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Abstract. We report on numerical simulation and experimental study of the supercontinuum (SC)
generation in the anomalous dispersion region of photonic crystal fiber (PCF). The results show
that a flat and stable spectrum with bandwidth of 130 nm around the central pump wavelength
was achieved with an input power of 4.0 W. Although the measured spectrum is slightly different
from the numerical ones, a good consistency can be recognized in the major sideband positions
and spectral width. In addition, the chromatic dispersion of air silica PCF was measured at visi-
ble and near-infrared wavelengths using the Mach-Zehnder interferometer configuration and then
verified by comparison with simulated results.

Keywords: nonlinear optics; photonic crystal fiber; anomalous dispersion; supercontinuum gener-
ation.
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I. INTRODUCTION

Supercontinuum (SC) generation in photonic crystal fibers (PCFs) has attracted extensively
due to their outstanding applications. They include, for instance, in spectroscopy, frequency
metrology, optical coherence tomography, chemical detection, and biomedicine [1–4]. For those
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applications, it is important to know optical properties of the generated continuum signals like
the spectral width and the coherency. In general, the spectral broadening normally results from
the interplay between the dispersion properties and nonlinearity of the waveguide, incorporating
with the formation of optical solitons. Meanwhile, the coherence property of SC spectra depends
on the parameters of the pump light and spectral broadening mechanism. To obtain coherent SC
light sources, PCFs having all normal dispersion (AND) profile are also commonly used as the
nonlinear media [5, 6]. In the AND region, self-phase modulation (SPM) and then optical wave
breaking (OWB) are responsible for the expansion of the output spectrum, although the expanded
bandwidth is often limited [5].

The coherent properties of SC light can also be obtained by controlling the input soliton
number using a pumping wavelength which is closed to the zero-dispersion wavelength (ZDW)
in the anomalous dispersion (AD) region of PCFs. In this region, the spectral broadening of
the output pulse is created mainly due to nonlinear effects associated with soliton fission and
dispersive waves [7, 8]. Besides that, the soliton dynamics are sensitive to input pulses [7]. Small
changes in the input pulse parameters can lead to a complex temporal profile of output spectra
and an increase in noise [8], consequently, limiting practical applications of the generated SC
sources [9]. However, overcome that drawback, a broadening and highly coherent of SC spectra
produced in AD region with lower peak power brings the great advantage for nonlinear integrated
photonic devices. That is why the SC generation in the AD regime has been extensively studied;
their performance in terms of spectral flatness, bandwidth and the coherent SC spectrum still needs
further optimization.

Recently, there have been a number of experiments and simulations demonstrating SC gen-
eration in the AD region of PCFs [10–14]. Li et al. reported a study on the coherency of SC
spectra of a tapered fluorotel-lurite micro-structured fiber in wavelength range of 1.4 to 4 µm with
pumped wavelength of 1980 nm [10]. Y. Huang et al. numerically analyzed SC generation in
PCFs both normal and AD regions. Fiber considered there has flat dispersion with three ZDWs.
In that work, they used a pump wavelength in the AD region to generate a wide, flat, and coherent
SC spectrum with a wavelength range from 1281 nm to 2200 nm [11]. Park et al. reported a
numerical generation of SC spectra in a rare-earth-doped highly nonlinear PCF with AD regime in
the sub-picosecond pulse regime [12]. F.R.A. Sierra et al. investigated the dynamics of cascading
solitons in fiber amplifiers using the complex Ginzburg-Landau equation [13]. In this case, each
input pulse allowed the generations of multiple ultrashort pulses of different wavelengths at the
amplifier output. On the other hand, the number of pulses depends on the total gain of the ampli-
fier as well as on the input pulse width. C. Lei et al. numerically investigated SC generation in a
nonlinear ytterbium-doped fiber amplifier with an AD region [14]. By pumping at the wavelength
of 1060 nm and an output power of 300 W, a broad SC spectrum was obtained in the wavelength
range from 1000 nm-2000 nm. In the above mentioned studies, the fiber is almost made of non-
silica glass and incorporates a used laser source pump at long wavelengths such as 1400 nm, 1660
nm. Meanwhile, silica glass is the most versatile material, as it ensures a wide transmission win-
dow with low loss from the near-ultraviolet to infrared (IR) range, and glass purity [15], still has
not been considered much in the AD region.

In this paper, we report the experimental and numerical results of the SC generation of the
PCF in the AD region. The tested fiber based on silica glass having 7 rings of air holes ordered
in regular hexagonal lattice with a solid core. Firstly, the tested-fiber dispersion characteristics
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was numerically simulated based on its cross-section of scanning electron microscope (SEM)
images and then verified experimentally using the Mach-Zehnder interferometric technique. Next,
SC generation was experimentally investigated and compared with the theoretical calculations
using the generalized nonlinear Schrödinger equation (GNLSE). The results demonstrate that SC
spectrum having a stable and flat were obtained within the wavelength range of 960 nm -1090 nm
when the input power 4.0 W is applied.

II. FIBER LAYOUT DESIGN AND DISPERSION MEASUREMENT

III. Development of the PCF

In our work, the designed PCF is made of silica glass using the stack and draw technique.
The manufacturing process consists of two main stages. First, a sub-preform was stacked from
capillary tubes and rods and the initial drawing was made with the low pressure to close the gaps
between capillaries and rods. Second, the final PCF structure was drawn from the sub-preform,
where a selective choice of pressure and temperature reduced the size of capillaries to the size
of the designed PCF structure. The PCF was fabricated at the Institute of Electronics Materials
Technology (ITME), Poland. The cross-section of the fiber is shown in Fig.1. The silica fiber has
a solid core with the diameter of 5.024 µm. The lattice constant Λ between air holes is 3.256 µm,
the filling factor d/Λ = 0.457 in the first ring. Meanwhile, the remaining outer rings, the filling
factor ranging between 0.37 and 0.52. The refractive index silica glass as a function of wavelength
is given by the Sellmeier equation as:

n(λ ) =

√
1+

B1λ 2

λ 2−C1
+

B2λ 2

λ 2−C2
+

B3λ 2

λ 2−C3
(1)

where B1 = 0.6694226, B2 = 0.4345839, B3 = 0.8716947, C1 = 0.0044801 µm2, C2 = 0.013285
µm2, C3 = 95.341482 µm2 are Sellmeier coefficients and λ is the wavelength [16].

Fig. 1. The SEM images of the fabricated PCF.
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III.1. Measurement of the characteristics dispersion
The dispersion property of the fiber consists of the waveguide and the material dispersions,

which is expressed by the parameter D as follows [17]:

D(λ ) =−λ

c
d2Reneff

dλ 2 (2)

where Re(neff) is the real part of refractive index of the propagating mode.
The dispersion characteristics of the test PCF are measured using a Mach-Zehnder interfer-

ometer setup [18] as presented in Fig. 2. In this case, we used the laser source (SuperK Compact)
emitting the light at a wavelength range of 400-2000 nm. In accordance, the detection was per-
formed by two spectrometers: a Thorlabs Compact Spectrometer CCS175/M operating from 0.4
to 1.1 µm and an Avantes AvaSpec-NIR256-1.7 spectrometer for the wavelength range of 0.9 to
1.7 µm. The length of test silica fiber was used 12.0 cm. In fact, we studied the simulation and ex-
perimental method of the zero-dispersion shift in PCFs infiltrated with water–ethanol mixture [19].
However, we used there a PCF with the same structure, for example, background material, number
of air hole rings but different in the lattice constant and diameter of air holes in this work.

Fig. 2. Mach-Zehnder interferometer setup used to measure dispersion in silica PCFs.

Obtained experimental data along with numerically calculated dispersion profile using real
fiber geometric parameters are shown in Fig. 3. The simulation was performed with the helping
of the Lumerical Mode Solution software [20] to calculate the dispersion characteristics of the
fundamental mode as a function of wavelengths. As results, experimental data and numerical
dispersion properties are well matched. Based on this simulation, the ZDW of the PCF is about
1.01 µm, while measured results indicate that ZDW is located at 1.025 µm (with error of 1.5%).
Thus, we obtained high correspondence in the location of the ZDW. The slight differences may
be due to the inaccuracies of tested-fiber geometrical parameters taken from only a single cross-
section image and the approximations in experimental data process.

IV. SUPERCONTINUUM GENERATION IN THE TEST PCF

In this section, firstly, the SC generation in developed silica PCF was measured using a
setup as shown in Fig. 4. In this setup, we used a femtosecond fiber laser emitting 400 fs pulses
with the central wavelength of 1.03 µm and 10 MHz repetition rate. The laser pulses from the
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Fig. 3. Measured and simulation results for chromatic dispersion of the test silica PCF.

SC source are directed into the first lens O1 by the system of mirrors M1. As a result, the laser
pulses were coupled into the fiber core and then propagate through the fiber and are collected by
the lens O2 behind the fiber output. Next, the light pulses were reflected by the mirror M2 and
directed to the camera C to check the coupling quality. After achieving the maximum coupling
efficiency, the light was directed into the multimode fiber M to the spectrometer. In this setup, we
used two spectrometers: Thorlabs Compact Spectrometer CCS175/M (ranges 0.4 -1.1 µm) and
Avantes AvaSpec-NIR256-1.7 (range 0.9 - 1.7 µm) to record the spectral output of SC generation.
Note that the fiber length used in this experiment was 12.0 cm.

Fig. 4. Schematic of the measurement for SC generation in the tested silica PCF.

The experimental results of the SC spectra in the test silica fiber for various input powers
are presented in Fig. 5. The broadening of the SC spectrum occurs symmetrically around the
central wavelength of 1030 nm. Besides that increasing the input laser power causes SC spectral
broadening. For example, for the case of input laser power is 3.0 W, broad SC spectrum is spanned
in the wavelength range of 970 nm - 1080 nm. Meanwhile, the input laser power is increased to
about 4.0 W, the SC spectrum is extended to a wider range spanning in the wavelength range
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of 960 nm -1090 nm. Because of the limited measuring range of the spectrometer we used, the
measured SC spectrum is shown only up to 1100 nm. Due to the pump wavelength (1030 nm)
is in the AD region, SPM, soliton fission and then FWM effect dominated during the process of
SC generation. Although the spectral bandwidth is not very wide, the stable and high-flatness SC
spectra were achieved.

Fig. 5. Measurement of output spectra in the tested silica PCF with different power of
the laser source.

Next, we numerically modeled SC generation in the tested silica PCF to verify the exper-
imental data. In order to achieve these goals, we solved the GNLSE using the Split-Step Fourier
method [17]. This equation has the following form:

∂A
∂ z

=− α
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n≥2
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+ iγ
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∫
∞

0
hR(t) |A(z,T − t)|2 dt

] (3)

where A = A(z, t) presents the complex amplitude of the optical field. α is the fiber loss. The
nonlinear coefficient is γ = n2ω0/cAeff , where n2 = 2.74× 10− 20 m2 W−1 is the nonlinear re-
fractive index of silica glass [17] and Aeff is the effective modal area of the fiber. λc denote the
center wavelength. βn are coefficients of the Taylor series expansion of the propagation constant
around the carrier frequency, fR is the fractional contribution of the Raman response to the non-
linear polarization, while, hR(t) represents the Raman response function, and was approximated
with a standard damped oscillator model, hR(t) = (τ2

1 + τ2
2 )τ
−1
1 τ

−2
2 exp(−t/τ2)sin(t/τ1).
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In the simulation, we assumed that a commercially available fiber based femtosecond laser
emitting with pump wavelength of 1.03 µm, the pulse duration of 400 fs and 12.0 cm fiber length.
The Gaussian pulse is considered as an input pulse. The Raman fraction fR of silica fiber is equal
to 0.18, τ1 = 12.2 fs, τ2 = 32 fs [17]. In this case, at the pump wavelength of 1030 nm, the effective
modal area is 12.74 µm2, the nonlinear coefficient is γ = 13.12 W−1km−1. Since length of test
fiber is short to consider in the simulations, the fiber loss is neglected.

Figure 6 shows the comparison between numerical simulations (blue curve) and experimen-
tal data (black curve) for the SC generation of silica PCF. As results, although the experimental
spectrum is slightly different from the numerical ones, a good consistency can be recognized in
the spectral width and major sideband positions.

Fig. 6. Comparison of experimental and numerical results for the SC generation in the
silica-PCF.
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Table 1. Over-review of experimental results for output spectral width in AD region of
PCFs around a central pumping wavelength of 1.03 µm.

Type of fibers Pump Regime Pulse length Pulse Spectral Refs.
wavelength energy/peak bandwidth

power (nm)
Silica-PCF 1.03 µm AD 400 fs 4.0 W 130 This work
Ytterbium-PCF 1.06 µm AD 9 ps 6.54 W 100 [14]
Silica-fiber 1.08 µm AD 300 fs 0.3 W 51 [21]
Yb-fiber 1.03 µm AD 50 fs 5.0 nJ 70 [22]

V. CONCLUSIONS

We presented experimental and numerical results of the SC generation in the AD region
of silica PCF. The flat and stable spectrum with bandwidths of 130 nm around the central pump-
ing wavelength was achieved with input power of 4.0 W. Because the pump wavelength is close
to the AD region, SPM, Raman scattering and FWM effect dominated during the process of SC
generation. In addition, increasing the input power causes pulse spectral broadening. Although,
the experimental spectrum is slightly different from the numerical ones, a good consistency can be
recognized in the spectral width and major sideband positions. The chromatic dispersion measure-
ments of the silica PCF were made based on the Mach-Zehnder interferometer. Our simulations
were conducted with input parameters taken from SEM image of the real fabricated fiber structure
and showed good agreement with the experimental results. The slight differences may be due to
the inaccuracies of tested fiber geometrical parameters taken from a single cross-section image
for calculations and the approximations of experimental data processes. We strongly believe that
this study of SC generation of a PCF in the AD region will pave the way to advances in the SC
generation technology.
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