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We numerically calculated multi-octave spanning supercontinuum generation (SCG) in two proposed As;Ses
photonic crystal fibers (PCFs) with low input peak powers and highly coherent characteristics with the effects of
vacuum noise and pulse-to-pulse relative intensity noise. The first PCF with a lattice constant (A) of 1.5 um and

DisPérSion . core diameter (dcore) of 5.48 pm has the flat all-normal dispersion in the wavelength range of 2-10 ym. For the
Nonlinear optics . .o . . . .
Coherence input peak power of 5 kW, this fiber generates the all-normal dispersion SCG with a spectral bandwidth of

1.85-5.7 ym with pump wavelength at 3.5 um, and two octave-spanning of 1.9-7.6 pm with pump wavelength at
5.5 um. The second PCF with A of 1.52 ym and dgor of 7.3 pum has flat dispersion and two zero-dispersion
wavelengths at 4.3 ym and 7.8 pm. By launching the input peak power of 7.5 kW, and pump wavelength at
3.5 um, the second PCF generates the broad SCG with a spectral bandwidth of 2-10 um. The SCG in two proposed
PCFs has high coherence due to the effects of vacuum noise. However, the results of our works point out that
pulse-to-pulse relative intensity noise significantly decreases the coherence. The amount of coherence reduction
depends on the pulse duration and the physical mechanism for spectral broadening in which a part of the
supercontinuum spectrum induced by optical wave breaking and dispersive wave experiences a remarkable

reduction of coherence due to the effects of pulse-to-pulse relative intensity noise.

1. Introduction

Fiber-based supercontinuum (SC) sources with broad spectral
bandwidth and high brightness have found widespread applications in
optical coherence tomography [1,2] frequency metrology [3,4] fluo-
rescence lifetime imaging [5]. Recently, the SC sources cover the spec-
trum from ultraviolet (UV) up to the mid-infrared (IR) range with the
brightness 1-2 orders higher than that of a typical synchrotron beamline
[6]. They are also recognized and well-established technology with
plenty of solutions, including commercial ones. The general approach
for supercontinuum generation (SCG) is to launch the laser pulses with
high peak power into a nonlinear optical fiber. Due to the effects of
dispersion and nonlinearity, the input pulses are broadened in both
temporal and spectral profiles [7]. The nonlinear fibers are typically
fabricated from silica because this material has high transparency,
exceptional purity, non-crystallization, and easy for fiber fabrication
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using the conventional stack-and-draw method. However, the main
drawback of silica, besides the low nonlinearity, is a limitation of
transmission in IR range. Therefore, SC sources based on the silica fiber
are typically limited to around 2.4 pm.

The development of non-silica materials with high nonlinearity and
high transparency in the IR range has been bringing the SCG with a
spectral bandwidth that exceeds the inherent limitation of silica.
Chemnitz et. al. reported the SCG (up to 3 um) induced by hybrid soliton
dynamics in liquid-core fiber [8]. The hybrid soliton originates from the
non-instantaneous mechanism, and it can mitigate the effects of vacuum
noise. As a result, soliton-induced SCG in the liquid core fibers exhibits a
high coherence across the entire generated bandwidth [8]. With the high
nonlinearity and high transparency of selected liquids, liquid-core fibers
enable the broad SCG from visible to mid-IR range with low input peak
powers [9-12]. Other works considered antiresonant fibers infiltrated
with noble gases for SCG. The gas-core fibers, with the flexibility to
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optimize the dispersion and nonlinearity via changing the pressure and
temperature, have been used for broad SCG ranging from UV to mid-IR
range [13,14]. However, the use of liquid core and gas core fibers usu-
ally needs an additional system, such as a liquid reservoir or gas cell, to
keep the liquid/gas fully into the core during the SCG measurements
[13-15]. Moreover, the free-space coupling is necessary for the SCG
system because the coupling of liquid-core/gas core fibers with standard
silica fibers is still a challenge. Therefore, the development of a compact
all-fiber SCG system with the use of liquid-core/gas core fibers is limited.

Another attractive approach for SCG is to use optical fibers made
from soft glasses, such as telluride [16], ZBLAN [17], chalcogenide
[17-20]. Among the soft glasses, chalcogenide glasses have a high
nonlinear refractive index and high transparency from visible to mid-IR
range, even up to 20 pm [17,19]. The SCG in chalcogenide fibers have
covered the biological and chemical “fingerprint” region of the elec-
tromagnetic spectrum, and it is the potential to use for applications in
microscopy [21], spectroscopy [22], biomedical imaging [23], and early
cancer diagnostics [24].

A number of several experimental and theoretical investigations on
mid-IR SCG have been demonstrated in chalcogenide fibers [17,19]. Due
to the straightforward fiber fabrication, the step-index chalcogenide fi-
bers are used for SCG up to 16 um [25]. However, the step-index fibers
have the limitation of design to optimize the dispersion and mode
properties for SCG. In such a case, the dispersion of the fibers is modified
by only changing the core diameter or fiber materials. Other methods to
modify the properties of step-index fibers have been reported in
[26-29]. The post-processing method using tapered chalcogenide fibers
can offer the fibers with small effective mode areas and all-normal
dispersion in the investigated wavelength range [26,27]. Other works
used the cascade fibers systems for SCG with a commercial femtosecond
laser as a pump source [28,29]. In this system, the laser pulse is coupled
into the fiber with a zero-dispersion wavelength (ZDW) closed to the
pump wavelength, the laser pulse is broadened, and then, coupled into
the chalcogenide fiber to extremely spans the pulse up to mid-IR range.

As an alternative, chalcogenide photonic crystal fibers (PCFs) with
the design flexibility to modify the fiber dispersion characteristics have
been considered for SCG. In the case of PCFs, the dispersion and mode
properties can be optimized by changing the geometrical parameters,.i.
e, lattice pitch, size of air holes in the cladding region. The selection of
previous works for broad-spanning SCG (more than one octave) in
chalcogenide PCFs is shown in Table 1. The PCF with the size of air holes
in the first ring smaller than that of outer rings in the cladding region
offers the all-normal SCG with a spectral bandwidth of 2-4.55 ym [30].
The further decrease of core diameters increases the nonlinear co-
efficients, and thus, the PCF with a core diameter of around 1.3 pm
generates the all-normal dispersion SCG with a spectral bandwidth of
2-9 ym with low input peak power (1.6 kW) [31]. The circle lattice PCF
with a core diameter of 3.2 um is also used for the all-normal dispersion
SCG with a spectral bandwidth of 1.6-7 pm [39]. PCFs with the
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difference of material between the core, rod in the cladding, and the
substrate are considered for SCG [33,41]. The modification of the ma-
terial of cladding holes leads to the change in the contrast of refractive
index between the core and cladding, and thus, this can optimize the
dispersion and mode properties of the fibers for SCG. The As,Ss-based
PCF, with the first ring of hole-cladding made from borosilicate, has the
flat all-normal dispersion from near to mid-IR range [33], and it is
impossible to use further short pump wavelength (2.5 um) for broad
all-normal dispersion SCG with a spectral bandwidth of 1.05 — 5.05 um
[33]. Other works consider the chalcogenide PCFs for anomalous
dispersion SCG [32,34-36,40]. The soliton dynamics are the dominant
contribution for broad spectral broadening with low input peak power.
However, the soliton-induced SC spectrum is not flat and exhibits low
coherence via the effects of vacuum noise.

Almost all of the previous works use the chalcogenide PCF with a
small core diameter (below 4.5 pm) [30-33,35-40] for mid-IR SCG.
Unfortunately, the small core PCF typically has high confinement loss in
the long-wavelength range, this leads to the reduction of spectral
broadening and brightness of the SCG at the long wavelength. Moreover,
the small core fiber offers a low coupling efficiency of the light from the
laser into the fiber core in SCG measurement. Besides, all of the previous
works considered only the effects of vacuum noise on the coherence of
the SCG. It is worth noting that the coherence also depends on the other
noise, e.g, pulse-to-pulse relative intensity noise (pulse-to-pulse noise)
[42]. Therefore, taking pulse-to-pulse noise into account the analysis of
the coherence of SCG is necessary.

In this paper, optical properties of solid core As;Ses-based photonic
crystal fibers with various lattice constant A and filling factor d/A are
numerically investigated in the mid-IR range. Chromatic dispersion and
linear properties have been thoroughly analyzed by taking into account
the effects of the lattice constant A and the filling factor d/A. The values
of A and d/A vary in the range of 1-2.5 um, and 0.3-0.8, respectively.
Next, the SCG in two proposed PCFs with flat dispersion is simulated
using femtosecond laser pulses. The coherence of SCG with the effects of
vacuum noise and pulse-to-pulse noise is also numerically calculated.
We chose AsySes because this glass has a high nonlinear refractive index
of 1.1 x 107Y m? W! [43] and high transparency. The softening
temperature of the As,Ses glass is around 188 °C that allows coating the
final fiber structure with other materials such as Poly (methyl methac-
rylate) during the fiber fabrication process.

2. Numerical modeling

The schematic cross-section geometrical structure of the solid core
AsySes based PCF is shown in Fig. 1. The fiber structure is in a hexagonal
lattice with seven rings in the air-holes cladding region. The light is
propagated in the defect of the fiber structure by removing two central
rings of air-holes. The core diameter is determined by the formula d o=
4A - d, where A and d are lattice constant and the diameter of the air

Table 1
The SCG in chalcogenide PCFs with broad spectral bandwidth (more than one octave) pumped by femtosecond pulses.
# ChG glass Pump wavelength Pulse duration Peak power Spectral bandwidth Normal/anomalous Refs Year.
(um) (fs) (kw) (um) dispersion Pub
1 As,yS3 3 50 1 2-4.55 all-normal [30] 2013
2 As,Ses 5.24 50 1.6 2-9 all-normal [31] 2015
3 Geq1.5A524S€64.5 3.1 85 3 1-15 anomalous [32] 2016
4 As,Ss 2.5 50 28.16 1.05-5.05 all-normal [33] 2016
5 Ge11.5A524S€64.5 4.1 50 2 2-15 anomalous [34] 2017
6 AsyS3 2.5 100 20 1-10 anomalous [35] 2018
7 GagSb3,Se0 4 90 8.19 1-14 anomalous [36] 2018
8 AszoSes; 3.35 50 5 1.95-6.58 all-normal [37]1 2019
9 GagSb3,Se0 4.5 50 20 1.65-9.24 all-normal [38] 2019
10  Ge;s5SbisSeyq 3 50 20 1.6-7 all-normal [39] 2019
11 GeSe,As,SezPbSe 3 85 0.95 2-11 anomalous [40] 2020
12 As,Ses, AsSe, and 5 200 20 2.2-10 all-normal [41] 2020

As5Ss
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Fig. 1. The geometrical structures of large solid core PCFs with hexagonal and
As,Ses substrate.

holes, respectively.
The refractive index of AsySes is shown in Sellmeier’s equation as
given in Eq. (1) [44]:
) 4.9948722*  0.1207154 1.7123694

—1= + + 1
" 22 —0241642 12 —192  A* —4x0.241642 )

The fiber dispersion consists of the waveguide and material disper-
sion. It is determined as given in Eq. (2), where Re[n.g] is the real part of
the effective refractive index of a guided mode.

_Ad*(Re[ng])
c dr

D= 2

The preliminary simulation for dispersion with different values of
lattice constant and diameter of air-holes is implemented using the finite
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difference eigenmode (FDE) method with a commercial Lumerical
Model Solution [45]. In the case of the FDE method, the cross-section of
fiber is divided into many rectangular sections. Each section has a size of
80 nm. In simulations, the lattice constant varies from 1.0 to 2.5 pm and
the filling factor d/A varies from 0.3 to 0.85. The boundary condition for
the simulation herein is perfect matched layer (PML) boundaries. This
boundary condition allows the radiation to propagate out of the
computational area without an interferometer with the field inside, and
boundaries absorb incident light upon them.

Fiber dispersion characteristics with various values of lattice con-
stant and filling factors are presented in Fig. 2. In the case of small cores
(A =1 and 1.5 pm), the dispersion shapes critically depend on A and d/A
(i.e., increase of d/A leads to the dispersion that is clearly shifted toward
the anomalous regime). In contrast, the fibers with further large cores (A
= 2.5 um) have dispersion shapes which are not sensitive to changing of
A and d/A.

Almost all of the investigated PCFs have two ZDWs, Fig. 2. The short
zero-dispersion wavelengths (ZDW;) are located around 3-4 ym, and
the other one (ZDWy) is from mid-IR to long-wavelength IR range. For a
given value of A, the increase of the filling factor leads to the blueshifts
of ZDW; while ZDWj shifts toward longer wavelengths.

Due to the negative effects of the material dispersion of AsySes, the
large core fibers have anomalous dispersion in the mid-IR range with
A > 5 um, Fig. 2(c,d). Meanwhile, the fibers with a small value of A offer
the all-normal dispersion with the value of filling factor below 0.45. For
a given value of A, the dispersion is shifted toward the normal regime
with the decrease of the filling factor. Especially, withA = 1 and 1.5 pm,
the dispersion is completely located in the normal dispersion with a
small value of the filling factor.

Since dispersion is one of the significant factors for the SCG, the fiber
with flat dispersion allows obtaining further broad SCG. Thus, the goal
of optimization of dispersion herein is to show the fiber structures with
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Fig. 2. The dispersion of PCF with various values of lattice constant and filling factor.
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flat near-zero dispersion shape, and the ZDW compatible with the pump
wavelength. Relying on the preliminary simulation, two fibers with
structure parameters as shown in Table 2 are selected to analyze the SCG
because they have the flat near-zero dispersion in the mid-IR range.
They are labeled as #F; and #F fiber. The fibers with A = 1 pm can offer
the flat all-normal dispersion, however, they have a smaller core
diameter than that of #F; fiber. The small core results in a high
confinement loss at the long-wavelength range, and thus, it reduces the
spectral broadening and brightness of SCG in the long-wavelength
range. #F; fiber has a flat all-normal dispersion. The dispersion varies
from - 60 to — 1.7 ps/nm/km in the wavelength range of 3-4.6 um, and
it is further flat in the longer wavelength range. At A =10 pm, the
dispersion is — 62 ps/nm/km, Fig. 3. Thus, #F; fiber is used for broad
all-normal dispersion SCG. Meanwhile, #F, fiber has two ZDWs at
4.3 um (ZDW;) and 7.8 ym (ZDW5). The maximum value of anomalous
dispersion is 11.2 ps/nm/km at 5.7 um, Fig. 3. #F fiber is used for
broad soliton-induced SCG.

AsySes has high transparency from 2 pm to 14 pm [44], and the high
nonlinear refractive index of AsySes allows to the use of the short fiber
sample (few centimeters) for broad SCG. Thus, the effects of material
loss are neglected. Fig. 4 presents the confinement loss of the proposed
fibers. #F; fiber has low loss in the short wavelengths (below 8 pum),
however, the loss dramatically increases in the long-wavelength because
this fiber has a small core diameter compared to wavelength in this
range. Based on the confinement loss, it is possible to predict that #F;
fiber does not support the guide mode inside the core at the
long-wavelengths (A > 10 pm). #F fiber has a low confinement loss and
can be used for broad SCG in a further long wavelength range.

Fig. 5 presents the effective mode areas and nonlinear coefficients of
the proposed PCFs. With the small core diameter, #F; fiber has a smaller
effective mode area than that of #F, fiber with a wavelength below
9.5 ym. However, with A > 9.5 um, the light is no longer confined
strongly inside the core. It means that a part of light propagates in the
cladding region. Consequently, #F; fiber has a larger effective mode
area than that of #F, fiber with A > 9.5 um. This also leads to the high
confinement loss in this wavelength range as shown in Fig. 4. Effective
mode area of #F; fiber varies from 11.5 to 45 ym? in the wavelength
range of 2-10 pm, while that of #F fiber varies from 20 to 50 pmz in the
wavelength range of 2-11 um.

The nonlinear coefficient vy is calculated by the equation y = 2zny/
(M), where A, is the effective mode area for the fundamental mode of
the fiber. With the high nonlinear refractive index of AssSes, the pro-
posed PCFs have large nonlinear coefficients. Since #F; fiber has smaller
effective mode areas in the short-wavelength range (A < 9.5 um), this
fiber has higher nonlinear coefficient than that of #F, fiber. Nonlinear
coefficient of the fibers decreases almost linearly with wavelength. In
the case of #F; fiber, the nonlinear coefficient decreases from 2850 to
750 (W~ lkm™!) in the wavelength range of 2-10 um, while the
nonlinear coefficient of #F, fiber decreases from 1660 to 695
(W’lkm’l) in the wavelength range of 2-11 pm, Fig. 5(b).

3. Supercontinuum generation in proposed fiber
The evolution of the pulses propagating in the investigated fibers is

numerically calculated solving GNLSE, using the symmetry split-step
Fourier transform method [46]:

Tablele 2
The structure parameters of proposed PCFs.

# Lattice constant Filling Cladding hole Core diameter
(um) factor diameter (um) (um)

#F; 1.5 0.35 0.52 5.48

#Fy 2 0.35 0.7 7.3
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Fig. 4. The confinement loss of proposed PCFs.
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where A(z, ) is Fourier transform of the amplitude of a pulse A(z, T),
and R(T) is Raman response function.

The left side of Eq. (3) presents the effects of the linear operations, i.
e., attenuation and dispersion of the fiber. @ and j are attenuation and
dispersion in the frequency domain, respectively, and they are extracted
from values shown in Fig. 3 and Fig. 4. In our numerical modeling, the
high-order dispersions are calculated through the Taylor series expan-
sion coefficients of the propagation constant at the pumping pulse fre-
quency. The high order of dispersion (from second to eighth order) is
shown in Table 3.

The right side of the equation models nonlinear effects, which
depend on the nonlinear properties of As;Ses. The term y(w) stands for
frequency-dependent nonlinear coefficient as shown in Fig. 5. Nonlinear
response function R(T) consist of the electron-bound nonlinearity and
molecular nonlinearity in which electron-bound nonlinearity is an
instantaneous mechanism since it responds to the effects of the external
field in a very short time compared to the pulse duration. R(T) is pre-
sented as given in Eq. (4) [47].

R(T) = (1 —f&)6(T) +fxhx(T) 4)

where fr = 0.148 [48] is the fractional contribution of delayed Raman
response, 8(T) is Dirac delta function, h(T) represents the retarded
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Table 3

The coefficient of high order dispersion at pump wavelength (3.5 pm).
Coefficient #F, fiber #F, fiber
B2 (ps®/m) 2134 H0°! 1.885 510!
B3 (ps®/m) 9.395 1074 1.624 51072
B4 (ps*/m) 4.757 $10°° -3.436 $ 10°°
Bs (ps®/m) 82891078 1.286 H 10°°
B (ps®/m) 1.615 9 107° 6.1 510!
f7 (ps”/m) 2719101 -3.44 10712
fg (ps®/m) 7.7 91071 254910713
fo (ps®/m) 551071° 7910718

response.

The form of hg(T) in turn takes the approximate analytic form as
given in Eq. (5) [47]:

h(T) = nto exp (;—T> sin (;) o(T) 5)

2
173 2 1

where ©(T) is Heaviside step function, t; = 23.1 fs, and 15 = 164.5 fs
[48].

Coherence of SCG is determined by using the first-order coherence
according to Eq. (6) [7]:

1 _ <Z,-*(w)xj(w) >i%j
‘8(]2)((0)‘ - K)Zf(w) ’2 ><‘Zj(m) ‘2”1/2

where ﬁi(w):gi(z w), subscripts (i,j)e, [1,20] and the angle brackets
denote ensemble average over independently generated SC spectra with
input noises.

The average of the coherence across entire the SC spectrum is
calculated as given in Eq. (7) [49]:

e |([A e o
<)g§; > - f0°°<‘xi(w) ) >da)

The laser pulses used in the simulations are modeled by a Gaussian
pulse centered at the pumping wavelength and are expressed as given in
Eq. (8):

o [—T?
A(T) = \/Poexpifo} (2—%) ®

©

)

where Py is peak power, ty is pulse duration.
In the simulation, we use the pump wavelengths at 3.5 pm and

5.5 um. The pump wavelength at 3.5 um is near ZDW; while the pump
wavelength at 5.5 um located in the further flat dispersion of #F; fiber.
The difference frequency generation (DFG) laser systems pumped by a
Ti:Sapphire mode-locked laser (Verdi- Coherent Mira 900 — Legend —
Topas) can generate femtosecond pulses with the tunable wavelength
from 2.5 to 12 um, and the pulse duration is near 200 fs [41]. Therefore,
in simulation for SCG in proposed PCFs, the pulse duration of 200fs is
chosen.

The proposed fibers are multi-mode guidance at pump wavelength
(3.5 pm). In particular, #F; fiber has two modes (LP(; and LPy;) and #F,
fiber has three modes (LPg;, LP1; and LP3;). However, the high-order
modes do not significantly influence spectral broadening along fiber
with short duration of input laser pulses (< 10 ps) because the walk-off
between the fundamental mode and high-order modes is long enough to
prevent the energy transfer from the fundamental mode to high-order
modes [50]. Therefore, only fundamental mode is considered for SCG
analysis according to Eq. (3).

The characteristic lengths of pulse broadening dynamics as shown in
a set of the following Eq. (9) are used to analyze the nonlinear properties
of the investigated fibers [7]:

2 1 Lp Lp
Ly=-", Ly=— N=/-ZLp~112 €©)
v |5, M rPo Ly ™ N

where Lp, Ly are dispersive, nonlinear characteristic length scales,
respectively. N is soliton number, Py and ty are peak power and pulse
duration of an input pulse. The parameter f, represents the group ve-
locity dispersion at the central wavelength of the input laser pulse. Lyp is
an optical wave-breaking length.

The spectral broadening in #F; fiber is induced by self-phase mod-
ulation (SPM) followed by optical wave breaking (OWB) as a typical
mechanism for all-normal dispersion spectral broadening. Fig. 6(a,b)
present the evolution of SC spectra at 2.5 cm of propagation as a func-
tion of input pulse energy, which was set up in the range 0.01-1.5 nJ,
corresponding to the peak power 0.05-7.5 kW. In the case of low input
pulse energy, the SC spectrum is induced by SPM that is accompanied by
an oscillatory structure covering the entire spectrum. The SPM-induced
spectrum consists of many peaks and the outermost peak has the most
intense, Fig. 6(b). With the further increase of the input pulse energy
(higher than 0.1 nJ), the center of the spectrum is induced by SPM, and
then OBW contributes to the spectral broadening at the wings, Fig. 6(b).
In the case of input pulse energy of 1 nJ, the SC spectrum spans in the
wavelength range of 2-5.5 um within 5 dB dynamics.

The pulse evolution in the #F; with input pulse energy of 1 nJ is
presented in Fig. 6(c). The spectral broadening is induced by SPM at the
beginning of the propagation. The spectrum is asymmetry toward the
short wavelength range via the effects of nonlinear dispersion, e.g., self-
steepening. The SPM-induced spectrum experiences effects of the
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dispersion in further propagation, and the short-wavelength at the
trailing edge propagates slower than the pulse tail at the center of the
pulse. The temporal overlap between the pulse tail and trailing edge
leads to the onset of OWB, and the new wavelengths can be created via
four-wave mixing (FWM). The FWM-induced wavelength can be esti-
mated as given in Eq. (10) [47]. For example, the SPM-induced wave-
length at 2.9 pm acts as the pump, and the pulse tail at 3.5 um acts as the
seed. Consequently, FWM creates the wavelength component at 2.4 pm.

1 2

Arwm Apum
pump

1
Aseed

Dpwy = 20pump — Ogeed <> (10)

The new wavelength induced by FWM contributes to the OWB, thus
OWB occurs firstly at the trailing edge of the pulse. At pump wavelength
(3.5 pum), #F; fiber has 2 = —0.2 (psz/m). The characteristic lengths of
#F, fiber is Lp = 18 cm, Ly; = 0.014 cm, and Lyg = 0.5 cm. At the
leading edge of the pulse, OWB also occurs around 1 cm of propagation
and generates the new wavelength band around 5.5 ym. During further
propagation, the spectral broadening at the trailing edge of the pulse is
restricted by the high steepness of the dispersion characteristics. At the
leading edge, the large effective mode area results in a low nonlinear
coefficient and limits the spectral broadening. Fig. 6(c) (right panel)
shows the temporal profile of the spectrum at the various lengths of
propagation. In the time domain, this trace is trenched out during the
propagation due to the effects of dispersion. However, no new wave-
length components are created herein.

The coherence of supercontinuum generation depends on the effects
of the input noise, such as vacuum noise, pulse-to-pulse noise, polari-
zation noise. In the numerical model to estimate the coherence of SCG,
vacuum noise relates to nonlinear amplification of quantum fluctua-
tions, and it is calculated by the addition of one photon with random
phase per each simulation bin. The pulse-to-pulse noise is the amplitude
fluctuation of each input pulse. The amplitude fluctuation also leads to
the fluctuation of the pulse duration, as shown in Eq. (11) [42]:

Sty = —0.8 x (34— 1) an
where 3Axy is a single random value. The means of 8A,y is equal to 1
and its root-mean-square (rms) is given by the manufacturer of the la-
sers. In fact, rms of the femtosecond laser take the value from 0.5% to
1%. & tp is the pulse duration fluctuation. The numerical model of
input pulse with vacuum noise and pulse-to-pulse noise follows the
formalist proposed in [42]. Here, we do not consider the effects of po-
larization noise. However, with the use of a short fiber sample (2.5 cm)
and short pulse duration, the polarization noise may not influence the
coherent characteristics [51].

The coherent characteristics of the SCG are shown in Fig. (7). If only
vacuum noise is taken into account, this noise is suppressed in a normal
dispersion regime, and thus the SCG has high coherence across the entire
spectrum. However, the pulse-to-pulse noise is not mitigated herein, and
it causes significant degradation of the coherence. As shown in Fig. 7(a),
the center of the spectrum induced by SPM has higher coherence than
that of the wings. In the other words, the laser noise dramatically re-
duces the coherence of wavelength components that are generated by
OWB and FWM. In addition, the leading edge experiences less degra-
dation of coherence than that of the trailing edge because the large
confinement loss and large effective mode area are restricted to the new
wavelength created by OWB.

Fig. 7(b) presents the average of coherences with the various values
of 8AaN and pulse duration for input peak power of 5.5 kW and fiber
sample length of 2.5 cm. The effects of pulse-to-pulse noise on the
coherence depend on the laser pulse duration. In particular, the SCG
pumped by the short laser pulse (<100 fs) has the average coherence

<‘ g§12> ‘ > > 0.9 with any value of §AsN. However, the use of a long-pulse
laser causes a decrease of coherence. With a pulse duration of 500fs, and
8AAN = 1%, the SCG exhibits low coherence with <‘g<112) ‘ > ~0.2.

The all-normal dispersion SCG is generated by SPM, and OWB
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induced by FWM. During further propagation, the FWM and OWB only
transfer the light energy from the center of the pulse to the edges and
make a further smooth spectrum. Moreover, the transferred energy by
FWM occurs only in the instant of temporal overlap of pump and seed.
Therefore, the spectral bandwidth solely depends on the amount of SPM-
induced spectral broadening before OWB occurs. For instance, #F; fiber
has the flat dispersion in the mid-IR range, thus, the use of pump
wavelength at 5.5 pm enables the generation of the SPM-induced spec-
trum with a broader spectral bandwidth, from 4 to 7 um. The broad
SPM-induced spectrum, in turn, offers the broad spectrum generated by
OWSB, from 1.9 to 3.8 um, Fig. 8. Consequently, using pump wavelength
at 5.5 um, #F; fiber offers the flat-top broadband SCG with low input
peak power. As shown in Fig. 8, with input peak power of 5 kW, #F;
fiber can offer 2-octave spanning SCG with a spectral bandwidth of
1.9-7.6 ym in 10 dB dynamics.

#Fo fiber has dispersion characteristics with both normal and
anomalous regimes in the investigated wavelength range, and soliton
dynamics are the main contributions to the spectral broadening. Thus,
SCG in #F; fiber has a much broader spectral bandwidth than that of all-

SPM

owB

2 octave spanning

Pump wavelength at:
5.5 um
35 .um
4 5 6
Wavelength (zm)

Normalized intensity (10 dB/div)

Fig. 8. The output spectrum with pump wavelength at 3.5 pm and 5.5 um. The

input peak power of 5 kW.

normal dispersion SCG. Fig. 9(a) and (b) present the evolution of SC
spectrum at 5 cm of propagation with input pulse energy from 0.001 nJ
to 2 nJ, corresponding to the input peak power from 0.005 kW to 10 kW.
In the case of low input pulse energy (below 0.8 nJ), the spectral
bandwidth exponentially increases with the energy of the pulses.
However, the high steep dispersion in the short wavelengths and large
mode area in the long-wavelength lead to the limitation of spectral
broadening, thus, the spectral bandwidth is almost constant with further
increase of input pulse energy, Fig. 9(a). With an input pulse energy of
1.5 nJ (peak power of 7.5 kW), the SCG has multi octave-spanning, from
2 pm to 10 um within 20 dB dynamics, Fig. 9(b).

The pulse evolution in #F; fiber with an input pulse energy of 1.5 nJ
is presented in Fig. 9(c). At the beginning of the propagation, the
spectral broadening is induced by SPM with the temporal profile in the
S-shape. When the distance of propagation is 0.3 cm, the trailing of the
SPM-induced spectrum interferes with the pulse tail. As a result, the new
wavelength band around 2 um is generated by FWM, and it is attributed
to OWB. #F; fiber has , = 0.187 (psz/ m) at pump wavelength (3.5 ym).
According to Eq. (9), the OWB length of this fiber is 0. 6 cm — well
matching with Fig. 9(c). At the leading edge of the pulse, when the SPM-
induced spectrum reaches the ZDW; at 4.3 pm, a part of the spectrum
propagates in the anomalous dispersion regimes and it behaves like
soliton. Because the value of 37 is low at near ZDW, the soliton herein
has a high soliton-number. Due to the effects of high-order dispersion,
the soliton fission occurs to eject the fundamental solitons. As shown in
Fig. 9(c), the soliton fission occurs around 2.5 cm of propagation. #Fy
fiber has ZDW;, at 7.8 um, and dispersion shape near ZDW, has a
negative slope. Thus, during further propagation, the combination be-
tween the negative slope of dispersion and anomalous dispersion regime
leads to the red-shifted dispersive wave (DW). As a result, new wave-
lengths around 10 um are created. At the trailing edge, the blue-shifted
DW generates wavelengths around 2.5 um. Thus, the dynamic at the
trailing edge is complicated including the SPM and OWB accompanied
by the blue-shifted DW.

Coherence of SCG in #Fj fiber is shown in Fig. 10. Because #Fs fiber
has flat near-zero dispersion, soliton fission and dispersive wave can
completely occur before the modulation instability (MI) has the signif-
icant effects to amplify the vacuum noise. Therefore, if only vacuum
noise is considered, the soliton-induced SCG #F5 fiber has not experi-
enced significant decoherence. However, pulse-to-pulse noise dramati-
cally reduces the coherence. The amount of coherence degradation also
depends on the mechanism for spectral broadening as in the case of all-
normal dispersion SCG. In the short wavelength range (below ZDW,),
the spectrum is induced by OWB and DW. It is worth noting that DW



L. Chu Van et al.

Input pulse energy (nJ)

051

(gp) Ayisusju| pazijewioN

Photonics and Nanostructures - Fundamentals and Applications 48 (2022) 100986

Normalized intensity (10 dB/div)

") 4 6 8 10 2 4 6 8 10
(a) Wavelength (um) (b) Wavelength (um)
1 red-DW 0
¢ g
3
-15
3 oL
3 s
= o
s -25 &
=) =
[ -35
z i [
= <
2 s
\ -45 Z
-55
OowB OWB+DW
0 1 2 3 4 5 -1 1 -1 0 1 4 2 0 2 4 6 8

Distance (cm)

Delay (ps)

Fig. 9. The evolution of spectral bandwidth of SCG in #F, fiber (a), SC spectrum at 5 cm of propagation (b), and evolution of pulse in #F, fiber with input peak
power of 7.5 kW (left panel) and temporal profile at various positions of the propagation (right panel) (c).

red-shift DW
A
1

0.8 |

0.6 |
g
o
0.4}
1 nJ of input pulse energy
02k rms of 6AAN=0

rms of 6AAN=0.5%
rms of 0A,=1%

2 4 6 8 10
Wavelength (zm)

(@)

rms of dA,,\ (%)

(b)

1 1
0.9
0.8 >
0.8 (g
07 8
0.6 ! -
)
06 =
Q
(1]
0.4 05 A
«
R
04 Vv
0.2
0.3
0 0.2
50 150 250 350 450 500

Pulse duration (fs)

Fig. 10. The first-order coherence of the SCG in #F; fiber with input pulse energy of 1.5 nJ (peak power of 7.5 kW) and different values of root-mean-square of the
laser (a). The average of coherence with the various values of pulse duration, and 8Ay (b). The coherent characteristics are calculated with 20 SCG simulations with

random values of noise seeds.

strongly depends on the frequency and peak power of the fundamental
solitons after soliton fission [7]. For instance, the relation of DW with
frequency wpw and a soliton with frequency wg and peak power Pg is
given as in Eq. (12) [7]:

[0

>+ (1—fo)rPs = Blwow) - oo
Vgs

plos) —

12)
Vgs

The pulse-to-pulse noise leads to fluctuation of the fundamental
solitons, this leads to the intensity and phase fluctuation of DW.
Therefore, the spectrum induced by DW, in both trailing and leading

edge, has lower coherence compared to another part of the spectrum,
Fig. 10 (a).

Fig. 10(b) shows the value of average spectral coherence of SC
spectrum with input peak power of 7.5 kW as a function of pulse
duration and 8Aay. The femtosecond laser with low pulse-to-pulse noise
(8AaN < 0.2%) generate the high coherent SCG with <‘g§12) ‘ > > 0.9 with

long pulse duration laser. In contrast, the high pulse-to-pulse noise
causes a significant decrease of coherence, such as 8Aan = 1% leads to

<‘g§12) ‘ > ~ 0.6 with pulse duration of 200 fs, and <’g§12) ) > ~ 0.2 with
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pulse duration of 500 fs.

4. Conclusion

We reported the numerical simulation for SCG in As;Ses PCFs with
the femtosecond lasers as the pump sources. The proposed PCFs were
selected from the preliminary fiber design with the modification of
structure parameters. Two proposed fibers have flat dispersion in the
investigated wavelength range of 2-11 um, and they enable board SCG
with low input peak powers. These fibers also have larger core diameters
than that of the fibers in previous works [30-33,35-40]. Thus, they have
the potential for the high coupling efficiency of the light into the pro-
posed fibers if the free-space coupling is used, and the high coupling
efficiency between these fibers and standard fibers if a compact all-fiber
SCG system is considered.

#F, fiber with a lattice constant of 1.5 um, core diameter of 5.48 pm
has flat all-normal dispersion in the investigated wavelength range. With
the use of the femtosecond laser with pump wavelength at 3.5 um, pulse
duration of 200 fs, and input peak power of 5 kW, #F; fiber generated
the SCG with a spectral bandwidth of 1.85-5.5 ym within 8 dB dy-
namics. The SCG is induced by SPM at the center of the spectrum and
OWB at the spectrum wings. With the flat dispersion of #F; fiber, the use
of 5.5 um pump wavelength enabled the flat-top SCG with two-octave
spanning — from 1.9 to 7.6 pm within 10 dB.

#F, fiber, with lattice constant of 2 ym and core diameter of 7.3 pm,
has two zero-dispersion wavelengths with ZDW; at 4.3 pm and ZDW, at
7.8 um. The SCG in #F, fiber is mainly induced by soliton dynamics in
which the solitons are contracted in the anomalous dispersion regime,
and the spectrum in the normal dispersion is induced by DW. The OWB
also contributes to spectral broadening at the trailing edge of the spec-
trum. With the use of input peak power of 7.5 kW, pulse duration of 200
fs, and pump wavelength at 3.5 um, #F fiber offers the broad SCG with
a spectral bandwidth of 2-10 um within 20 dB.

SCG in both #F; and #F; fiber has a high coherence when only
vacuum noise is considered. However, pulse-to-pulse relative intensity
noise leads to the significant degradation of coherence if a long pulse
laser is used. The effects of this noise also depend on the physical
mechanisms for spectral broadening, pulse duration. For all-normal
dispersion SCG, the spectrum induced by SPM (center of the spec-
trum) exhibits higher coherence than that of wings of the spectrum
induced by OWB. For SCG in #Fj fiber, the OWB at the trailing edge and
soliton in the center of the spectrum has higher coherences than the
blueshift and redshift DW.

The proposed fibers offer the multi-octave spanning SCG with much
lower input peak power when compared to previous works [33,35-39,
41]. The low input peak power and large core give the proposed fibers a
high potential for a compact all-fiber SCG system. The SCG in proposed
fibers has a potential for high coherence. Thus, they are possible to use
for applications in the mid-IR range, such as multimodal biophotonic
imaging, multibeam pump-probe techniques. Moreover, the flat-top
2-octave spanning SCG in #F; fiber is found to be suitable for
nonlinear pulse compression, f — 2 for 2 f — 3 f interferometry.
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