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Abstract— In this letter, we numerically investigate the soliton-effect compression of femtosec-
ond optical pulses in highly nonlinear silica-core photonic crystal fiber (HN-PCF) at near-infrared
region of the spectrum (specially at 850nm) using full-vector finite element method and split-
step Fourier method. We propose a novel photonic crystal fiber structure featuring a anomalous
group velocity dispersion (82 = —50.698 ps?/km), small higher-order dispersions and enhanced
nonlinearity (7 = 268.4191 w~! /km) for efficient soliton-effect compression of femtosecond optical
pulses. We numerically investigate the effect of the high-order soliton compression of Gaussian
pulses in HN-PCF. It shows that high-quality ultrashort optical pulses with little pedestal energy
can be obtained.

1. INTRODUCTION

Utrashort optical pulses have potential applications in ultrafast optical communication, optical
signal processing, optical machining, sensing technology and other fields. Fiber-based pulse com-
pression technology is one of effective ways for obtaining ultrashort optical pulse. However, the
conventional fiber has been restricted by its geometric parameters and it’s not easy to get a good
pulse compression effect. Highly nonlinear photonic crystal fibers effectively overcome the defi-
ciency of conventional fiber, and greatly improve the efficiency of pulse compression. Thus, the
photonic crystal fiber-based pulse compression technology has become a hotspot in the research of
pulse compression technologies.

Highly nonlinear photonic crystal fiber has important applications in various areas such as
ultrashort laser pulse frequency conversion, spectrum broadening, pulse compression, wave breaking
and so on. The effect of high nonlinearity can be achieved by minishing the area of core, increasing
the air filling fraction or using the background material with large nonlinear refractive index.
The development of optical communication system has experienced the process from the short
wavelength (850 nm) to the long wavelength (1310 nm and 1550 nm), considering the communicating
cost of the short wavelength of 850 nm is lower than the long wavelength, we numerically investigate
the compression of femtosecond optical pulses in HN-PCF at 850 nm.

In recent years, pulse compression at near-infrared region of the spectrum were extensively
investigated. In 2010, Abobaker etal. [1] investigated a new design of PCF in order to achieve
efficient pulse compression at length at 850nm, that compression factor is 21.49 which is almost
13.02 times greater than adiabatic pulse compression. Fedotov et al. [2] investigated the 20 fs pulses
in the near-infrared by pulse compression in the regime of normal dispersion using a large-mode-
area all-silica photonic band-gap fiber, whose central wavelength is 1140nm. Abobaker et al. [3]
designed a pulse compressor using a tapered PCF wherein dispersion as well as nonlinearity varies
along the propagation direction, and discussed the generation of pedestal free ultrashort pulses
around 850 nm. Olupitan et al. [4] designed a pulse compressor using a tapered PCF, and studied
the possibility of generating pedestal-free ultrashort pulses around 850nm using eight chirped
cosine pulses. In 2014, Ghanbari etal. [5] proposed a novel nano-size silica PCF structure and
investigated the dynamics of soliton-effect compression of femtosecond optical pulses in silica-core
PCF at 850 nm.

In this paper, we designed a novel silica-core photonic crystal fiber structure, simulated the index
of the fundamental guided mode using full-vector finite element method, the results show the PCF
has a minimum anomalous group velocity dispersion, small higher-order dispersions and enhanced
nonlinearity for efficient soliton-effect compression of femtosecond optical pulses at 850nm. We
investigated the Gaussian pulses and investigate the effect of the high-order soliton compression in
HN-PCF using split-step Fourier method. It shows that high-quality ultrashort optical pulses with
little pedestal energy can be provided. The parameters, such as the fiber length, chirp parameter or
the soliton order, have significant influence on the pulse compression properties, such as compression
ratio and peak power.
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2. THEORETICAL ANALYSIS

The total dispersion of photonic crystal fibers includes waveguide dispersion and material disper-
sion [6]. Due to the photonic crystal fiber is generally composed of a single material such as pure
silica, so the material dispersion is unchanged. The waveguide dispersion is related to the geo-
metrical arrangement, hole pitch (A), wavelength (\), and normalized air holes diameter (d/A) are
the main factors on which the waveguide dispersion of photonic crystal fibers depends. The total
dispersion is given by ,
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where c is the velocity of light in a vacuum, A is the wavelength, Re[n.g(\)] is the real part of the
effective refractive index, The material dispersion (D,,) which is represented by Sellmeier equation.

We consider a PCF with a triangular lattice of holes as shown in Figure 1, where d is the hole
diameter, A is the hole pitch, an air hole is omitted to form a central high index defect serving as
the fiber core [7].

The dispersion parameter, D which is commonly used in fiber optics, is related to the group
velocity dispersion (GVD) parameter (2 given by

AZ
=——D 2
B2 - (2)
The nonlinear coefficient v is defined as
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where A.g is the effective mode area, ¢ denotes the speed of light, no is the nonlinear refractive
index.

We use the generalized nonlinear Schrodinger equation which describes the propagation of fem-
tosecond pulses in photonic crystal fibers. In the normalized coordinates commonly used for de-
scribing optical solitons, the Equation (3) takes the form
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where U is normalized amplitude, the parameter « represents the fiber’s intrinsic loss, which is
given by 0.02dB/m, (2, (B3, B4, B5 are GVD, TOD, FOD, and fifth-order dispersion, respectively.
~ states as the nonlinear coefficient, wg is the central angular frequency, Tr = 3fs is the slope of
Raman gain profile at the carrier frequency [8]. The last three were self-phase modulation (SPM),
self-steepening (SST) and intrapulse Raman scattering (SRS), respectively.

To generate N-th order soliton, the following equation should be satisfied
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Figure 1: The model of PCF.
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where Py is the peak power of the incident pulse, the normalized distance £ (£ = z/Lp), the
dispersion length Lp (Lp = T3 /|B2|), the nonlinear length Ly (Lnz = 1/vpo).
The obtained pulse compression is characterized by the compression factor F, defined by:

Fr=
C= 7,

(6)

where Ty and T, are the half-width (at 1/e-intensity point) of input and output compressed pulse,
respectively.

3. NUMERICAL SIMULATION

3.1. Dispersion of Photonic Crystal Fibers

The effective refractive index can be calculated by using full-vector finite element method, suppose
the normalized air holes diameter (d/A = 0.8). Figure 2 shows the group velocity dispersion (GVD)
varies with a function of wavelength. It can be seen in Figure 2, there is a minimum and nearly
flat region of negative GVD, the nearly flat region is shifted to higher wavelengths by changing the
pitch (A). By choosing the proper pitch (A), this region can be centered at desired wavelengths.
As can be seen in Figure 3 by choosing the values A = 0.9 um and d/A = 0.8, the minimum and
nearly flat region can be centered at 850 nm, 33 is —50.698 ps?/km.

For the propagation of pulses with femtosecond duration, it is necessary to include the higher-
order dispersions. Therefore, we use the generalized nonlinear Schrédinger equation which included
the third-, fourth- and fifth-order dispersion. the result is that 33, 84 and (35 are 0.01982 ps® /km,
2.463 * 10~ 4 ps? /km and —8.0362 * 10~ 7 ps® /km at 850 nm, respectively.

3.2. Soliton Propagation in Photoniccrystal Fiber

Figure 3 shows the effective mode area of the PCF for d/A = 0.8 and A = 0.9 um. A.g is 0.881 pm?
at 850 nm, v is 268.41908 W1 /km, so this fiber is a highly nonlinear photonic crystal fiber.

Equation (4) is solved numerically by using the split-step Fourier method, the numerical simu-
lations taking into account SPM, GVD, TOD, FOD, fifth-order dispersion, SST, SRS. The input
pulses are assumed to be chirp free and have Gaussian shapes with initial width of Trwmyv = 100 fs,
U(0,T) = exp(—0.572).

To change the soliton order IV, we conduct the numerical simulation of optical pulse compression.
Figure 4 shows that the compression factor F, as a function of soliton number NN, respectively. F,
reach the maximum when N = &, it has a good pulse compression effect while the peak power of
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Figure 2: GVD of the PCF as a function of wave-  Figure 3: The effective mode area of the PCF for

length for different pitches and d/A = 0.8. d/A =0.8 and A = 0.9 pm.
1221 .
12,0 51 |
output pulse

11.8] > 5] putp
11.6 2
11.4 ] . £ 49

w112 /\/ % 3]
110 £
10.8 1 / € 2]
10.6 z

1]
10.44 J
102 +— : : : : : 0 : ‘ ‘ e ‘
4 5 6 7 8 9 150 -100 -50 0 50 100 150
N Time (fs)

Figure 4: The compression factor F. Figure 5: The input and output compressed pulse.
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initial pulse P0=3357.8 W. It can be seen in Figure 5 that we get an output compressed pulse of
Ty = 4.96 fs at the propagation distance of 5.66 mm.

4. CONCLUSION

Due to the flexible design of photonic crystal fiber structure, it has the highly nonlinear parameter
and adjustable dispersion characteristics, we can obtain a high-quality compressed pulse using a
shorter fiber. We propose a novel photonic crystal fiber with the normalized air holes diameter
d/A = 0.8 and the hole pitch A = 0.9 um, the photonic crystal fiber structure shows a anomalous
group velocity dispersion, small higher-order dispersions and enhanced nonlinearity at 850 nm, a
compressed pulse of Ty = 4.96 fs can be obtained using a 5.66 mm highly nonlinear photonic crystal
fiber.
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