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Abstract—We highlight the advantage of varying the filling factor d;/A in the first cladding ring of
a nitrobenzene-core (C4HsNO,-core) photonic crystal fiber (PCF) with a circular lattice in improv-
ing the fiber nonlinearity. Joint optimization of feature sets can be achieved to achieve flat dispersion,
small effective mode area, and low loss while controlling structural parameters such as filling factor
(d,/A) and lattice constant (A). Two optimal PCFs were selected and studied in detail for broadband
and low peak power supercontinuum generation. The first PCF with a lattice constant (A) of 1.0 um
and a filling factor of 0.65 has an all-normal dispersion in the wavelength range from 0.5 to 2.0 um.
When a 90 fs pulse centered at 1.3 um is pumped into a 1 cm long fiber with a peak power of only
133 W, the supercontinuum spectrum produced extends from the visible to the near-infrared (0.72—
1.722 um) range. On the other hand, a second PCF with A of 2.0 um and d,/A of 0.3 has anomalous
dispersion and has a zero dispersion wavelength at 1.547 um. By using a 110 fs input pulse with a peak
power of 273 W and a pump wavelength of 1.56 um, broad SC generation with a spectral bandwidth
0f 0.795—3.748 um was achieved for a 15 cm long sample. The proposed design could become a new
class of microstructured optical fibers for the broadband supercontinuum generation.

Keywords: photonic crystal fiber (PCF), nitrobenzene-core (CcH;NO,-core), circular lattice, super-
continuum generation, all-normal dispersion, anomalous dispersion
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INTRODUCTION

Supercontinuum generation (SCG) is a phenomenon that occurs when dispersion interacts with non-
linear effects in nonlinear media [1]. Fiber-based supercontinuum (SC) light sources are widely used in
optical frequency measurement [1], ultrashort pulse generation [2], and telecommunications [3].
In recent years, photonic crystal fibers (PCFs) have become the most widely used objects in SCG pro-
cesses due to their high nonlinearity and tunable dispersion properties. The generation of spectral contin-
uum radiation is achieved by contributions of multiple linear and nonlinear optical effects and is closely
related to the dispersive configuration exhibited by optical waveguides. Depending on the choice of pump
wavelength within the dispersion range, corresponding effects occur in his SCG. In particular, the SC
generated by pumping in the anomalous dispersion regime is achieved by contributions of soliton dynam-
ics, dispersive waves, and Raman frequency shifts [4—6]. Although the pump wavelength is chosen in the
normal dispersion range, self-phase modulation (SPM) and optical wave breaking (OWB) are effects that
contribute to spectral broadening [7]. SCG performance depends on pump parameters such as input pulse
energy, pulse duration, pump wavelength, fiber nonlinearity, and fiber length.

Considerable efforts have been made to extend the spectral width and improve the spectral flatness
of SC sources. To achieve this, PCFs require a special design that achieves both flat dispersion and highly
nonlinear properties, and should be optimized using pump wavelength and input power [8]. To achieve
the best SCG efficiency, the PCF’s chromatic dispersion curve should be flat and close to zero, and the
attenuation and effective mode area should be as small as possible. Structural parameters of PCFs such as
lattice constant, pore size, shape, solid or hollow core, and materials can be designed and tuned to achieve
such goals.

Scientists have attempted to efficiently generate SC generation using highly nonlinear quartz or glass
PCFs [9—11]. Silica is often used in SC generation due to its special purity and very high laser damage
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threshold. However, fused silica is not transparent in the mid-infrared (m-IR) and exhibits relatively low
nonlinearity. On the other hand, his PCF from highly nonlinear glasses can produce SC generation in the
m-IR range. However, a drawback of using soft glass fibers for SGs is their incompatibility with silica-
based fiber systems typically run in expensive and complex experimental systems [10, 11]. Recently,
a promising alternative using liquid-filled hollow-core fibers with high nonlinear refractive index and high
transparency was investigated for efficient SC generation. This leads to the emergence of interesting non-
linear phenomena, especially the generated SCs with lower peak powers than solid fibers [12]. It is now
possible to introduce liquid into the air core by advanced methods [13—16]. In this way, several nonlinear
liquids, named a few, carbon disulfide (CS,) [17, 18], carbon tetrachloride (CCl,) [19—21], chloroform
(CHCl,) [22], nitrobenzene (C¢dHsNO,) [15], benzene (C¢Hyg) [23], tetrachloroethylene (C,Cly,) [16, 24],
1-2 dibromoethane (C,H,Br,) [25], and toluene (C,Hg) [12, 26] have been used for this approach. The
results showed that the generated SC spectra can be controlled by changing the temperature and pressure
or by applying an electric field [27]. Also, SC spectra can be obtained with high coherence in both normal
and anomalous dispersion regions [28]. However, his PCF in the above analysis has the same air hole size
in the lattice cladding, so only the dispersion can be optimized, but not the effective area and loss.
Although it cannot be denied that previous work has attempted to increase the SC bandwidth, such levels
are still not ideal due to the limited spectral bandwidth due to the high input powers and long fiber lengths
used.

In general, hexagonal lattices are more commonly used in the design of PCF structures, while circular
lattices have been less studied. Circular lattice are more symmetrical, amplifying the light in the core better
and improving the nonlinearity of the fiber. Recently, an SCG with a circular PCF lattice with toluene
cores was reported [29]. In this work, the author highlights the difference between the diameter of the air
hole of the first ring and the diameter of the remaining grid his rings, which helps to optimize the charac-
teristic size. The SC spectrum in this work is obtained flat and smooth over a wide range of wavelengths.
In particular, the spectral range obtained in the perfectly normal dispersion region is 0.642—1.592 um
with a peak power of 450 W, whereas in the anomalous dispersion region it is 0.911—2.496 um with a peak
power of 550 W. However, the performance regarding spectral flatness, bandwidth, and coherent SC
spectrum needs further optimization.

In this article, we discuss the use of microstructured circular lattice PCFs with CcH;NO, core for SC
generation. With the goal of generating a broadband coherent SC spectrum from the visible to the mid-IR
at very low input power, the cross-section of the PCF is specifically designed to accommodate the differ-
ent diameters of the air holes in the lattice rings. The lattice constant (A) and filling factor (f;) are then
appropriately controlled to optimize the linear and nonlinear optical parameters, resulting in a flat disper-
sion profile and near-zero dispersion wavelength, small effective mode area, and minimal attenuation to
ensure. A series of numerical simulations are performed to investigate the effects of initial pulse charac-
teristics (input peak power and pulse duration) on the SC bandwidths of the two optimal structures,
achieving wider bandwidths than previous low-peak power work.

The article is structured as follows. Section 2 describes the proposed microstructured PCF with a lig-
uid-filled core. Section 3 presents parameter optimization. The extended SC spectra are generated with
optimized PCFs with lower peak power compared to previous work described in Section 4. This work con-
cludes with the conclusions in Section 5.

NUMERICAL MODELING

In this section, we design a photonic crystal fiber by using Lumerical Mode Solution software based
on the finite-difference eigenmodes (FDE) [30]. The geometry of the circular lattice CsH;NO, core PCF
is modeled as shown in Fig. 1. The simulation process uses perfectly matched layers with scattering
boundary conditions. This allows the radiation to propagate outside the calculated domain even though
the interferometer has no internal field or absorption limit for the incident light. Circular PCF structures
were chosen for investigation because of their significant advantages over other gratings. The high symme-
try enhances the supercontinuum generation efficiency by confining the light entering the core and
increasing the nonlinearity. This means better bandwidth extension than other gratings. The base material
is quartz glass (SiO,), and the core is filled with C;H;NO, to increase the refractive index difference
between the core and the clad, improving light confinement in the core. C;H;NO, enters the core by inte-
grating a fusion splicer [26] or a microfluidic injection system using laser writing technology [31].

The high nonlinear refractive index, n = 671 x 1072 m> W—! at 1064 nm [32], which is about 240 times
higher than that of silica [33], emphasizes the choice of nitrobenzene for filling hollow-core PCFs, which
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!Fused silica

Fig. 1. Cross-section view of the circular C¢dHsNO,-PCF.
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Fig. 2. The imaginary part of the refractive index k of C¢gH;NO,.

is higher than other liquids such as CHCl, [22], CCl, [19—-21], C,Cl, [16, 24], and C,Hg [26]. Nitroben-
zene is a water-insoluble pale yellow oil with a specific almond odor. Figure 2 shows the experimentally
measured material attenuation of C;H;INO, in the visible and near-infrared regions. The transmission
spectra of a 9.8 mm thick cuvette filled with C;HsNO, in the visible and near-infrared range are shown in
Fig. 3 [34].

A study by Saito et al. [35] proved that the PCF features are strongly affected by the difference in the
size of the air holes in the lattice rings. The size of the hole in the first ring directly affects dispersion,
including flatness, normal or anomalous dispersion properties, and even zero dispersion wavelength
(ZDW) shift. Attenuation is dominated by the rest of the loop. From there, he designed a PCF structure
with air holes of diameter d equal to a filling factor of d,/A (where A is the lattice constant) in the first ring
(near the core), where d,;/A varies from 0.3 changes to 0.8 in steps of 0.05. The diameter of the air holes
in the remaining lattice rings remains constant as d with a filling factor d,/A = 0.95. The core diameter
depends on d; and A is determined by the formula D, =2A — 1.1d,. The simulations use lattice constants
A=10um, A= 15um, A=2.0 um, and A = 2.5 um. New features in our design provide minimal atten-
uation, effective mode area, and chromatic dispersion control for optimal dispersion.

Figure 4 shows the real part characteristic of the wavelength index of refraction of CcH;NO, compared
to fused silica. It can be seen that the refractive indices of C;Hs;NO, and silica glass (SiO,) vary linearly
with each other, and the refractive index of C¢HsNO, is always greater than that of SiO,. Therefore, light
transmitted in SiO,-based PCF with a C(Hs;NO,-core follows the same mechanism of total internal
reflection as in conventional optical fibers.
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Fig. 3. The transmission curves of a 9.8 mm thick cuvette of C¢dHsNO,.
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Fig. 4. Real parts of the refractive index of C¢HsNO, and SiO,.

The real part of the linear refractive index n of C;H;NO, [32] and SiO, [33] is given by the Sellmeier
equation in Eq. (1) as a function of wavelength calculated, with the respective parameters shown in Table 1.

B\ N B\ N B\’ .
kz_cl 7\12_C2 7\42_C3
Where A is the excitation wavelength in micrometers, n(A) is the wavelength dependent linear refractive

index of materials.

Dispersion in an optical fiber includes a waveguide and material dispersion. It is determined according
to Eq. (2) [36], where Re [n.4] is the real part of the effective refractive index of a guided mode and c is the
speed of light in a vacuum.

n’(\) = B, + (1)

2
D= _ A0 Re[Zneff]_ )
¢ JdA
The units of the nonlinear PCF coefficient are (W~! km~') and are determined by the formula in
(Ea. (3)) [36]:

)

Mer
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Table 1. Sellmeier’s coefficients of the material used

Nitrobenzene Fused silica
parameters values parameters values

B, 1 B, 1

B, 1.30628 um? B, 0.6694226

B, 0.00502 wm? B, 0.4345839

G 0.02268 um* By 0.8716947

G 0.28487 um® C 4.4801 x 1073 um?
G 1.3285 x 1072 um?
G 95.341482 um?

Where A is the effective mode area (an important characteristic of PCF). It is inversely proportional
to the nonlinear coefficient and is defined as in Eq. (4) [36]:

[T T |E] dxdyT

—o0 —00

Ajg =00 - (4)
J‘ I|E|4dxdy

—o00 —co

Where E is the electric field amplitude.

OPTIMIZATION OF THE CHARACTERISTIC QUANTITIES OF PCF

Note that optimization algorithms are not used in this article, but better optical properties can be
obtained using them. The structural parameters of PCFs can be explained to vary very slightly [37]
(for example, the fill factor varies by 0.05 and the lattice constant varies by 0.5 um, consistent with
a “stack-and-draw” manufacturing process of about 50 nm). Moreover, using optimization algorithms
during simulation takes a lot of time. Therefore, a simpler method based on the optimization of dispersion
properties was applied.

The chromatic dispersion strongly depends on wavelength, the value of the filling factor d,/A, and the
lattice constant A, as shown in Fig. 5. It can be clearly observed that the CcH;NO,-PCFs exhibit both all-
normal and anomalous dispersions with one or two ZDWs for smaller core PCFs, A = 1.0 um (Fig. 5a).
Furthermore, as d,/A increases, the right edge increases and the left edge shrinks. When d,/A is less than
0.4, the curve dispersion lies in one ZDW anomalous dispersion region and shifts towards two ZDW
anomalous dispersion regions with increasing values of d;/A (from 0.7 to 0.8). Otherwise, the dispersion
curve falls within the all-normal dispersion region, and increasing the value of the filling factor d,/A
(0.4 to 0.65) brings the all-normal dispersion closer to the zero dispersion curve, which should be benefi-
cial for SC generation. The interaction between waveguide dispersion and material dispersion can be
responsible for small-core dispersion diversity. At smaller d,/A, material dispersion dominates, while at
larger d,/A waveguide effects play a major role.

For A> 1.0 um (A = 1.5, 2.0, 2.5 um (Figs. 5b, 5c, 5d)), we observed significant changes in the nature
of the dispersion profile of PCFs with larger cores, suggesting that the anomalous dispersion regime with
one ZDW dominant completely in the investigated wavelength range. For a given value of d,/A, increasing
the lattice constant shifts the ZDW to longer wavelengths. For A = 1.5, 2.0, and 2.5 um, the PCF exhibits
an anomalous dispersion region that shifts from the ZDW to the short wavelength region as d,/A increases.
The flattest, closest to zero-dispersion curve has d;/A = 0.3 and A = 2.0 um. The above analysis and sim-
ulation results show that by carefully tuning the air hole diameter d, of the first ring of the PCF structure,
it seems that the desired dispersion properties of the structure can be easily obtained.

Small and flat dispersion over a wide wavelength range is always favorable for SC generation. In addi-
tion, pump wavelength, pulse duration, peak power, and fiber length are also determinants of broadband
SC generation [38]. Based on the preliminary analysis of the dispersion, we propose two PCFs with
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Fig. 5. The plot of the D-parameter against the wavelength for PCFs with different A values equal (a) 1.0 um, (b) 1.5 um,
(c) 2.0 um, and (d) 2.5 um. d;/A varies from 0.3 to 0.8.
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Fig. 6. The chromatic dispersion characteristics of the fundamental mode for #CF; and #CF, fibers.

appropriate dispersion and examine SC generations named #CF, and #CF, in detail. Dispersion appears
flatter and closer to zero dispersion compared to other fibers. Based on this, we selected two optimal fibers
for SCG, namely #CF, (d,/A = 0.65; A = 1.0 um) and #CF, (d,/A = 0.3; A = 2.0 um). Figure 6 shows
the dispersion characteristics of the proposed fiber. The #CF, fiber operates in an all-normal dispersion
range and has a maximum dispersion value of —10.86 ps nm~' km~' at a wavelength of 1.161 um. SC gen-
eration with an all-normal dispersion range PCF has the great advantage of making the output pulse
coherent, very stable, and flat, which makes any work effort possible. We choose the pump wavelength
BULLETIN OF THE LEBEDEV PHYSICS INSTITUTE  Vol. 50
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Fig. 7. The effective mode area of the fundamental mode for #CF, and #CF, fibers.

at 1.3 um for the #CF, fiber because this value is close to the wavelength value at the maximum point of
the dispersion curve. This extends the spectrum of the fiber. On the other hand, the #CF, fiber has anom-
alous dispersion and a zero dispersion wavelength (ZDW) at 1.547 um. Therefore, we chose a pump wave-
length of 1.56 um for the #CF, fiber (the pump wavelength chosen here satisfies the condition of having
a larger value and being close to the zero-dispersion wavelength). The dispersions of #CF, and #CF,
fibers at the pump wavelength are —31.866 ps nm~! km~' and 0.229 ps nm~! km~!, respectively.

As the ultra-short pulses propagate along the fiber, they interact with nonlinear optical media and gen-
erate new frequencies through various nonlinear effects, broadening the SC spectrum. Therefore, the
nonlinear properties of optical fibers play an important role in improving SC efficiency. Due to the large
refractive index contrast between the core and the cladding, the light can be better confined in the core of
his PCF, improving the nonlinear coefficients as expected. Figure 7 shows the effective mode area of the
two proposed fibers. The effective mode area value increases with increasing wavelength. This value for
fibers #CF, and #CF,, calculated at the pump wavelength, is 1.388 um? and 6.565 um? respectively, which
are relatively small compared to these values shown in Table 2. The nonlinear coefficient is inversely pro-
portional to the effective modal area according to Eq. (3). Therefore, it tends to decrease linearly with
increasing wavelength, as shown in Fig. 8. The nonlinearity of fiber #CF, is always larger than that of #CF,,
and at the pump wavelength the nonlinearity value of #CF, is 2220 W' km~!, for #CF, 469 W~! km~'.
Figure 9 shows the fundamental mode attenuation characteristics of #CF, and #CF, fibers. The attenua-
tion of #CF, fiber is the smallest, which is almost the same as the horizontal axis. The attenuation value
at 1.3 pump wavelength for #CF, fiber is 30.2 dB/m. Very low attenuation is an advantage of our model
compared to previous studies.

Table 2. The structure parameters and the characteristic quantities of proposed PCFs at the pump wavelength
in comparison with some previous work of liquid-filled PCFs

4 wa\f:elll:rllgth, D, Aesrs 7“{, 3 Attenuation, Regime
um ps/(nm km) um? km~! w! dB/m
#CF, 1.3 —31.866 1.388 2220 30.2 All-normal
#CF, 1.56 0.229 6.565 469 0 Anomalous
CCly [21] 1.03 —85 42.2 22.1 — All-normal
C,Hg [12] 1.55 —7.784 7.79 1200 40 All-normal
C;Hg [12] 1.55 —1.19 78.9 - 120 Anomalous
C,H; [26] 1.03 —150...—5 73.2 130 — All-normal
BULLETIN OF THE LEBEDEV PHYSICS INSTITUTE  Vol. 50 No. 8 2023
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Fig. 8. The nonlinear coefficient of the fundamental mode for #CF; and #CF, fibers.
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SUPERCONTINUUM GENERATION IN PROPOSED FIBER

Higher-order dispersion shows a significant effect as the center wavelength of the input pulse
approaches ZDW and is calculated by the broadening coefficients of the Taylor series around the center
wavelength w,, the expansion of the propagation constant (3) can be obtained by [36]

B(®) = B(wy) + By (@) (@ — ) + %wao)«»— @)+ ... (5)

The ny, order dispersion term can then be calculated by taking the derivative of  with respect to the
angular frequency ® [27]

B, = 4P

Cdo"

(6)

=0
Table 3 shows the higher-order dispersion at the pump pulse frequency in numerical modeling.

The nonlinear propagation process of the pump pulse in the PCF can be described by the Schrodinger
equation (GNLSE) using the symmetric split-step Fourier transform method [36], which is given by the
formula:

R

9.4 —if(w) -4

Z

N ‘

Wy

—oo

j:w@+w‘%}M1TRUjM%T—Tmﬂ”. (7)

Where A(w) is Fourier transform of the amplitude of the pulse A(7), and R(T") is the Raman response
function. The nonlinear material response function R(7) is described by a function that describes two
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Table 3. The SC bandwidth of proposed PCFs in comparison with other silica-based PCF infiltration with liquid

# References Peak power, wa\lf)elllfr:rrllzm, Fiber length, SCrZE;Zfral Regime
W um cm um

#CF, This work 133 1.3 1 0.72—1.722 All-normal
#CF, This work 273 1.56 15 0.795-3.748 Anomalous
CCly [21] 62500 1.03 20 0.85—1.25 All-normal
CHCl,4 [22] 2500 1.03 10 0.6—1.26 All-normal
2000 1.03 10 0.6—1.4 Anomalous
CeHsNO, [15] 5550 1.56 5.0 0.8—2.1 All-normal
660 1.56 5.0 1.3-2.3 Anomalous
CeHg [23] 55000 1.56 1.0 0.7-2.0 All-normal
37000 1.56 1.0 0.6—3.5 Anomalous
C,Cl, [16] 16670 1.56 5.0 0.8—2.0 All-normal
16670 1.56 10 1.0-2.0 Anomalous
20830 1.03 10 0.7-2.4 Anomalous
C,H,Br, [25] 12500 1.03 10 0.64—1.7 All-normal
[25] 750 1.03 15 0.7-2.4 Anomalous
C7Hg [12] 7140 1.55 10 1.1-1.75 All-normal
[12] 6670 1.55 10 1.0—-1.75 Anomalous
C;Hg [26] 25000 1.03 10 0.95-1.1 All-normal
C;Hg [29] 450 1.064 1 0.642—1.592 | All-normal
[29] 550 1.55 10 0.911-2.496 Anomalous

damped harmonic oscillators with the main contributions from the electronically coupled and core parts,
assuming that the electronic factor is the instantaneous mechanism [36].

R(T) = (1= fo) &T) + frha(T), ®)

where 8(T) is the Dirac delta function and /g(7) is the delay response. The delay characteristics of the
nonlinear response is comparable to the Raman-induced frequency shift, i.e. energy is transferred to
larger wavelengths which are accompanied by a redshift. Therefore, we can fine that fractional contribu-
tion of delayed Raman to the total nonlinear response can be found after normalizing 4x(7): [36]

2 2
he(T) = L B exp (ij sin (Zj o(T), 9)
T T, 1,

where ©(T') is the Heaviside step function.

A Gaussian impulse is assumed to act as the input impulse, expressed with axial propagation z = 0 as
follows [39]:

2
A(z=0,0) = \/FOCXP(_;—(J (10)
1‘12(‘Z = Oat) = O’

where A represents the electric field envelope of the optical pulse and P, is the peak power. The parameters
t and ¢, are known as the input pulse delay time and pulse duration.

For #CF, and #CF, fibers various nonlinear phenomena occurring during SC simulations are com-
mon for both all-normal and anomalous dispersion. Using a low peak power pump pulse to obtain a broad
SC spectrum in these simulations has two distinct advantages. First, the refractive index of C;H;NO, is
many times higher than that of fused silica. Second, the proposed two fibers are highly nonlinear due to
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Fig. 10. For #CF fiber: (a) the output spectra for various input pulse energies when using pump pulses with 1.3 um pump
wavelength and 90 fs duration, (b) the pulse evolution of the SC along with fiber, and (c) the temporal profile at various
propagation length.

their small effective areas. In particular, #CF, fiber produces a broad and flat SC spectrum associated with
all-normal dispersion properties, while #CF, produces a very broad and noisy SC spectrum in the anom-
alous dispersion region. The SC generation of #CF, fiber was pumped at 1.3 um, with a pulse duration of
90 fs and peak power varying from 22 to 133 W. The pulse transmission length of #CF, fiber is 1 cm.
A #CF, fiber with a ZDW of 1.547 um and SC generation with peak powers ranging from 9 to 273 W
at a propagation length of 15 cm, a pump wavelength of 1.56 um and a pulse duration of 110 fs was ana-
lyzed.

Figure 10 shows the temporal and spectral evolution of the pulse over a propagation distance of 1 cm
using different peak powers in the #CF, fiber. Since #CF, has pump pulses that operate with all-normal
dispersion, so the SC generation process is dominated by two main effects, the SC generation process is
dominated by two main effects, namely SPM and OWB. Looking at Fig. 10a, we can see that as the peak
power increases, so does the spectral width. For low peak power pump fibers of 22 and 44 W, SPM makes
the greatest contribution to spectral broadening. This results in a finitely conserved spectrum and a spec-
trum composed of many peaks, with the extreme peaks having the greatest intensity. When the peak power
is greater than 44 W, the SC spectrum is determined by the SPM in the early stages of propagation and the
resulting spectrum is asymmetric for short wavelengths due to the nonlinear dispersion effect of disper-
sion. Subsequently, the emergence of OWB generated by four-wave mixing (FWM) was the dominant
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Fig. 11. For #CF, fiber: (a) the output spectra for various input pulse energies when using pump pulses with 1.56 um
pump wavelength and 110 fs duration, (b) the pulse evolution of the SC along the fiber, and (c) the temporal profile
at various propagation length.

effect in spectral broadening in these cases. OWB begins to appear at 67 W peak power at 0.86 um and
helps the spectrum expand rapidly as peak power continues to increase, with OWB appearing at shorter
wavelengths. At a peak power of 133 W, the spectrum extends from 0.72 to 1.722 um with a relative power
range of 5 dB. Figure 10c shows the temporal structure at different positions in the propagation length
according to the spectrum growing along the #CF, fiber. In general, the higher the input peak power, the
faster the time delay between different frequencies and the shorter the propagation. Considered in each
case, these values increase with increasing distance due to different group velocity components.

In this section, we investigate how the anomalous dispersion affects SC generation in a 1.56 um
pumped #CF, fiber (Fig. 11). Since the #CF, fiber has a pump wavelength within the anomalous disper-
sion range, soliton dynamics, such as soliton fission (SF) and soliton self-frequency shift (SSFS), play an
important role in spectral broadening. So its SC spectrum is much broader than the #CF, fiber, and
unfortunately its noise spectrum is larger. Figure 11 shows the spectral evolution at different peak powers.
At a peak power of 9 W, the SPM plays a major role in spectral broadening, so the resulting spectrum is
smaller in this case. Beyond a peak power of 9 W, soliton fission begins to appear, broadening the spec-
trum. As peak power increases, spectral width increases. However, when the peak power is 273 W, the
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spectral width is almost the same as when the peak power is 182 W. This is explained by factors such
as high dispersion slope in the short wavelength range, low nonlinear coefficient and high loss in the long
wavelength range. When the peak power equals 273 W, the spectral bandwidth expands from 0.795 to
3.748 um with a dynamic range of 5 dB.

The SC bandwidth of the PCFs in our study should be compared to highly nonlinear liquid-filled
fibers. As can be seen from Table 4, the #CF, structure can achieve the same or higher bandwidth than
previous releases but uses much less peak power. The SC produced by #CF, is the widest SC reported
when the fiber is pumped in an anomalous dispersion regime and is also the only fiber for which the lowest
peak power should be used. The above results show the high potential of the proposed PCFs for a wide SC
generation system with low peak power.

CONCLUSIONS

The C¢H;NO,-filled PCF with diverse dispersion was designed by adjusting the diameters ¢, and d of
the first ring near the core and others in the mantle of the PCF to simultaneously optimize the character-
istic quantities of the PCF. Two fibers with flat dispersion, high nonlinearity, and low loss are included
for a detailed study of the SC generation process. A #CF, fiber with lattice constant A = 1.0 um and filling
factor d,/A = 0.65 has an all-normal dispersion regime and produces a flat and wide SC by the SPM effect
followed by OWB. A wide spectral range of 0.72 to 1.722 um is easily achieved with a low peak input power
of 133 W at the 1.3 um pump wavelength. A #CF, fiber (A = 2.0 um and d,/A = 0.3) produces a wide SC
with a spectral bandwidth of 2.953 um within 5 dB. Soliton dynamics contribute significantly to the SC
process as the fiber is pumped in an anomalous dispersion mode with a pump wavelength of 1.56 um and
a low peak power of 273 W.

The above simulation analysis results show that the nonlinear effects that play an important role in SC
generation are often dominated by the dispersion and nonlinear properties of the PCF. The high nonlin-
earity and reasonable structural changes of C;H;NO, are also the main factors that enable PCF to pro-
duce a broader spectrum with low input peak power and short transmission distance. It achieves broader
SC spectra in all normal and anomalous dispersions compared to other liquid-filled PCFs [12, 15, 16, 21—
23, 25, 26, 29]. The development of PCF could become a new fiber layer for next-generation broadband
sources.
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