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Abstract

Supercontinuum spectrum generation is a process in which laser beam in femtoseconds
and high power (kilowatts) is converted into a broad-spectrum beam of light after passing
through a specific environment. Of course, achieving this range comes with many limita-
tions. In this paper, photonic crystal fibers are used as a substrate for input pulse due to the
ability to control dispersion and loss, and creating single-mode operating conditions. One
of the main factors for the formation of supercontinuum spectra of injection pulses is main-
taining the nonlinear performance of this type of fiber by controlling the effective mode
area and also using chalcogenides (nonlinear coefficients about 100 times higher than sil-
ica) in their structure. In the proposed structure, a photonic crystal fiber with silica base
element and air cavities with hexagonal structure with the center of Ge,; sAs,,Se¢, 5 chal-
cogenide element have been used to provide the nonlinear property of the structure. Also,
in this structure, a ring of Ge,,Sb,sSe¢s chalcogenide elements has been used to reduce
the effective mode region and create a flat dispersion curve at a wavelength of 1300 nm
(second telecommunication window). The input pulse power is 10 kW and its width is 50
femtoseconds, which has caused the range of the supercontinuum from 800 to 1900 nm.
This structure can be used to provide the required wavelengths as a carrier in a wavelength
division multiplexing.
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1 Introduction

In recent years, photonic crystals or dielectric structures whose refractive index changes
periodically have come to the attention of researchers. The behavior of these crystals
against the propagation of waves is similar to the behavior of semiconductor crystals

D4 Saeed Olyaee
s_olyaee@sru.ac.ir

! Nano-Photonics and Optoelectronics Research Laboratory (NORLab), Shahid Rajaee Teacher
Training University, Tehran 16788-15811, Iran

Photonic Devices Research Lab, Shahid Rajaee Teacher Training University, Tehran, Iran

@ Springer


http://orcid.org/0000-0002-6154-7646
http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-021-03099-0&domain=pdf

461 Page2of 11 A. Cheshmberah et al.

against the emission of electrons. In fact, this is due to the similarity of the Schrodinger
equation in solid state physics and the Helmholtz equation in electromagnetism. The
refractive index behavior in the Helmholtz equation is the same as the potential electric
behavior in the Schrodinger equation. Therefore, the behavior of photonic crystals (struc-
tures with alternating refractive index) against photons is similar to the behavior of semi-
conductor crystals (structures with alternating electric potential) against electrons. To emit
an electromagnetic wave, there must be a match between the emitted wavelength and the
dimensions of the photonic crystal. Millimeter-sized photonic crystals can be designed
to control microwaves, and micrometer-sized crystals can be designed to control infrared
waves. The propagation of waves in an environment is described by the dispersion relation-
ship between the frequency and the wave vector. The dispersion relationship can be quite
complex considering a heterogeneous substance. The propagation of waves in a crystal will
depend on how the wave enters the crystal, in other words, the wave propagation must
be considered. The periodicity of the photonic crystal structure is the main reason for the
formation of the band structure. The wavelengths of light that are allowed to propagate are
called modes. Permitted diffuse modes form energy bands. In the frequency domain, within
the band structure, there are continuous and boundary frequency ranges that do not allow
the propagation of waves in the photonic crystal in these areas (Saldafa-Diaz et al. 2019;
Mohebzadeh-Bahabady and Olyaee 2020; Guo et al. 2021; Prandin 2021; Arman and Oly-
aee 2020; Ferhat et al. 2018; Russell 2003; Veisi et al. 2021).

Photonic crystal fibers (PCFs) are novel light waveguide structures that have drawn
researchers’ interest in recent years. More recently, fibers have been suggested by research-
ers for various applications, including sensor design, optical telecommunication systems,
due to their specific advantages and features. The focal points of these filaments incorpo-
rate the simplicity of dispersion designing and the control of nonlinear parameters over
the required wavelength run. One of the applications of these strands is to deliver a super-
continuum (SC) spectrum. The supercontinuum range may be a broadband coherent range
that will be created by infusing a high power and femto second input pulse to a nonlinear
environment (Yan et al. 2013; Chauhan et al. 2020; Dashtban et al. 2021; Hui et al. 2013).

Creating a supercontinuum range based on photonic crystal fiber requires fitting of dis-
persion profile and improving of nonlinear parameters. Dispersion in a fiber occurs when
an optical pulse travels through an optical fiber and its power is dispersed over time, so
the pulse propagates over a wider period of time. The main kinds of dispersion are modal,
material, waveguide, polarization, and nonlinearity. Dispersion can occur in two normal
and anomalous areas. In a normal area, the group velocity is less than the phase veloc-
ity, in which the refractive index increases with increasing frequency (Medjouri and Abed
2019b).

In an environment with anomalous dispersion, unlike a normal environment, the phase
velocity is higher than the group velocity, and also in this environment, a fuzzy velocity
greater than the speed of light in a vacuum can be achieved. In this area, the dispersion plot
no longer works as expected and we see strong absorption.

In the area of anomalous dispersion, soliton dynamics, dispersive wave generation,
the change in self-Raman frequency is decisive in the process of SC production, but in
the region of normal dispersion, self-phase modulation (SPM) and optical wave breaking
(OWB) are effective in supercontinuum production (Wang et al. 2018).

In 2015, Saini et al. designed a triangular-core photonic crystal fiber with As,Se; and
supercontinuum produced (1.9-10 pm) with pump pulse at 4.5 pm and average power of 0.75
kw (Saini et al. 2015). Also, a design in Chg As,Se; PCFs, by input pulse at 2.5 pm which
can increase the SC spectrum more than 4 pm (Hu et al. 2010) was proposed. Sharma et al.

@ Springer



Design of all-normal dispersion with... Page3of11 461

have obtained broadband SCG with bandwidth of 6.3 pm by utilizing dispersion engineered
GeSe2-As2Se3-PbSe based chalcogenide (Chg) PCF (Sharma et al. 2020). In addition, mid-
IR supercontinuum in wavelength range of 8 um in an As,Se; PCF with power of 10 kW was
reproduced (Yuan 2013). In 2019, a supercontinuum from 2.43 to 4.85 pm was achieved by
pumping into a Chg glass optical fiber As;ySes; with wavelengths 3.45 pm (Medjouri and
Abed 2019a). In 2018, a spectra spanning from 480 nm to over 2000 nm with 215 W of aver-
age power was achieved (Zhao et al. 2018).

All normal dispersion and nonlinear Chg glass were recently studied (Medjouri et al.
2019). Seven rings of air holes arranged in a hexagonal lattice surround the GagSb;,Sg,. Sim-
ulations showed that the wavelength range from 1.65 to 9.24 pm at 20 dB in this structure was
broadband and completely (Medjouri et al. 2019). For more, a type of Chg AsSe2 for broad-
band MIR light source was designed. Broadband coherent SC generation with more than 3
octave spanning from 1.7 to 14 pm achieved (Diouf et al. 2016).

Recently, we presented a paper on the use of a 5 mm photonic crystal fiber based on chal-
cogenide elements, with a pulse input of 100 fs and a power of 1 kW of spectral bandwidth of
5 pm produced in the third telecommunication window (1550 nm), which used in WDM as a
carrier in optical telecommunications (Cheshmberah et al. 2020).

In this paper, the dispersion engineered Chg PCF is analyzed, which can be used in
ANDiI areas to produce flat broadband supercontinuum spectra. Bandwidth of 1100 nm
with pump power equal to 10 kW is given by the hexagonal chalcogenide PCF made from
Ge;; 5A5,,S¢eq, s/GeySbsSegs pumped at 1300 nm. In addition, the zero-dispersion wave-
length (ZDW) at the second telecommunication is achieved. Although the spectral bandwidth
of the SC in this paper is shorter than the previous paper, it also has a shorter length (1 mm),
which is an advantage of this designed PCF. The SC in the previous article (Cheshmberah
et al. 2020) is in the third telecommunication window (1550 nm), but here the central wave-
length of the SC is 1300 nm, which changes its use in WDM.

2 The principles
The supercontinuum generation’s mathematical modeling is based on a generalized time-

domain nonlinear Schrodinger equation (GNLSE), which takes the linear and nonlinear effects
into account, for a pulse envelope that varies slowly A (z, t) (Siwach et al. 2018):
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where « is the loss coefficient and f,(w,) = d"p/dw” is the dispersion coefficient of n-th
order associated with the propagation constant f(w,) extension of the Taylor series around
a pump frequency w,. The first term f; provides an efficient propagating optical mode
index and the second and third terms (f; and f,) are related to the group velocity and the
GVD of the pulse (Chauhan et al. 2018; Hui et al. 2015).

The response function, including the Raman and Kerr nonlinearities, is represented by:

R() = (1 = fR)6( —1,) + frhp(@) )
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where (z,) and (z,) are Raman duration and lifetime, f, and hg(f) are respectively frac-
tional contribution of the Raman response and Raman response function (Vyas et al. 2016):

2 2 ! ’
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where f is equal to 0.031 for Ge,, ;As,,Seq, 5 chalcogenide glass, and 7, = 15.5 fs and
7, = 230.5 fs are two adjustable parameters.

The ultra-short pulse of light which can be produced by mode-locking fiber lasers (Hui
et al. 2019, 2020; Shi et al. 2014), due to the optical effect of the environment, alters the
refractive index by introducing it into the environment. By producing a fuzzy shift in the
pulse, these differences in the refractive index contribute to shifts in the frequency spec-
trum. As the field increases, there will also be major changes in the nonlinear coefficient,
allowing the phase to change; the angular frequency will adjust as a result (Diouf et al.
2017).
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Using the Sellmeier dispersive model, the refractive index depending on the wavelength
of Ge,; sAs,45€4, 5 can be obtained as:

5.7852542 0.3970542

2
AH=1+
@l A2 —0.287952 A2 —30.393882

(6)

3 Results and discussions

The proposed structure is shown in Fig. 1, which is made of silica and hexagonal lattice
of air-holes and the inner ring of Chg Ge,,Sb,5Se4s centered on Ge,; sAs,4Seg, s.Dc is the
core radius and equal to 0.284 and D2 is made of Ge,,Sb;sSes equal to 0.36 pm. Both of
(A1) and (A2) are 1 pm.

The difference in refractive index between the central element of the photonic crystal
fiber structure, chalcogenide, and silica causes the beam to concentrate in the center of
the structure due to the total internal reflection (TIR). For this reason, Ge,; sAs,,Seg, 5 has
been used here (Fig. 2).

In the continuation of the dispersion analysis, the effective refractive index (n.y) of
the basic mode of the photonic crystal fiber was first measured and changes in operating
wavelength (A) were shown in Fig. 3. We have found that the magnitude of effective mode
region of the propagating mode is less sensitive to the structural parameters after investi-
gating the impact of small variations in the values of d2. The closer the refractive index
changes to the fiber core refractive index, the better the fiber achieves. As shown in the
figure, we will have the least changes in refractive index at wavelengths of 1-1.7 pm.

The dispersion of the group velocity is a wavelength feature, and the dispersion profile
is engineered by the variation of the hole radius and the constant of the lattice. The disper-
sion profile is calculated for various core and pitch sizes in order to achieve the optimum
structure. For various core sizes, Fig. 4 shows the dispersion profile. If the core radius is
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0.284 pm, the dispersion is very poor at 1300 nm in the ANDi region and the profile is
smooth. Decrease in the core radius does not dramatically affect the overall dispersion
value, but the wavelength appears to be smaller and the dispersion profile still remains in
the area of anomalous dispersion (Zhang et al. 2018).

In order to produce a flat dispersion profile, a Chg ring added around the core. The dis-
persion anomaly increases without this ring of chalcogenide holes and the dispersion pro-
file is not flat. As shown in the Fig. 5 when D2 is greater than 0.32 pm, the dispersion slope
changes from the anomalous dispersion region to the ANDi and the dispersion curve peak
arrives at shorter wavelengths (Kalantari et al. 2018; Karim et al. 2017).

Another factor affecting dispersion is the number and radius of cladding air holes, but it
has little influence on dispersion, since due to the core and the Chg ring, the main mode is
concentrated in the middle. Moreover, we should not eliminate them due to the ineffective-
ness of the air cavities, because in fact, the beam leaves the center and deviates towards the
air cavities, so that they can not be removed from the structure (Fig. 6).

The presence or absence of chalcogenide holes is shown in Fig. 7. Obviously, we need
a flat dispersion profile at that range of wavelengths to provide a symmetrical supercon-
tinuum spectrum around 1300 nm wavelengths. When air holes are used instead of Chg in
the inner ring of the proposed structure, ZDW occurs at lower wavelengths and enters the
anomalous dispersion region at higher wavelengths, which is undesirable for symmetrical
supercontinuum spectra to be generated.
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The effective mode area of the designed PCF is shown in Fig. 8. We found that at
short wavelength, the proposed PCF showed a small effective mode area. At a pump
wavelength of approximately 1300 nm, A, was about 0.2 pm?®. Also we find that
Ge, | sAsy,S¢eq, s PCF has a high nonlinear coefficient (y =232).
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Fig.9 SC generation for pulse durations of 50, 100, and 150 fs and pump wavelength 1300 nm, peak power
of 1000 W

Table 1 SC generated spectra confronted to PCF designs made of various types of ChG glass

Reference ChG glass Pumping wavelength SC band-

(pm) width
(nm)

Lietal. (2019) As,Se; 43 1030

Romano et al. (2020) Thulium-doped 1.9 700

Maji and Chaudhuri (2014) Water or ethanol 1.8 450

Xing et al. (2018) GeAsSe—AsSe 2.08 420

Maji et al. (2015) As, S5 2.8 700

This work Ge,; sAsy,Seq, s/ 1.3 1100

Ge,,Sb5Segs

Simulation results show that we achieve spectral enlargement from 900 to 1800 nm by
using 50 fs pulse length and peak power of 1000 W (Fig. 9a). The spectral broadening is
mainly around 700 nm, from 900 to 1600 nm, by using 150 fs pulse length (Fig. 9c).

It is not suitable for the development of SC, according to the drawn diagrams, to
increase the radius of the inner chalcogenide holes and also to reduce the distance between
them due to the presence of the dispersion profile in the normal dispersion field.

The SC range obtained at pumped wavelength is compared with references (Li et al.
2019; Romano et al. 2020; Maji and Chaudhuri 2014, 2015; Xing et al. 2018) in Table 1.
Proposed Chg core PCF has a short duration with a wide bandwidth than those recently
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Fig. 10 The spectral evolution of %1073
the generation of SC by pumping
in a 1 mm length of the proposed
structure 50 fs pulse period and
10 kW peak power

Distance / m

0
600 800 1000 1200 1400 1600 1800 2000 2200 2400
Wavelength / nm

released, and can be selected from the table. In addition, the proposed Ge,; 5;As,,Seq, 5
PCF indicates a high potential for broadband and ultra-flat SC spectrum generation that
ranges from 800 to 1900 nm, which is useful for WDM in 1300 nm.

The pulse evolution and spectral expansion at 1 mm of the proposed PCF duration is
shown in Fig. 10. In this case, in the simple quasi-TE mode, the period of the input pulse is
50 fs, where its power is 10 kW at a middle wavelength of 1300 nm. It is shown that, after
approximately 0.3 mm, the spectrum reaches relative equilibrium and is stable at 0.3 mm
(Seifouri et al. 2017a, b; Krishna et al. 2017).

4 Conclusion

In summary, for coherent broadband and ultraflat-top SC generation, we have studied an
all-normal dispersion and highly nonlinear PCF dependent chalcogenide. The proposed
PCF consists of a core made of Ge;; 5As,,Seq, s surrounded by rings of Ge,,Sb,5Se¢s
and air holes. By changing structural parameters, the PCF was designed for pumping at
wavelengths of 1300 nm. The presented design allowed the supercontinuum bandwidth of
1100 nm at power of 10 kW to be obtained. The generated SC with a central wavelength of
1300 nm can be used in WDM as a carrier.
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