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A B S T R A C T   

Supercontinuum generation in highly birefringent fiber infiltrated with carbon disulfide is numerically studied 
with a linearly polarized femtosecond laser (1560 nm wavelength, 90 fs pulse duration) as a pump source. The 
fiber has two polarized modes (x- and y-polarized LP01) with different dispersion characteristics, meaning all- 
normal dispersion for the y-polarized mode and anomalous dispersion for the x-polarized mode. We build a 
numerical modeling for nonlinear propagation including Kerr effects and Raman effects with positive and 
negative nonlinear refractive. Our results point out that spectral bandwidth, flatness, and coherence of super
continuum generation depend on the input polarized angle (an angle with respect to the x-axis) of the laser 
pulses. In particular, the input pulses polarized near slow-axis (x-axis) provide 1.5 octave-spanning soliton- 
induced SC generation with bandwidth from 1000 nm to 3300 nm via 10 kW input peak power, while input 
pulses polarized near the fast-axis (y-axis) create octave-spanning all-normal dispersion supercontinuum gen
eration (from 1200 nm to 2500 nm). Modification of the input angle enables controlling spectro-temporal 
properties of supercontinuum generation, such as polarization state, coherence, spectral bandwidth, and flat
ness. In addition, the use of highly birefringent fiber also enables suppression of polarization modulation 
instability; therefore coherence solely depends on effects of modulation instability and it is possible to tailor via 
changing the input angle.   

1. Introduction 

Supercontinuum (SC) generation is a well-known technology for 
paramount applications, such as multiphoton microscopy [1], frequency 
combs [2], and sensitive bio-sensors [3]. Nowadays, the spectrum of SC 
sources covers wavelengths ranging from deep UV up to mid-infrared 
with a watt-level of output power, and high stability [4]. The SC sour
ces, therefore, have motivated applications in, e.g., optical metrology 
[5,6], spectroscopy [7], and telecommunication [8]. In general, SC 
generation is induced by using laser pulses with high peak power 
launched into nonlinear fibers where the nonlinearity and dispersion act 
simultaneously for spectral broadening and reconfiguring temporal 
waveforms. Thus, dynamics for the nonlinear propagation process 
strongly depend on dispersion and nonlinear characteristics of a selected 
fiber. Classically, fibers with flat, near-zero dispersion have been 

popularly used to obtain SC generation with broad spectral bandwidth 
because phase-matching conditions in such fiber may be set with a 
further broad wavelength range [9,10]. Besides, development of fiber 
materials including glasses (e.g., silica, telluride, chalcogenide), liquids, 
and gases brings about optical fibers with extremely high nonlinearity 
and broad optical transparency. Consequently, these fibers can provide 
multi-octave spanning SC generation with uniform spectral profile and 
high coherence [11–17]. Among the fiber glasses, silica is versatile and 
popularly used for SC generation because of its high purity, high 
transparency, strong mechanics, and easy-to-handle for fiber drawing 
using the stack-and-draw method. However, because of the low 
nonlinear refractive index, silica-based fibers typically require a high 
input peak power for broad spanning SC generation (in hundreds of kW), 
and the spectral broadening is limited at the mid-infrared range (IR) via 
the high attenuation of silica. Fibers made from soft-glass (non-silica) 
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glasses, such as telluride and chalcogenide, have been recently used to 
generate multi-octave spanning SC with spectral bandwidth spanning 
from near-IR up to 18 µm [4,18]. Main drawback of the soft-glass fibers 
relates to their zero-dispersion wavelength (ZDW) which is typically 
located in the mid-IR range. Thus, a complex pump system with pump 
wavelength matched with the ZDW (e.g., optical parametric amplifier 
(OPA), cascade fiber system lasers) is required for SC generation 
[4,13,18]. 

Recently, a combination of optical fibers and liquids has been 
leveraged widely for applications in optofluidics, such as sensors, UV 
delivery, and supercontinuum [19–23]. Among these applications, 
liquid core fibers have been studied as an alternative to standard fibers 
(solid core) for broad SC generation [24–28] via the high nonlinearity 
and high transparency of selected liquids. For example, carbon disulfide 
(CS2), and carbon tetrachloride (CCl4) have high transparency from the 
visible range up to mid-IR [27,29]. CS2 has a high nonlinear refractive 
index comparable to one of the soft glasses [30] and its nonlinear 
refractive index strongly depends on pulse duration of excited lasers, 
such as CS2 has 3⨯10-19 m2/W with ultra-short laser pulses (<100 fs) and 
up to 20⨯10-19 m2/W with picosecond laser pulses [30]. Moreover, 
sensitivity of optical properties of selected liquids via changing tem
perature and pressure allows readily controlling properties of liquid core 
fibers, and thus, “on the fly” customizes spectro-temporal properties of 
SC generation [31]. 

Nonlinear refractive index of CS2 consists of bound-electronic 
nonlinear parts (e.g., instantaneous Kerr effects) n2el and molecular ef
fects n2m (non-instantaneous effects) [30,32]. The bound-electronic 
nonlinear part has a response time of around 1 fs, which is essentially 
instantaneous compared to laser pulse duration (hundreds of femto
seconds). The sign and value of instantaneous nonlinearity do not effi
ciently depend on the polarization of input laser pulses [30,32,33]. 
Whilst, interestingly, non-instantaneous nonlinearity originated from 
molecular effects (e.g., reorientation, libration) strongly depends on the 
polarization angle between “pump” and “probe” lasers [30,32,33]. For 
instance, the “probe” laser beam with linear polarization perpendicular 
(or parallel) to that of the “pump” may experience nonlinear dynamics 
with negative (or positive) values of non-instantaneous nonlinearity 
[30,32,33]. This interesting property paves a promising approach to 
readily adjust the dynamics of nonlinear propagation via changing the 
polarization angle of the “pump–probe” laser configuration for various 
applications, such as optical pulse compressors with normal dispersion 
fibers [34]. Herein, we leverage the interesting properties of CS2 to yield 
SC generation with a broad spectral bandwidth and high coherence. 

It is worth mentioning that the coherence of SC generation depends 
on the effects of input noises, such as vacuum noise, and spontaneous 
Raman scattering (SRS) [35,36]. These noises are the main seeds for 
spectral broadening (i.e., noise-driven SC generation) if long pulse lasers 
(i.e., nanosecond or continuous wave (CW) lasers) are used as pump 
sources. However, SC generation in such a case does not exhibit 
coherence. For sub-picosecond laser pulses, nonlinear dynamics of SC 
generation and the coherence depend on the regime of the dispersion. SC 
generation in anomalous dispersion is created by soliton dynamics, e.g., 
soliton fission, soliton shifting, and dispersive wave (DW). Notable 
features of soliton-induced SC generation are spectrum and spectrogram 
with complex structures [35]. Moreover, soliton-induced SC also ex
hibits low coherence via effects of vacuum noises amplified by modu
lation instability (MI). In contrast, MI is suppressed in a normal 
dispersion regime, and thus, all-normal dispersion (ANDi) SC generation 
typically has high coherence. Notwithstanding, a drawback of ANDi SC 
generation is to require a much higher input peak power of laser pulses 
than soliton-induced SC generation. 

Coherence also significantly depends on the technical noises (i.e., 
polarization noise, laser noise [37–39]. The laser noise is a fluctuation of 
amplitude and duration of each laser pulse compared to the mean one 
resulting in instability of output SC spectrum. Effects of laser noise can 
be significantly mitigated with the use of short pulse duration and/or 

short fiber samples. Meanwhile, polarization noise (i.e., vacuum noise 
amplified by polarization MI) is a significant effect to degrade coherence 
in both anomalous and normal dispersion [37,38]. The effect of polar
ization noise depends on the pulse duration, fiber length, and birefrin
gence of the fiber. In the low birefringence fiber, polarization MI (PMI) 
results in degradation of the coherence with the use of high input peak 
power and/or long-duration laser pulses. However, PMI only occurs 
when the phase-matching condition is set by dispersion, birefringence, 
and peak power. Therefore, high birefringence fibers with all-normal 
dispersion have been developed to improve the coherence [40–42]. 
For example, ANDi SC generation is numerically simulated in a 
polarization-maintaining liquid core photonic crystal fiber (PCF) [40] 
with 0.82 octave-spanning (from 1.32 µm to 2.33 µm). However, the 
proposed fiber shown in ref. [40] has used ethanol to fill into two air 
holes in the cladding for significantly asymmetrical distribution of the 
cladding refractive index (between the fast- and slow-axis), this leads to 
hard loading work for selectively liquid infiltration if the fiber is 
fabricated. 

In this work, we numerically simulate SC generation in highly bire
fringent liquid core fibers, in which the core is infiltrated with carbon 
disulfide to improve the nonlinear coefficient and optical transparency. 
In particular, we propose a fiber structure made from silica and 
germanium-doped silica that provides high birefringence in the near- 
infrared range. Next, we characterize the properties of SC generation 
(e.g., polarization state, coherence, spectral bandwidth) with the vary
ing input polarized angle. For the first time, the effects of polarization 
noise, as well as the coupling between the polarized modes in a highly 
birefringent liquid core fiber, are thoroughly numerically studied. We 
pointed out that the coherence of SC generation in the fiber depends on 
the angle of the input pulses with the slow axis (x-axis). CS2 is selected to 
infiltrate into the core because it has a higher nonlinear refractive index 
compared to other liquids [32], and high transparency. 

2. Fiber development 

In general, highly birefringent fibers have an asymmetrical structure 
and/or asymmetrical profile of refractive index. As shown in Fig. 1 (a), 
the structure of the proposed fibers is configured from a “panda” shape 
on the x-axis, a bow-tie shape on the y-axis, and the central air-hole is 
infiltrated with CS2. It is worth mentioning that liquids do not experi
ence any photoelasticity stress that causes stress-induced birefringence. 
For the proposed fiber configuration, high birefringence between the x- 
and the y-axis is induced by the refractive index difference of the 
selected materials on the bow-tie and “panda” parts. Here, the selected 
materials are air and germanium (Ge)-doped silica. 

Linear properties of the proposed fibers (e.g., dispersion, mode area) 
are calculated using the full-vectorial finite-difference with a perfectly 
matched layer (PML). The calculated region is rectangular with a size of 
10 × 10 µm to cover the whole fiber structure (i.e., the core, two clad
ding air-holes, and Ge-doped bow-tie part). The size of a mesh point is 
0.02 µm. 

Ratio between diameter of the air-holes (d1) and core (dc) is kept 
constant at 1.5. The two air holes in the x-axis have a larger diameter 
than the core to make a high contrast of refractive index between the x- 
and the y-axis for high birefringence, and also for reduction of 
confinement loss. The strand thickness between the air holes and the 
liquid core (as well as between the bow-tie and liquid core) is kept 
constant at 200 nm to ensure the technological feasibility of fiber 
fabrication. The bow-tie parts are Ge-doped silica with a mol concen
tration of 20 %. In reality, it has been experimentally investigated Ge- 
doped silica fiber with a concentration of up to 90 % [43,44]. Howev
er, high Ge concentration leads to a decrease in the contrast of refractive 
index between the core and cladding, this causes an increase in 
confinement loss in a long wavelength range, especially for the x- 
polarized mode. For fiber with dc = 2.4 µm, ratio of the leaky energy (in 
the cladding region) and light confined inside the core - for the y-and the 
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x-polarized modes, respectively - is 4 % and 6 % for 20 % Ge-doped fiber 
and 6 % and 8 % for 40 % Ge-doped fiber. 

Asymmetry of the refractive index profile causes the difference in 
electromagnetic distribution between x- and y- polarized modes. For 
example, Fig. 1 (d) presents the electrical energy distribution (at λ =
1560 nm) of the x- and y-polarized LP01 mode for 20 % Ge-doped fiber 
with dc = 2.4 µm, in which the traces of light refraction and reflection at 
the interface between silica and air are sharply visible for the x-polarized 
mode. 

From the experimental perspective, the proposed fiber is possible to 
fabricate using the stack-and-draw method [45,46], and the method for 
selective liquid infiltration [47,48]. 

Refractive index and attenuation of silica and CS2 as shown in Fig. 1 
(c-d) are used to calculate linear properties of the proposed fiber. Ma
terial attenuation of Ge-doped silica is assumed to be similar to that of 
silica. CS2 has a peak attenuation (162 dB/m) at 2.2 µm and high 
attenuation around 3.5 µm, whilst silica has high attenuation in the mid- 
IR range. 

Refractive index of Ge-doped silica is calculated according to Eq. (1) 
[50], where X is mol concentration (%), BSi and CSi are Sellmeier co
efficients of silica, BGi and CGi are Sellmeier coefficients of GeO2. Sell
meier coefficients of these materials are shown in Table 1. 

n =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
∑3

i=1

[
BSi + X(BGi − BSi)λ2 ]

λ2 − [CSi + X(CGi − CSi) ]
2

√
√
√
√ (1) 

Dispersion characteristics of the fibers with various values of core 
diameter are shown in Fig. 2. The fiber with a small core diameter (dc =

2 µm) has all-normal dispersion in the investigated wavelength range for 
both x- and y-polarized modes. The increase in core diameter leads to 
shifting of the dispersion toward the anomalous regime. It is also worth 
noting that dispersion characteristics also depend on the contrast of the 
refractive index of the core and cladding. Therefore, the x-polarized 
mode has a dispersion noticeably different from one of the y-polarized 

mode in short-wavelength infrared (SWIR) (λ > 1500 nm). For a given 
value of core diameter, the x-polarized mode has a dispersion profile 
shifted toward an anomalous regime compared to that of the y-polarized 
mode. 

The spectral bandwidth of SC generation critically depends on 
dispersion characteristics of a selected fiber. For instance, a fiber with 
flat, near-zero dispersion can provide further broad bandwidth SC 
spectra than that generated in fiber with high slope dispersion. Among 
the investigated fiber structures, the fibers with a small core (dc = 2 and 
2.2 µm) have a dispersion shape with a large slope in the near-IR range 
resulting in a limitation of spectral broadening. The large core fibers (dc 
= 2.6–3 µm) have anomalous dispersion in the near-IR range for both x- 
and y-polarized modes. Therefore, these fibers are not an appropriate 
choice for flat-top, high coherence SC generation. The fiber with dc =

2.4 µm has a flat, all-normal dispersion for the y-polarized mode and 
anomalous dispersion for the x-polarized mode. This fiber may offer 
either ANDi or soliton-induced SC generation that depends on the angle 
between the input pulse and the x-axis. In the following sections, 
properties of SC generation in this fiber would be considered. 

Linear properties of the proposed fiber are presented in Fig. 3 (a-d). 
The y-polarized mode has normal dispersion in near and mid-IR range 
and zero-dispersion wavelength (ZDW) at 3800 nm, while the x-polar
ized mode has three ZDWs at 1520 nm (λD1), 2480 nm (ZDW2) and 3400 
nm (ZDW3). Both x-polarized and y-polarized have flat, near-zero 
dispersion in the wavelength range of 1500 nm – 3000 nm, where the 
maximum values of dispersion are 26.5 (ps/nm/km) at 1940 nm for the 

Fig. 1. (a) Schematic structure of the highly birefringent fiber, (b) refractive index of CS2 [49] and 20 % Ge-doped silica, and silica [50], (c) attenuation of CS2 
[27,29] and silica [51], and (d) electrical energy distribution of the x- and the y-polarized LP01 mode of 20 % Ge-doped fiber with a core diameter of 2.4 µm and 
wavelength at 1560 nm. 

Table 1 
Sellmeier coefficients of CS2, GeO2, and silica.  

Coef. CS2 [49] GeO2 [52] Silica [50] 

B1 1.499426  0.80686642  0.6961663 
B2 0.089531  0.71815848  0.4079426 
B3 0  0.85416831  0.8974794 
C1 (µm2) 0.178763  0.068972606  0.0684043 
C2 (µm2) 6.591946  0.15396605  0.1162414 
C3 (µm2) 0  11.841931  9.896161  

Fig. 2. Dispersion characteristics of birefringent fiber with various core di
ameters. (a) x-polarized mode, (b) y-polarized mode. 
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x-polarized mode and − 13 (ps/nm/km) at 2390 nm for y-polarized 
mode. The effective area (Aeff) of the modes varies from 3 to 25 µm2 in a 
wavelength range of 1000–3800 nm. 

CS2 has higher refractive index than that of silica, thus the light can 
be strongly confined inside the core resulting in low confinement losses. 
Loss of the proposed fiber is approximate to a sum of the confinement 
loss and material attenuation of CS2 in the core, silica, and Ge-doped in 
the cladding. The fiber loss is estimated by using the full-vectorial finite- 
difference method with a 100 × 100 µm calculated rectangular region. 
As shown in Fig. 3 (b), the fiber loss follows the material attenuation 
profile of CS2 with a peak of loss at 2.2 µm, and extremely high loss at 
long wavelength (λ > 3.3 µm), limiting the spectral broadening in the 
mid-IR range. 

The phase birefringence and the group velocity mismatch (GVM) are 
determined by Eq. (2) and Eq. (3): 

B = neffy − neffx (2)  

Δβ1 = v− 1
gx − v− 1

gy (3)  

where neffy and neffx are effective refractive index, vgx and vgy are group 
velocities of x- and y-polarized modes, respectively. 

The value of B varies in a range of 0.05⨯10-2-1.2⨯10-2 in the wave
length range of 1–3 µm, and it is one or two orders of magnitude higher 
than that of standard birefringence fibers (around 6⨯10-4). The group 
velocity mismatch varies in a range of 4.5 (ps/m) – 50 (ps/m). 

3. Numerical modelling 

Nonlinearity of CS2 originates from reaction of bound electrons and 
molecules via effects of an external electromagnetic (EM) field. In 
context of Born–Oppenheimer approximation, bound-electronic and 
molecular dynamics contribute separately to nonlinearity of CS2 so that 
third-order susceptibility is a sum of bound-electronic and molecular 
parts as given in Eq. (4) [33,53]: 

χ(t)(3)ijkl = χ(3,el)
ijkl + d(t)(3,m)

ijkl (4)  

where χ(3,el)ijkl and d(3,m)

ijkl are third-order susceptibility of bound-electronic 
and molecular nonlinearity, respectively, as given in Eq. (5) [54]: 

χ(3,el)
ijkl = χ(3,el)

xxyy δijδkl + χ(3,el)
xyxy δikδjl + χ(3,el)

xyyx δilδjk

d(3,m)

ijkl (t) = a(t)δijδkl +
1
2

b(t)δikδjl +
1
2

b(t)δilδjk + c(t)δijkl

(5) 

It is to note that c(t) = 0 for isotropic materials. However, CS2 in the 
core of the proposed fiber exhibits as an anisotropic material via effects 
of polarization of external EM field (i.e., nonlinearity on x- and y-di
rection may be different from each other), resulting in c(t) ∕= 0. 

In this context, x- and y-component of the nonlinear polarization are 
given in Eq. (6) [54]: 

Pi =
∑

i

[(
3ε0

4
χ(3,el)

xxyy + a(t)
)

EiEjE*
j +

(
3ε0

4
χ(3,el)

xyxy +
1
2

b(t)
)

EjEiE*
j

+

(
3ε0

4
χ(3,el)

xyyx +
1
2

b(t)
)

EjEjE*
i + c(t)EiEiE*

i

]

(6)  

where i,j = x or y. 
We assume that: (i) the instantaneous nonlinearity (e.g., bound- 

electronic nonlinearity) does not depend on the polarization of pump 
laser pulses; and (ii) the three components of third-order susceptibility 
for bound-electronic nonlinearity have nearly the same magnitude, i. 
e.,χ(3,el)xxyy = χ(3,el)xyxy = χ(3,el)xyyx = χ(3,el)xxxx /3 [30,54]. Therefore, Eq. (6) is 
rewritten as below: 

Px =
3ε0

4
χ(3,el)

xxxx

[(

|Ex|
2
+

2
3
⃒
⃒Ey
⃒
⃒2
)

Ex +
1
3
(
E*

x Ey
)
Ey

]

+

[

h‖|Ex|
2Ex

+ h⊥

⃒
⃒Ey
⃒
⃒2Ex +

1
2

b(t)
(
E*

x Ey
)
Ey

]

(7)  

Fig. 3. Linear properties of the fundamental mode in proposed fiber. (a) dispersion shapes, (b) loss, (c) phase birefringent and group velocity mismatch, and (d) 
effective mode area. 
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Py =
3ε0

4
χ(3,el)

xxxx

[(
⃒
⃒Ey
⃒
⃒2 +

2
3
|Ex|

2
)

Ey +
1
3

(
E*

y Ex

)
Ex

]

+

[

h‖
⃒
⃒Ey
⃒
⃒2Ey

+ h⊥|Ex|
2Ey +

1
2

b(t)
(

E*
y Ex

)
Ex

]

(8)  

where h‖ = a(t)+b(t)+c(t) andh⊥ = a(t) + 1
2 b(t). 

Relying on Eq. (7) and (8), the coupled general nonlinear 
Schrödinger equations (GNLSE) for nonlinear propagation in the pro
posed fiber is given in Eq. (9): 

where Ax,y are x-axis and y-axis amplitude, T is the retarded time frame 
comoving with Ay given by T = t-z/vg,y, group velocity mismatch that is 
Δβ1x = Δβ1 for Ax and Δβ1y = 0 for Ay. The derivative term of T in Eq. (9) 
presents the effect of self-steepening, optical shock formation with 
τshock = 1/ω0(ω0 is frequency of pump wavelength). Nonlinear coeffi
cient γ is determined by effective mode area and nonlinear refractive 
index of CS2 as given in Eq. (10) where n2 is where the nonlinear 
refractive index of CS2: 

γ =
2πn2

λAeff
(10) 

The proposed fiber with large birefringence, for example, B = 2 × 10- 

3, LB ≈ 0.8 mm, Δβ0 = 7.8 × 103 (m− 1) at a pump wavelength of 1560 
nm. Therefore, the exponential factors in the last term of Eq. (9) oscillate 
rapidly and change the sign rapidly, consequently their constitution 
averages out to zero [54]. In this context, the last term in Eq. (9) is 
neglected, and a model of nonlinear propagation inside the proposed 
fiber is given in Eq. (11):   

The parallel and perpendicular Raman functions (i.e., h‖(T) and 
h⊥(T)) are determined by previous works [32,34], as given in Eq. 
(12–13): 

h‖(T) =
1

N2‖

(

n2l‖e− T/tf ,l
∫ ∞

0

sin(ωT)
ω g(ω)dω +

∑

k=c,d
n2k‖
(
1 − e− T/tr,k

)
e− T/tf ,k

)

(12)  

h⊥(T) =
1

N2⊥

∑

i=d,I

[

n2i⊥
1

ti
⊥ − t⊥0

(

exp
(

−
T
ti
⊥

)

− exp
(

−
T

t⊥0

))]

(13)  

where g(ω) is distribution function of librational motion as shown in Eq. 

(14) [32]. 

g(ω) = e

(

−
(ω− ω0)

3

2σ2

)

− e

(

−
(ω+ω0)

3

2σ2

)

(14) 

The subscripts d, l, c indicate the molecular reorientation, molecular 
interaction, and collision-induced, respectively. The collision-induced is 
isotropic symmetry (i.e., independent of the polarization) [30]. The 
subscript I in Eq. (13) indicates intermolecular interaction including 
molecular interaction and collision-induced [34]. N2‖ = n2d‖ +n2l‖ +n2c‖

andN2⊥ = |n2d⊥| + |n2I⊥|. Values of nonlinear parameters of CS2 are 
shown in Table 2. 

For femtosecond laser pulses with a pulse duration of 90 fs, CS2 has a 
nonlinear refractive index is around of 3 × 10-19 m2/W, and Raman 
fraction (fR) is 0.5 [30,32], and these values are assumed to apply for 
both polarized modes of the proposed fiber. 

Coherence characteristics of SC generation in the proposed fiber are 
numerically calculated using the first-order coherence in the form [35] 
as given in Eq. (15) for the x- and the y-components separately: 

⃒
⃒
⃒g(1)

12− x,y(ω)
⃒
⃒
⃒ =

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

〈

Ã
*

i− x,y
(ω)Ãj− x,y(ω)

〉

i∕=j
[〈⃒
⃒
⃒
⃒Ãi− x,y(ω)

⃒
⃒
⃒
⃒

2
〉〈⃒

⃒
⃒
⃒Ãj− x,y(ω)

⃒
⃒
⃒
⃒

2
〉]1/2

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

(15) 

The vacuum noise (shot noise) is taken into account in our model to 
characterize the coherence of SC generation in which the shot noise is 
performed by the addition of one photon with a random phase per each 

Table 2 
Values of nonlinear parameters of CS2 responses to parallel and perpendicular 
polarization [32,34].  

Parameters Values Parameters Values 

n2d‖(10-19 m2/W) 18 n2d⊥ − 9.44 
n2l‖(10-19 m2/W) 7.6 n2I⊥ − 3.73 
n2c‖(10-19 m2/W) 1.0 t⊥0(ps) 0.1 
tr,d (ps) 0.15 td⊥(ps) 0.107 
tf,d (ps) 1.61 tI⊥(ps) 1.281 
tr,c (ps) 0.15 γ with 90 fs (W-1km− 1) at 1560 nm 350 
tf,c (ps) 0.14 fR with 90 fs 0.5 
tf,l (ps) 0.45 n2,eff with 90 fs 

(10-19 m2/W) 
3 

ω0 (ps− 1) 8.5 N2‖(10-19 m2/W) 26.6 
σ (ps− 1) 5 N2⊥(10-19 m2/W) 13.17  
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−
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(
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∂
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)

×

{
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(
⃒
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⃒
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2
3
⃒
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⃒
⃒2
)
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)
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′

)
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+

∫
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′

)
⃒
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′

)
⃒
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]}

+iγexp( ± 2iΔβ0z)
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∫
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)
⃒
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′

]}
(11)   
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simulation bin [35]. We do not consider the effects of pulse-to-pulse 
relative intensity noise (RIN) (i.e., the fluctuation of the amplitude 
and duration of individual laser pulses compared to the mean value) on 
the degradation of the coherence [39] because RIN is expected to have 
only minor effects on the coherence with a short fiber sample and short 
laser pulses [39,55]. The coherence is calculated from 20 simulations 
with random values of input noises resulting in 190 unique pairs. The 

average value 
〈⃒
⃒
⃒g(1)12

⃒
⃒
⃒

〉
is an arithmetic mean of the coherence over the 

investigated wavelength range. 
Ellipticity as shown in Eq. (16) is used to determine the polarization 

state at every wavelength bit of the SC spectrum [37]. 

ep =

2Im
(

Ã
*

x
(ω)Ãy(ω)

)

⃒
⃒
⃒Ãx(ω)

⃒
⃒
⃒

2
+

⃒
⃒
⃒
⃒Ãy(ω)

⃒
⃒
⃒
⃒

2 (16) 

The input pulses follow the Gaussian temporal profile given by Eq. 
(17–18): 

A(0, T) =
̅̅̅̅̅
P0

√
exp

(

− 2ln(2)
(

T
T0

)2
)

(17)  

Ax(0, T) = A(0,T)cos(θ) and Ay(0,T) = A(0, T)sin(θ)

where T0 is the pulse duration (full width at half maximum -FWHM), θ is 
an angle with respect to the x-axis of the linear polarized input pulse. 

The parameters from a low cost, linear polarization maintaining, 
available commercial femtosecond laser with central wavelength at 
1560 nm, and pulse duration of 90 fs (e.g., Femtosecond Erbium Laser of 
MENLO Inc.) are used as a pump source to thoroughly study SC gener
ation in the proposed fiber. Although CS2 has a lower nonlinear 
refractive index pumped by a short pulse laser than that induced by a 
long pulse laser (e.g., a picosecond laser), the use of a short pulse laser 
typically sets up SC generation with further high coherence [38,39]. 

4. Results and discussion 

4.1. x- and y-polarized input pulse 

When the input pulse is linearly polarized along the x-axis (an angle 
with respect to the x-axis θ ≈ 00), the soliton dynamics are dominant to 
generate the x-polarized SC generation. Fiber length is 10 cm and the 
input peak power P0 is 10 kW. Intensity of the y-component is at the 
noise level, and the polarization state also does not change covering the 
whole of the spectrum, Fig. 4 (c-d). Therefore, only MI is assumed to 

have dominant effects to amplify the noise resulting in a degradation of 
coherence, whilst effects of PMI are ignored. 

The dynamics for pulse broadening during propagation is presented 
in Fig. 4 with SPM at the beginning of the propagation, followed by 
soliton fission and DW. The positive slope of dispersion at ZDW1 and 
ZDW3 as well as the negative slope of dispersion at ZDW2 leads to blue- 
shifting and red-shifting DW to create new wavelengths in the normal 
dispersion regime. The direct soliton spectrum tunneling (DSST) con
tributes to creating wavelength in the anomalous dispersion regime with 
wavelengths longer than ZDW3 [56]. Consequently, the x-polarized SC 
generation has a two-octave spanning spectral bandwidth (1000 nm – 
4000 nm) in the short length of propagation from the offset (around 1.5 
cm), Fig. 4 (b). However, CS2 absorbs strongly the light at the mid-IR 
range (λ > 3.3 µm), therefore the spectrum at 10 cm of propagation 
spans only 1.5-octave bandwidth (1000–3300 nm) within 40 dB, Fig. 4 
(b-c). 

It is to note that x-polarized mode has lower group velocity than that 
of the y-mode, thus x-components of SC generation have further delay 
compared to those on the y-axis. The delay of x-components is presented 
in Fig. 4 (a), in which the spectrogram tends to shift towards the right 
side. 

In order to determine the nonlinear properties of the fiber, charac
teristic lengths of pulse broadening dynamics in the investigated fiber 
are calculated, using the following set of formulas: 

LD =
T2

0

|β2|
, LNL =

1
γP0

, N =

̅̅̅̅̅̅̅
LD

LNL

√

, Lfiss ≈
LD

N
, LMI ≈ 16LNL (19)  

where LD, LNL, Lfiss, LMI are dispersion, nonlinear, soliton fission, and 
modulation instability characteristics length, respectively. N is the sol
iton number. P0 and T0 are the peak power and pulse duration of an 
input pulse. 

For input pear power of 10 kW, soliton number N ≈ 70, LMI = 0.4 cm, 
Lfiss = 1.9 cm. The MI length is much shorter than one of the soliton 
fission length, it means that MI can significantly amplify the vacuum 
noise before soliton fission occurs. Thus, the coherence of the SC gen
eration is significantly reduced with the average coherence 〈g1

12〉 = 0.5, 
Fig. 4 (c). 

Fig. 5 presents y-polarized SC generation when input pulses are 
polarized along the y-axis (θ ≈ 900). SC generation on the y-axis is 
created by typically nonlinear dynamics for ANDi SC, such as self-phase 
modulation (SPM), and optical wave breaking (OWB). Meanwhile, the x- 
axis component is at noise level and it does not influence the properties 
of SC generation, Fig. 5 (c). 

SPM occurs at the beginning of propagation to create new spectral 
components around the pump wavelength. The most notable feature is 

Fig. 4. SC generation with input pulses polarized along the x-axis. (a) evolution of temporal profile, (b) evolution of spectral broadening, (c) spectrum of x- and y- 
components at 10 cm of propagation, and (d) coherence and ellipticity of the SC spectrum. 
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that the SPM-induced spectrum consists of many peaks covering the 
entire wavelength range, and the outermost spectral peaks have the 
highest relative intensity. The SPM-induced spectrum experiences the 
dispersion effects of the fiber during further propagation. Particularly, in 
the normal dispersion regime, the blue-shifted wavelengths at the 
trailing edge move slower than the components in the forward pulse tail. 
Consequently, the temporal overlap between blue-shifted and the pulse 
tails may create new wavelengths via four-wave mixing (FWM), such as 
new wavelengths around 1200 nm at 1 cm propagation distance on the 
trailing edge, Fig. 5 (b). Such FWM-induced wavelength is attributed to 
OWB. At the leading edge, OWB occurs around 4 cm of propagation and 
creates wavelengths around 2500 nm. It is to note that FWM creating the 
new wavelength at the edges only occurs when the pump temporally 
overlaps with the seed. This leads to no new wavelength being generated 
during further propagation. However, FWM causes the energy redis
tributed from the center of the pulse to the spectral sidelobes, which 
makes the SC get further smooth. For peak power of 10 kW, ANDi SCG 
has spectral bandwidth in a range of 1200–2500 nm with 20 dB dy
namics. The trace (L) in Fig. 5 (b) shows a decrease of spectral SC in
tensity induced by peak of CS2 attenuation at 2.2 µm. The temporal 
profiles are only stretched out due to the effects of dispersion effects, 
Fig. 5 (a). 

MI is suppressed in an all-normal dispersion regime resulting in 
improvement of the coherence. Besides, the x-component is at level 
noise and extremely lower than the y-components. The low intensity of 
the x-component points out that there is no coupling between the 
polarized modes via the effects of PMI. Because of this, the y-polarized 

SC spectrum has high coherence and the polarization does not change (i. 
e., ep = 0) at every wavelength bit of the SC spectrum, Fig. 5 (d). 

4.2. Input orientation angle 

When the input pulse is aligned along a non-zero angle with the ×
and/or the y-axis (θ ∕= 00 and 900), such input pulse is coupled into both 
x- and y- polarized modes. Thus, there are ANDi and soliton-induced SC 
generation occurring in the y- and the x-axis at the same time. 

Fig. 6 presents evolution of input pulses on x- and y- axis with various 
input angles. When the input pulse is aligned far from the y-axis (e.g., θ 
<800), nonlinear interaction (e.g., cross-phase modulation) between the 
x-and y-mode leads to complex structures of normal-dispersion SC on 
the y-axis, Fig. 6 (a,b). When the input pulses are aligned close to the y- 
axis, the intensity on the x-axis is much lower than those on the y-axis, 
and the pulse evolution on the y-axis is mainly induced by the ANDi 
nonlinear dynamics, Fig. 6 (c). The effects of x-components on the pulse 
evolution of y-components can be ignored. 

The temporal and spectral profiles at 10 cm of propagation for 
various input angles are presented in Fig. 7. If an input pulse is polarized 
near the x-axis, for example, θ = 100 as shown in Fig. 7 (b). The soliton- 
induced SC generation on the x-axis is dominant with spectral band
width from 1000 to 3300 nm, while the y-component is not significantly 
broadening. The coherence of x-components, therefore, is low with 〈g1

12〉

= 0.5 as a result of vacuum noise effects. The increase of θ leads to 
reduction of input light energy coupled to the x-axis for soliton-induced 
SC generation, while the intensity and spectral bandwidth of the y- 

Fig. 5. SC generation with input pulses polarized along the y-axis. (a) evolution on temporal profile, (b) evolution of spectral intensity, (c) spectrum of x- and y- 
components at 10 cm of propagation, and (d) coherence and ellipticity of the SC spectrum. 

Fig. 6. Evolution of temporal and spectral profile on x- and y-axis with various input angles. (a) θ = 100, (b) θ = 450, and (c) θ = 800.  
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component is increased. According to Eq. (19), reduction of input light 
energy leads to a decrease in the soliton number and an increase in the 
MI length. Consequently, the coherence smoothly improves with the 
increase of θ, Fig. 7 (c). However, the increase of θ, in turn, leads to a 
reduction of spectral bandwidth because the ANDi SC generation on the 
y-axis gets further dominant. In the other words, the proposed fiber 
provides a trade-off between spectral bandwidth and coherence. The 
simulation also shows that ellipticity does not undergo a complicated 
evolution, meaning that the polarization state does not change 

dramatically, 
In the time domain, the y-polarized mode has a higher group velocity 

than that of the x-polarized mode, resulting in delay time between the x- 
and the y-component, Fig. 7 (a). In addition, dispersion of y-polarized 
mode has higher absolute value than x-polarized mode over the whole 
investigated wavelength range, Fig. 3 (a). In such case, y-components 
experience further stretching out than x-componentns. Consequently, 
temporal profiles on y-components are broader than x-components for 
all considered input angles, Fig. 7 (a). 

Fig. 7. SC spectrum of x-and y-component at 10 cm propagation with various input angles. (a) temporal profile, (b) SC spectrum, (c) coherence and ellipticity.  

Fig. 8. (a) SC spectrum in the proposed fiber (a), low birefringence fibers with anomalous (b), and normal dispersion (c). Input laser pulses are aligned with θ = 450.  

L. Chu Van et al.                                                                                                                                                                                                                                



Optical Fiber Technology 75 (2023) 103151

9

Fig. 8 presents a comparison of proposed fiber and low-birefringence 
fibers (LBFs) for input angle 450. The GVM of the low birefringence fi
bers is assumed with a value Δβ1 = 10-3 ps/m, and birefringence B = 10- 

6. We use the model in Eq. (9) to numerically simulate SC generation in 
the LBFs. In such model, we assume that b(t) ≈ h‖(t) − h⊥(t), and two 
considered LBFs have linear properties similar to those of the proposed 
fibers. 

With input peak power of 10 kW, low birefringence fiber with 
anomalous dispersion provides SC spectra with bandwidth from 1000 to 
3300 nm within 40 dB dynamics. The coherence in such case is low with 
〈g1

12〉 = 0.45 and the ellipticity experience complex variation over the 
whole spectra, Fig. 8 (b). An octave-spanning ANDi SC generation is 
induced in the normal-dispersion LBF with high coherence, however, the 
ellipticity also has a complex fashion, Fig. 8 (c). Whilst, the proposed 
fibers provide SC generation with near-zeros ellipticity and high 
coherence for both x- and y-components. 

5. Conclusion 

The SC generation in high birefringence fiber infiltrated with CS2 has 
been studied with linearly polarized femtosecond pulses. The fiber has 
two modes in near IR ranges, i.e., x- and y- polarized LP01 in which y- 
polarized mode has all-normal dispersion and x-polarized mode has 
anomalous dispersion in near IR range with two ZDWs at 1520 nm and 
2480 nm. The nonlinear dynamics, and thus, properties of SC generation 
in the proposed fiber depend on the input angle where either x- 
component or y-component becomes dominant. For input pulses polar
ized near the x-axis, the SC generation is induced by soliton dynamics 
obtaining two-octave spanning (1000 nm – 3300 nm). In contrast, the 
light polarized near the y-axis, the ANDi SC generation induced by SPM, 
OWB is dominant with octave-spanning (1200–2500 nm). The simula
tion also pointed out that MI is significantly dynamic to amplified vac
uum noise resulting in degradation of the coherence, while PMI is 
suppressed because of the high birefringence of the proposed fibers. 
Thus, the coherence seems to smoothly improve with an increase of 
input angle θ, i.e., rotate input pulses from the x-axis (slow-axis) toward 
the y-axis (fast-axis). 

The use of liquids (CS2) with a high nonlinear refractive index and 
high transparency enables obtaining the broad bandwidth SC generation 
with low input peak power. The input peak power used herein (10 kW) is 
extremely lower than the ones for high coherence SC generation as 
shown in [57–59]. Therefore, the proposed fiber is possible to use for a 
compact SC generation system with a standard femtosecond laser as a 
pump source. In addition, the proposed fiber allows obtaining either 
broad soliton-induced SC generation or high coherence ANDi SC gen
eration by changing the input angle. The proposed fiber, therefore, is 
possible to use for both applications that required broad spectral 
bandwidth (e.g., Mach-Zehnder interferometer, gas or liquid sensing) 
and applications with high pulse-to-pulse coherence (e.g., pulse 
compression, multibeam pump–probe technique, and temporally syn
chronized ultrafast amplifiers with low noise level). 
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M. Klimczak, R. Buczyński, Enhancement of UV-visible transmission characteristics 
in wet-etched hollow core anti-resonant fibers, Opt. Express 29 (2021) 
18243–18262, https://doi.org/10.1364/OE.426388. 

[24] M. Chemnitz, M. Gebhardt, C. Gaida, F. Stutzki, J. Kobelke, J. Limpert, 
A. Tünnermann, M.A. Schmidt, Hybrid soliton dynamics in liquid-core fibres, Nat. 
Commun. 8 (2017), https://doi.org/10.1038/s41467-017-00033-5. 

[25] V.T. Hoang, R. Kasztelanic, G. Stępniewski, K.D. Xuan, V.C. Long, M. Trippenbach, 
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