenced by the filling factor di/4 and pitch 4.
Furthermore, the zero-dispersion wavelength (ZDW) also shifted to the low-frequency region, which is
beneficial for choosing the wavelength of the excitation pulse in the SC. With the difference in structure
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as described above, it is easy to achieve all-normal and anomalous dispersion profiles when A is small.
For 4 = 0.9 um, there are four anomalous dispersion curves corresponding to di/4 less than 0.5. When
d./A is larger, the dispersion curves lie completely below the zero-dispersion, i.e. the PCFs have an all-
normal dispersion regime (Fig. 2a). Increasing A further, 4 = 1.0 um, the all-normal dispersion curves
gradually shift to the horizontal axis, they intersect the horizontal axis at two points, i.e. anomalous
dispersion with two ZDWs occurs (Fig. 2b). Continuing to increase A (4 = 1.5 and 2.0 um), anomalous
dispersions with two ZDWSs no longer appear, instead anomalous dispersions with one ZDW completely
dominate (Figs. 2c and d).

Interestingly, PCF with di/4 = 0.5 and 4 = 0.9 um (Fig. 2a) has an all-normal dispersion curve, ultra-
flat, near-zero, and dispersion values as small as £0.484 ps/nm.km over a fairly wide wavelength range
of 450 nm (from 1.41 pm to 1.86 pm). The maximum point of this dispersion curve is very close to the
wavelength of 1.55 um, which is the common wavelength of lasers in practice. When 4 = 1.0 pm, this
curve shifts upwards and intersects the zero-dispersion curve, becoming an ultra-flat anomalous
dispersion curve with one ZDW, whose dispersion value is £0.88 ps/nm.km in the wavelength region of
440 nm, spanning from 1.38 um to 1.82 um.

Although our previous publications [4, 8] have proven good dispersion control by varying the air
hole diameters of layers in the cladding, we have not yet achieved near-zero, ultra-flat dispersion such
as in this report. Compared with some other publications on ultra-flat dispersion of PCFs, our results are
similar [18, 19] and even more optimal [20-22].

Tablel. The values of ZDW of benzene-core PCFs with various values of di/4 and 4

PCF A=0.9 pm A=1.0pm A=15pm A=2.0pm
du/A ZDW; ZDW; ZDW, ZDW; ZDW;
0.3 1.228 1.266 1.367 1.438
0.35 1.273 1.292 1.325 1.395
0.4 1.335 1.316 1.282 1.358
0.45 1.477 1.341 1.235 1.321
05 1.360 1.881 1.199 1.292
0.55 1.229 1.368 1.161 1.264
0.6 1.117 1.385 1.133 1.234
0.65 1.048 1.394 1.103 1211

Normally, the pump wavelengths of the excitation pulses in SC generation are chosen close to the
wavelength corresponding to the ZDW of the dispersion curve and satisfy the condition that the
dispersion value is small. Therefore, the shift of the ZDW to the long-wavelength region, around 1.55
pm is of great significance in SC. The ZDW values of the PCFs are presented in Table 1. Some structures
with flat dispersion and ZDW close to 1.55 pum wavelength are 4 = 0.9 um, di/4 = 0.45; 4 = 1.0 pm,
di/4 =0.5;and 4 = 2.0 um, di/4 =0.3.

The nonlinear coefficient is one of the parameters that govern the peak power of the input pulse in
the SC generation, it also contributes to the emergence of new frequencies when the pulse interacts with
the nonlinear medium such as PCF. So PCFs with higher nonlinearity give a broader SC spectrum with
lower peak power. The nonlinear coefficient (y) is calculated by the formula [23]:

n,

A, (4)

y(A)=2x
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where Aerr is the effective mode area for the fundamental mode of the fiber and n; is the nonlinear
refractive index of the fused silica. The effective mode area is a quantitative measure of the area that a
waveguide or fiber mode effectively covers in the transverse dimensions and it can be computed by
using the formula in [23] where E is the transverse electric field over the cross-section of the PCF.
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Figure 3. The nonlinear coefficient of benzene-core PCFs with various di/4 and 4 = 0.9 um (a),
A=1.0um (b), 4=1.5um (c), and 4 = 2.0 um (d).

The nonlinear coefficients of PCFs infiltration with benzene are described in Fig. 3. In the short
wavelength region, the value of the nonlinear coefficient is very high, up to several tens of thousands of
W-tkm and it gradually decreases as the wavelength increases. In the long-wavelength range, the
nonlinear coefficient has a lower value because the modes are easily leaked to the cladding, but it still
reaches several thousand W-1.km~. Compared with some other publications [10-12, 24], we achieve a
higher coefficient of nonlinearity.
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For each fixed 4, the nonlinear coefficient decreases with the increase of di/4. Similarly, when di/4
is constant, an increase of A4 also reduces the nonlinear coefficient. The change in the core size of the
PCFs (D= 24 —1.2d,) is the cause of this phenomenon, the larger the core PCFs the less light is confined
in the core.

In equation (4), the effective mode area is inversely proportional to the nonlinear coefficient, so the
variation of the effective mode area with respect to wavelength, in terms of di/4, and 4 is explained
similarly. The effective mode area as a function of wavelength is displayed in Fig. 4.
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Figure 4. The effective mode area of benzene-core PCFs with various di/4 and 4 = 0.9 um (a),
A=1.0 um (b), 4 = 1.5 pm (c), and 4 = 2.0 um (d).

The values of the nonlinear coefficients and the effective mode area calculated at 1.55 pm
wavelength are indicated in Table 2. The maximum and minimum values of the nonlinear coefficients
are 5414.733 and 1285.42 W-tkm= corresponding to the minimum and maximum values of the
effective mode area of 1,973 and 8,3 um? for the structures 4 = 0.9 m, di/4 = 0.65 and 4 = 2.0 m,
di/4=0.3.
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Table 2. The nonlinear coefficient and the effective mode area at 1.55 um wavelength

y (W-Lkm™)
4 A4=0.9 pm A4=1.0pm A=15um A=2.0pum
0.3 3553.793 3139.310 1903.482 1285.420
0.35 3749.795 3334.285 2042.493 1374.209
0.4 3967.206 3548.993 2189.202 1468.504
0.45 4209.587 3784.518 2347.336 1569.264
0.5 4473.610 4041.426 2515.422 1676.625
0.55 4761.887 4322.027 2697.047 1794.900
0.6 5077.015 4626.896 2891.507 1920.289
0.65 5414.733 4953.286 3103.959 2057.763
Aett (LM?)

di/4 A=0.9 um A=1.0 um A=15pum A=2.0pum
0.3 3.003 3.399 5.605 8.300
0.35 2.846 3.201 5.224 7.763
0.4 2.691 3.008 4.874 7.265
0.45 2.536 2.821 4.546 6.798
0.5 2.387 2.642 4.242 6.363
0.55 2.243 2.470 3.956 5.943
0.6 2.104 2.308 3.690 5.555
0.65 1.973 2.156 3.438 5.184

For the SC generations, the selection of PCFs with a reasonably small, flat dispersion is the essential
factor, which is responsible for the output pulse characteristics. Furthermore, a PCF with high
nonlinearity, small effective mode area, and low attenuation will fulfill the requirements to improve SC
performance. However, it is difficult to optimize the PCF characteristics simultaneously, depending on
the design to obtain PCFs with the expected optical properties. Based on the analysis of optical
properties as above, we propose three fibers in favor of SC generation. The first fiber, #F; with 4 = 0.9
um and di/4 = 0.5, has all-normal dispersion, ultra-flat, near-zero, and it is expected to be able to
generate SC with broad-spectrum, flat top, and coherence high. The pump wavelength was chosen as
1.55 um which is very close to the maximum point of the dispersion curve. The second fiber, #F, with
A =1.0 um and di/4 = 0.5 has an ultra-flat anomalous dispersion, which can produce a broader SC
spectrum than PCF with all-normal dispersion. The pump wavelength is 1.4 um, which is larger than its
ZDW. The third fiber, #F; with 4 = 2.0 um and di/4 = 0.5 has the flattest anomalous dispersion among
the fibers with 4 = 2.0 um. The pump wavelength was chosen as 1.45 um because its ZDW is 1.438
um. We choose two fibers with anomalous dispersion, #F, and #F; with the hope that their SC spectra
are compared to consider how to create a broad SC spectrum of fiber with ultra-flat anomalous
dispersion. The graphs of chromatic dispersion, nonlinearity coefficients, effective mode area, and
attenuation of the proposed fibers are indicated in Fig. 5.
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Figure 5. The chromatic dispersion (2), nonlinearity coefficient (b), effective mode area (c),
and attenuation (d) of the proposed fibers.

The structural parameters of the proposed optimal fibers, as well as dispersion values, nonlinear
coefficients, effective mode area, and attenuation at the pump wavelength, are manifested in Table 3.
Among the three selected fibers, fiber #F1 has the smallest core diameter, corresponding to the highest
nonlinear coefficient 4473.61 W-.km and the smallest effective mode area of 2.387 um?. This fiber
will enable a broad and flat SC spectrum with low peak power. #F; fiber has the smallest dispersion
value of 0.853 ps/nm.km at the pump wavelength, which is predicted to produce the broadest SC
spectrum in the ultra-flat, anomalous dispersion regime. Although #F3 fiber has no ultra-flat dispersion
profile, it has a relatively small dispersion value of 1.291 ps/nm.km at the pump wavelength in the
anomalous dispersion regime. With the lowest attenuation of 2.602x102 dB/m, this fiber is also
expected for a broad SC spectrum. Compared with the work [24] about PCF filled with benzene, the
fibers proposed in this paper have more optimal dispersion properties, near-zero super-flat dispersion
for both all-normal and anomalous dispersion are obtained. This also demonstrates the outstanding
results of the proposed fibers compared with the works [8—12] which have proven dispersion control
with suitable modification lattice parameters but the near zero utral-flat dispersion has not yet been
achieved. It can be seen that each of the #F; to #F3 fibers has distinct properties and SC applications.
They are good candidates for SC generation applications with broad spectrum and low peak power.
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Table 3. The structure parameters and the characteristic quantities of proposed PCFs at the pump wavelength

Pump
A D, D y Act Lk
Bl m | Y] am) Wa‘(’s:f];‘gth (psinmkm) | (Wikm) | (um?) (dB/m)
#F. | 09 | 05 | 126 155 14564 | 4473610 | 2387 | 7.320x10°%
#F, | 10 | 05 | 140 140 0.853 4438825 | 2404 | 4.535x107
#Fs | 20 | 03 | 328 145 1291 1328381 | 8031 | 2.602x10%
4. Conclusion

With a new design, the distance from the core to the first layer of air holes near the core was modified
compared to others, we have achieved two ultra-flat all-normal and anomalous dispersions regimes in a
wide wavelength range. Dispersion differences as small as + 0.484 ps/nm.km in 450 nm wavelength
range and £ 0.88 ps/nm.km in the 440 nm wavelength region are the outstanding advantages of these
benzene-infiltrated circular lattice PCFs. In particular, very small attenuation of about 1072 dB/m is
found in the optimized structures. The proposed three fibers with high nonlinear coefficient and small
effective mode area are favorable conditions for the application of PCFs in SC generation. Our new
numerical simulation results will contribute to the direction of SC applications in theory as well as in
experiments, suitable for low-cost all-fiber laser systems.
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