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This study proposes a photonic crystal fiber (PCF) made of fused silica glass with the core infiltrated with 1,2-
dibromoethane (C2H4Br2) as a new source of supercontinuum light pulses. Due to the modifications of the PCF’s
structure geometry, a number of computer simulations investigating their optimized structures has been carried
out. This aimed at achieving flat near-zero dispersion and zero dispersion wavelength matching of the pump
wavelength for efficient spectral broadening. Based on the obtained results, the structural geometries of two
C2H4Br2-core PCFs were optimized using numerical modeling for broadband supercontinuum (SC) generation.
The first fiber structure with a lattice constant 1.5 µm and filling factor 0.4 has all-normal dispersion profile. The
SC with a broadened spectral bandwidth from 0.64 to 1.70 µm is generated by pump pulses centered at a wave-
length of 1.03 µm, 120 fs duration, and energy of 1.5 nJ. The second proposed structure—with lattice constant
1.5µm and filling factor 0.65—has anomalous dispersion for wavelengths longer than 1.03µm. We obtained high
coherence of the SC pulses in the anomalous dispersion range over wavelengths of 0.7–2.4µm with the same pump
pulse as the first fiber and with input energy of 0.09 nJ. These fibers would be interesting candidates for all-fiber
SC sources operating with low-energy pump lasers as cost-effective alternatives to glass core fibers. © 2021 Optical

Society of America

https://doi.org/10.1364/AO.430843

1. INTRODUCTION

Fiber-based supercontinuum (SC) sources have been used
widely in optical frequency metrology [1], ultrashort pulse
generation [2], and telecommunication [3]. The approach
required for coherent and spectrally broad SC generation is to
use ultrashort laser pulses (subpicosecond durations) injected
into nonlinear optical fibers in which the pulses are broadened
via effects of dispersion and nonlinearity [4]. For the anomalous
dispersion range of wavelengths, the soliton and soliton-related
dynamics such as soliton fission, dispersive wave generation, and
Raman soliton self-frequency shifting are significant contrib-
utors to the SC formation [5]. In such a case, SC has complex
and nonuniform temporal profile, and unless specific condi-
tions of input soliton order, pulse duration, and propagation
length (among others) are met, it exhibits low coherence [6].
Meanwhile, in the case of all-normal dispersion (ANDi) opera-
tion, SC generation is induced by self-phase modulation (SPM)

and then followed by optical wave breaking (OWB) at the
trailing and leading pulse edges [7]. The ANDi SC generation
can preserve not only high coherence and a nearly tabletop flat
spectrum but also pulse uniformity [8]. However, the ANDi
SC usually requires much higher peak power of input laser
pulses than SC generation pumped into anomalous dispersion
wavelengths of the nonlinear medium [1].

Considerable effort has been devoted to extend the spectral
width and to improve spectral flatness of SC sources. To achieve
this, the PCF requires a special design for both flat all-normal
dispersion and high-nonlinearity properties, and it should be
optimized by means of the pump wavelength and input powers
[9]. Various recent designs such as different core geometries
[10] and multiple air-hole diameters in different rings [11] have
been used to achieve ultra-flattened dispersion values over wider
wavelength bandwidths. Those approaches have exploited the
strong influence of geometrical properties of the first-ring air
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hole on dispersion characteristics, particularly, zero dispersion
wavelength (ZDW). However, the above-designed fiber struc-
tures are complicated and difficult for practical fabrication, so
they are not commonly used.

Meanwhile, the high nonlinearity can be achieved by selec-
tion of glasses with higher nonlinearity than that of silica
[12,13]. In reality, silica has exceptional purity and very high
laser damage threshold, and hence silica-based optical fibers
have been commonly used for SC generation. However, silica
has low nonlinearity and limitation of the transmission band
(below 2.5 µm) [14]. Otherwise, optical fibers made of soft
glasses, such as tellurium chalcogenide [12] and chalcogenide
[13], can offer the ANDi SC with spectral spanning up to
13.1 µm [12]. These materials offer more broadband transmis-
sion windows into the mid-IR range than silica. Importantly,
they provide high nonlinear refractive indices, so it is promising
that the SC phenomena can take place on a significantly shorter
propagation length [13] compared to low-nonlinearity fibers
(such as silica fibers). However, these fibers are incompatible
with silica for fusion splicing, have limited laser power handling
capacity (low damage threshold), and also often require complex
pumping systems because their dispersion profiles are very
steep over a normal range of values at wavelengths where robust
femtosecond lasers operate (i.e., 0.8–2.0µm).

Recently, hollow-core fibers infiltrated with liquids have
been proposed as an attractive approach for SC generation
because the liquids have high nonlinearity and high trans-
parency [15,16]. Work on SC generation with the use of
liquid-infiltrated PCFs is currently on the rise [17–25]. The
results obtained with liquid-filled-core PCFs during the recent
years are briefly summarized in Table 1.

The obtained results indicated that the location of the ZDW
can be adjusted and matched to the pump wavelength of high-
power commercial lasers, and all-normal dispersion operation
is also feasible [19–21]. As selected liquids have higher values
of the nonlinear refractive index [13], we can obtain the broad-
band, coherent SC spectrum either in a few-centimeters-long
liquid-core fiber sample or using lower peak power [15,20,22].
Additionally, it is also expected that using liquid-core PCFs
allows control of the SC spectra by modification of temperature

or pressure, since it is possible to alter the dispersion properties
of PCFs via these factors [26]. Some highly nonlinear liquids
have wide transparency ranges in the mid-IR [16], which are
beneficial for extending SC far into these wavelengths, where
numerous application opportunities in different fields like
medical diagnostics [24] or biomedical technologies [27] exist.

In this work, for the first time to our knowledge, we pro-
pose a C2H4Br2-filled-core PCF for efficient and broadband
near-IR SC generation. We have selected C2H4Br2 because it
has a high nonlinear refractive index n2 = 35× 10−20 m2/W
at λ= 532 nm [28]. Its nonlinearity is higher than that of
fused silica (n2 = 1.72× 10−20 m2/W [29]) and other
liquids such as CCl4 (n2 = 1.53× 10−19 m2/W) [20],
CHCl3 (n2 = 1.64× 10−19 m2/W) [22], and C2Cl4
(n2 = 1.675× 10−19 m2/W) [19]. In addition, C2H4Br2

is transparent from the visible to the near-IR. We show that,
by filling the core with C2H4Br2, we can adjust the dispersion
characteristic of the PCF, achieving flat and low dispersion
with the wavelength of maximum dispersion close to the pump
wavelength. For those optimum fiber structures, we utilized
the generalized nonlinear Schrödinger equation (GNLSE) to
demonstrate SC generation numerically. The coherence of SC
generation with the effects of vacuum noise and pulse-to-pulse
relative intensity noise is also numerically investigated.

The paper is organized as follows. In Section 2, we describe
the proposed microstructured PCF with a liquid-filled core.
Section 3 shows how the fiber can be optimized to obtain flat
and low dispersion characteristics numerically. The SC spec-
tra generated in the optimized PCFs are also described in this
section. The paper ends with the conclusion in Section 4.

2. PROPOSED MICROSTRUCTURED PHOTONIC
CRYSTAL FIBER

A. Fiber Structure

In this section, we consider PCFs made of fused-silica glass,
which have the core filled with C2H4Br2. The geometry of the
designed PCF is schematically shown in Fig. 1. The fiber con-
sists of eight air-hole rings arranged in a regular lattice defined

Table 1. Overview SC Generation in Several Liquid-Core PCFs

Liquid-Core PCFs Year Pump Wavelength (µm) Regime SC Range (nm) Refs.

CS2 2006 1.55 Normal 700–2500 [17]
2016 1.55 Normal 1355–2110 [18]

C7H8 2017 1.55 Normal 1100–1750 [19]
Anomalous 1000–1750

CCl4 2018 1.35 Anomalous 800–2200 [20]
1.55 Normal 1000–2100

2019 1.03 Normal 850–1250 [21]
CHCl3 2019 1.03 Normal 600–1260 [22]

Anomalous 600–1400
C6H5NO2 2020 1.03 Normal 700–1700 [23]

1.56 Normal 800–2100
Anomalous 1300–2300

C2Cl4 2018 1.92 Anomalous 1100–2400 [24]
1.03 Normal 700–2400 [25]

2021 1.56 Normal 800–2000
1.56 Anomalous 1000–2000
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Fig. 1. Schematic of the modeled PCF structure; Dc is the diameter
of the liquid-filled core.

by the lattice pitch3 and air-hole diameter d . The filling factor
of the fiber is defined as f = d/3. The diameter of the core is
determined by the formula Dc= 23−1.2 d to ensure tech-
nical feasibilities of the proposed structures after fabrication
procedures.

We used commercial software Lumerical MODE solutions
with the full-vector finite-difference eigenmode (FDE) method
to achieve the field intensity profile of the fundamental mode
of the PCFs [30]. Here, the boundary condition for simulation
is a perfectly matched layer, which allows enhancement of the
numerical accuracy of simulations and reduces the meshing
errors.

B. Linear Parameters of the Selected Liquid

Group refractive index N of C2H4Br2 was measured using the
white-light interferometric technique. The material dispersion
of the liquid was measured using a standard Michelson
interferometer. Its setup is schematically shown in Fig. 2.

In this setup, the incident beam is split by a 50:50 beam
splitter (BS13, Thorlabs) into two equal parts. One of them
passes through a cuvette containing a liquid sample (main arm),
and the other one plays the role of a reference beam (reference
arm) for the interferometer configuration. In the reference
arm, a mirror M1 is attached to a high-precision translation
stage (Nanomax 350D/M, Thorlabs) for manipulation during
measurements. This allows compensation and measurement
of optical path difference (OPD) caused by the liquid sample
in the main arm. The interference patterns are recorded by
suitable detectors connected with spectrometers operating in
the visible and near-IR spectral range (Red Tide, Ocean Optics,
and AvaSpec-NIR256/512-1.7). The OPD is calculated as a
function of wavelength, which allows determination of how the
obtained spectral range depends on group refractive index N
[31]. The resulted curve is fitted by the function N(λ) described
in Eq. (1). Here, the phase refractive index n(λ) is given by the
Sellmeier formula as in Eq. (2). Values of the used Sellmeier
coefficients for the fused silica and C2H4Br2 are presented in
Table 2. Parameters n,λ are the refractive index of the liquid and
the wavelength, respectively.

N(λ)= n(λ)+
λ2

n(λ)

3∑
i=1

Bi Ci(
λ2 −C 2

i

) , (1)

n =

√
1+

B1λ2

λ2 −C1
+

B2λ2

λ2 −C2
+

B3λ2

λ2 −C3
. (2)

The group and phase refractive indices of C2H4Br2 were cal-
culated and depicted in Fig. 3. The obtained results are similar to

Fig. 2. Scheme of the setup for material dispersion of C2H4Br2: (1) SuperK Compact Laser Source; (2) round continuous filter; (3) beam splitter;
(4) fixed mirror M1; (5) cuvette; (6) fixed mirror M2; and (7) detector.

Table 2. Sellmeier Coefficients of the Materials Used

Sellmeier Coefficients

Materials B1 C1 [µm2] B2 C2 [µm2] B3 C3 [µm2]

Fused silica [19] 0.6694226 4.4801× 10−3 0.434584 1.3285× 10−2 0.8716947 95.341482
C2H4Br2 1.3163728 0.01616122 0.4013224 142.2298902 - -
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Fig. 3. (a) Group and (b) phase refractive indices measured for the investigated liquid.
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Fig. 4. Absorbance spectra for C2H4Br2 for a standard high-quality
fused silica cuvette with a square cross section (10× 10 mm and
100µm thick walls).

the that previously reported in [32], which confirmed the accu-
racy of our experimental results.

The absorbance characteristic of the C2H4Br2 in the spectral
range of 250–2500 nm is shown in Fig. 4. The absorbance
measurement was performed by using spectrophotometers
operating in the visible and near-infrared spectral range (Agilent
8453 optics and DW-S430). The liquid has four main absorp-
tion peaks at 300, 1700, 2300, and 2400 nm. Meanwhile, it has
minimum absorption around the wavelength of 1030 nm and
high transparency in the range from 350 to 1650 nm.

C. Modeling of SC Generation

The propagation of an optical pulse whose field amplitude
changes slowly can be described by the GNLSE [5]:

∂ A
∂z
+
α

2
A+

∞∑
n=2

i (n−1) βn∂
n A

n!∂tn

= iγ
(

1+
i
ω0

∂

∂t

)
A(z, t)

[∫
∞

−∞

R(t ′)
∣∣A(z, (t − t ′)

∣∣2dt ′
]
,

(3)

where z, α, and βn are the spatial coordinate along the fiber,
the total loss, and the nth order of dispersion of the PCF,
respectively.

The terms on the right-hand side of Eq. (3) represent nonline-
arity in the optical fiber and include contributions from the Kerr
effect and Raman effect. Meanwhile, the nonlinear parameter γ
of the fiber is defined as [5]

γ (λ)=
2πn2

λAeff
, (4)

where Aeff is the effective mode area of the fiber and n2 is the
nonlinear refractive index of C2H4Br2.

The effective mode area Aeff is computed from [5]

Aeff =

(∫∫
|E |2dxdy

)2∫∫
|E |4dxdy

, (5)

where E(x, y) is the field distribution of the fiber mode.
The other nonlinear term in Eq. (3) represents the Raman

response. It should contain the main contributions as the elec-
tronic and vibrational parts. Taking the assumption that the
electronic factor is contributed instantaneously, the Raman
response function Rt can be written as [5]

R(t)= (1− f R)δ(t)+ f R h R(t), (6)

where δ(t) is the Dirac delta function and f R represents the
fractional contribution of the delayed Raman response function
h R(t), which in turn takes an approximate analytical form [5]:

h R(t)=
τ 2

1 + τ
2
2

τ1τ
2
2

exp(−t/τ2) sin(−t/τ1), (7)

where τ1 = 4.246 fs and τ2 = 30.33 fs for C2H4Br2 [33,34].
The coherence properties of the SC pulses obtained from the

designed PCFs are investigated theoretically by including the
one-photon-per-mode noise. The relation for the coherence
degree is then as follows [35]:∣∣∣g (1)12 (λ, t1 − t2 = 0)

∣∣∣= ∣∣∣∣∣ E ∗1 (λ, t1)E2(λ, t2)

[〈|E1(λ, t1)|2|E2(λ, t2)|2〉]
1/2

∣∣∣∣∣ ,
(8)
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Fig. 5. Numerical simulation of the dispersion characteristics in the fundamental mode of the PCFs: (a) the maximum dispersion for various
lattice pitch3 and filling factors f ; (b) PCF with both normal and anomalous dispersion; (c) PCF with all-normal dispersion.

where E1(λ) and E2(λ) are the amplitudes of the electric field
for two successive generated spectra. The value of g (1)12 is in the
range of [0,1], where g (1)12 = 1 for a high coherent spectrum, and
g (1)12 = 0 for incoherent light.

The coherence of the generated SC pulses depends on the
effects of the input noise, such as vacuum noise, pulse-to-pulse
relative intensity noise (RIN), and polarization noise [36].
However, in the case of short pump pulse duration, previous
theoretical studies have speculated that polarization noise could
be neglected [37], and hence in here we estimate the coherence
in SC generation with the influence of vacuum noise (shot
noise) and the pulse-to-pulse relative intensity noise.

3. NUMERICAL RESULTS

A. Fiber Dispersion Engineering

Our purpose is to design and simulate fibers for SC generation at
the selected pump wavelength of 1.03 µm with high coherence
and flat spectrum in the wide range of wavelengths from the
visible to the near-IR. With this aim, we initially considered the
PCFs with3 changing from 1.0 to 2.5µm with steps of 0.5µm
and f changing from 0.2 to 0.8 with steps of 0.05. A set of
simulations has been performed to study the flat, low dispersion
characteristics and the difference between ZDW and pump
wavelength. All these numerical calculations were carried out for
the wavelength range of 0.5–2.0µm.

The maximum dispersion of the fundamental mode is
illustrated in Fig. 5(a) for different lattice pitch 3 and filling
factor f . In all cases, the dispersion profile takes normal values,
except for some structures, where the local maximum appears
in the anomalous dispersion range (and there are two ZDWs).
Figure 5(c) shows an example the dispersion characteristic of
the PCF in the all-normal dispersion regime at locations 2, 3,
and 4 in Fig. 5(a). In this manner, the maximum dispersion
increases with increasing f for a constant3. Similar behavior is
also observed when the filling factor is constant but increases the
lattice pitches. Moreover, increasing the lattice pitch can make
the dispersion flatter, and it eventually becomes monotonic.
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Fig. 6. Shifts of ZDWs with changing lattice pitch 3 and filling
factors f . Two fibers #F1 and #F2, considered in detail later, are
highlighted.

Figure 6 illustrates the ZDW shift with different3 and f . For
a certain value of3, increasing the filling factor leads to ZDW
shifting toward the shorter wavelengths. In the opposite case,
for a certain value of f , the ZDW will be shifted toward longer
wavelengths if3 is increased. Specifically, there are two ZDWs
appearing in several areas such as the dark area (corresponding
with 3= 1.0 µm and f changing from 0.65 to 0.8), red area
(corresponding with3= 1.5 µm and f changing from 0.45 to
0.8), blue area, and green area (corresponding with3= 2.0 µm
and3= 2.5 µm, f changing from 0.4 to 0.8, respectively). In
the rest of the cases, for the left of the dark area, corresponding to
the fibers with3= 1. 0 µm, it is fulfilled for f from 0.2 to 0.6.
It is fulfilled from 0.2 to 0.45 for fibers with3= 1.5 µm to the
left of the red area (decreasing filling factors), and from 0.2 to
0.4 for fibers with3= 2.0 µm to the left of the blue area. For a
fiber with3= 2.5 µm left of the green area, the proposed fiber
structure with all-normal dispersion has no ZDW.

Basing on these preliminary calculations, we proposed two
PCFs, namely, #F1 and #F2. Their geometrical parameters are
listed in Table 3.
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Table 3. Geometrical Parameters for Selected
Structures

Parameter #F1 #F2

Lattice pitch3 [µm] 1.5 1.5
Filling factor f = d/ 3 0.4 0.65
Cladding holes diameter d [µm] 0.6 0.975
Core diameter Dc [µm] 2.28 1.83

The first fiber (#F1) is modeled to work in the normal disper-
sion range under pumping centered at a wavelength of 1.03µm.
This PCF type has no ZDW as discussed in the previous section
(Fig. 6). Although fibers having 3= 1.0 µm [an in example
as 2 in Fig. 5(a)] have ANDi with f values less than 0.6, their
dispersion curves show less flatness than ones with3= 1.5 µm.
Moreover, in the former case, the wavelength located at the
dispersion maximum is much lower from the horizontal axis. In
principle, we can obtain the largest bandwidth of the generated
SC spectrum by using the pump wavelength being near the one
at the local maximum point of a dispersion curve. Here, when f
changes from 0.2 to 0.4, fibers with3= 2.0 µm or3= 2.5 µm
can also perform ANDi with properties especially favorable for
efficient SC generation, i.e., low and flatter dispersion, although
the wavelength located at the maximum point of the dispersion
curve is farther from the pump wavelength than in the case of
fibers with3= 1.5 µm [see Fig. 5(c)]. Therefore, the fiber with
3= 1.5 µm, f = 0.4 was selected as the optimum (point #F1

in Fig. 6).
For the second fiber #F2 with3= 1.5 µm, f = 0.65 (point

#F2 in Fig. 6), which is expected to produce the highly coherent
SC pulses in the regime of anomalous dispersion with pump
wavelength of 1.03 µm. This fiber was selected because it has
the first ZDW at 1.01µm, which is the closest to the wavelength
used for pumping. Another reason is that the calculated disper-
sion at 1.03µm equals 18.5 ps/nm/km, which is also the closest
value to the zero dispersion for all dispersion characteristics
computed for structures with3= 1.5 µm.

Figure 7 shows the computer calculated chromatic dis-
persion curves of the fundamental propagation mode in two
proposed fibers by the use of a commercial software MODE
solution with the full-vector finite-difference method [30].
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Fiber #F1 exhibits all-normal dispersion in the whole ana-
lyzed wavelength range, and the dispersion at 1.03 µm equals
–38.8 ps/nm/km, while fiber #F2 has the first ZDW at 1.01µm
and the value of dispersion calculated at the pump wavelength is
18.5 ps/nm/km.

The nonlinear coefficients and effective mode areas of the
proposed fiber structures are shown in Fig. 8. In particular, the
nonlinear coefficient γ of fibers can be obtained by Eq. (4).
The obtained results indicate that the mode area of the fun-
damental mode increases with the wavelength in both cases.
The mode effective area for the fundamental modes of fibers
#F1 and #F2 are 3.132 µm2, and 2.18525 µm2 for a pump
wavelength of 1.03 µm, while their nonlinear coefficients are
681.35 W−1

· km−1 and 976.538 W−1
· km−1, respectively.

B. Supercontinuum Generation in Proposed PCFs

The SC generation in the proposed fibers was investigated
using input pulses with a pump wavelength at 1.03 µm, pulse
duration of 120 fs, and various input powers, which is avail-
able from different robust femtosecond ytterbium fiber laser
devices (e.g., Menlo Systems, Germany, or Toptica, Germany,
or IMRA, USA).

Figure 9(a) shows the simulated SC spectra for various input
powers in 10 cm propagation length for fiber #F1. As shown
by the obtained results, the spectral width will increase with an
increase in input power. In the case of input power of 12.5 kW,
the spectral bandwidth extends from 0.64 to 1.70 µm within a
10 dB dynamic range [Fig. 9(a)]. Meanwhile, Fig. 9(b) depicts
the evolution of SC and the temporal profile at different posi-
tions of propagation lengths. At the beginning of the fiber, the
spectrum of the pulses expands due to the strong self-phase
modulation (SPM) effect when pumping in the normal disper-
sion regime. The obtained spectrum is asymmetric toward the
shorter wavelengths due to combined linear (dispersion) and
nonlinear (self-steeping) effects. The SPM-induced spectrum
experiences effects of the dispersion in further propagation, and
the short wavelengths at the trailing edge propagate more slowly
than the pulse at the center of the pulse. The overlap between the
pulse tail and trailing edge would generate the new wavelengths
by four-wave mixing (FWM), which are attributed to optical
wave breaking.
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propagation length, (c) effects of shot noise and RIN with rms of 0.5% in coherence of SC generation for #F1.

As depicted in Fig. 9(b), OWB begins creating a new wave-
length around 750 nm at the pulse trailing edge of 1.0 cm
propagation length. On the leading edge, OWB occurs only
after 3.5 cm of propagation and creates a new band of wave-
lengths around 1700 nm. After a propagation length of 4.0 cm,
the spectrum is no longer broadened due to the steep integrated
dispersion curve on both sides.

The first-order degree of coherence is calculated with
20 dB bandwidth with random single-photon-per-mode

noise seeds. It is shown that highly coherent of the SC spec-
trum can be obtained due to its value is approximately 1
over the spectrum as shown in Fig. 9(a). Figure 9(c) presents
the coherence of SC with effects of shot noise and RIN,
where RIN is derived from the intensity fluctuation of input
pulses with root mean square (rms) of 0.5%. The coher-
ence is further decreased if the RIN is taken into account. Its
value is approximately 1 for the case of shot noise, while in
the case of RIN with rms of 0.5% has g 1

12 < 0.97, and this
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Fig. 10. Numerical calculations of the SC generation: (a) the output spectrum traces averaged over 10 shots performed under various input powers
at 15 cm propagation length when using pump pulses with 1.03 µm pump wavelength and 120 fs duration; (b) evolution of the SC spectrum along
fiber and temporal profile at different propagation lengths; (c) effects of shot noise and RIN with rms of 0.5% in coherent SC generation for 0.09 nJ
energy, corresponding to P0 = 0.75 kW for #F2.

value decreases very rapidly for wavelengths shorter than
1000 nm.

In the next case, fiber #F2 provides two ZDWs at 1.01 µm
(λZWD1) and 1.66 µm (λZWD2); the pump wavelength of
1.03 µm is located in the regime of anomalous dispersion and
near the ZDW λD1. Here, soliton dynamics, e.g., self-frequency
shifting and soliton fission [4], would play an essential role
in the broad of SC spectrum. During further propagation,

the solitons would shift toward the longer wavelengths due to
soliton self-frequency shifts, causing a considerable spectral
expansion toward the redshifted wavelengths. Upon crossing of
the ZDWs, dispersive waves mainly contribute to the generation
of new wavelengths.

Figure 10(a) shows obtained SC spectrum traces averaged
over 10 shots performed under different powers at 15 cm of
propagation length. With increasing pump powers, it can be
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seen that the SC spectrum broadens dynamically. The spectral
broadening comes, however, at the expense of very complex
temporal pulse structuring with quite high noise. However, the
amplification of noise caused by modulation instability can be
reduced if using the pump wavelength in the normal dispersion
and near-zero anomalous dispersion regimes or by reducing the
pulse duration.

The characteristic lengths of pulse-broadening dynamics in
#F2 fiber are calculated using the following equation:

L D =
t2
0

|β2|
, LNL =

1

γ P0
, LMI = 16LNL, N =

√
L D

LNL
, Lfiss =

L D

N
,

(9)
where L D, LNL, LMI, and Lfiss are the dispersive, nonlinear,
modulation instability, and soliton fission characteristic length
scales, respectively. P0 is the peak power, and t0 is the pulse dura-
tion of the input pulse. The parameter β2 represents the group
velocity dispersion coefficient. N is the soliton number.

For the case of input power P0 = 0.75 kW with correspond-
ing pulse energy of 0.09 nJ, the dispersion length L D is 143 cm,
the nonlinear length LNL is 0.14 cm, and the modulation insta-
bility length LMI is 2.24 cm. Thus, the soliton number N is 32,

and the soliton fission length Lfiss is 4.4 cm, which matches well
with data in Fig. 10(b). The spectral band extends from 700 to
2400 nm within a 30 dB dynamic range as shown in Fig. 10(a).
The SC evolution and the temporal profile at different propa-
gation lengths are depicted in Fig. 10(b). It is obvious that the
main contributor to the spectral broadening of the propagation
is SPM. Since pump wavelength (1.03µm) is close to the ZDW
(1.01 µm), a fraction of the spectrum is induced by SPM across
the ZDW and experienced in the normal dispersion regime
before soliton fission occurs. The soliton fission appears at
4.4 cm of propagation length, and then it is supported by FWM.
After soliton fission, the spectrum would be influenced by the
dispersive wave at the trailing edge as presented in Fig. 10(b).

The coherence of SC generation in #F2 fiber is shown in
Fig. 10(c). Its value is approximately 1 for the case including
the shot noise. This means that coherent SC pulses can also be
obtained in physical conditions (which involve laser shot noise).
In the case of RIN with rms of 0.5 %, the pulse-to-pulse relative
intensity noise causes fluctuation of the fundamental solitons,
leading to the intensity and phase fluctuation of the related
dispersive waves as well. Thus, the coherence is significantly
decreased (average of the coherence 〈|g (1)12 |〉 = 0.4978).

Fig. 11. (a1)–(a5) Evolution of the SC along fiber and (b1)–(b5) corresponding temporal profile with various input powers in 15 cm length when
using pump pulse with 1.03µm pump wavelength and 120 fs duration for #F2.

Table 4. Summary of Properties for the Two Proposed PCFs #F1and #F2

Parameter #F1 #F2

Fiber length [cm] 10 15
Coupled peak power [kW] 12.5 0.75
Bandwidth [THz] 176.348–468.426 124.913–428.275
Spectral range [nm] 640–1700 700–2400

g (1)12 Shot noise high coherence high coherence

Shot noise+RIN (0.5%) moderate coherence low coherence

L D 75.79 143
LNL 0.12 0.14
LMI 1.92 2.24
Lfiss — 4.4
Main physical processes SPM, MI, OWB, FWM SPM, solition fission, dispersive waves
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Figures 11(a1)–11(a4) depict the resulting spectrum evolv-
ing along the proposed fiber with various peak pump powers.
The corresponding temporal evolutions are presented in
Figs. 11(b1)–11(b4). In each case, because different frequency
components usually have different group velocities, the time
delay between different frequencies becomes larger with longer
propagation. Meanwhile, higher pump pulse energy also causes
the time delay between difference frequencies occurring sooner
with shorter distance as presented in Figs. 11(b1)–11(b4).

The comparison between the properties of the two proposed
PCFs is presented in Table 4. As can be seen, the generated SC
is almost perfectly coherent in the case of fiber #F1 when the
fiber is pumped at normal dispersion wavelengths. This is not
surprising, since modulation instability and soliton-related
effects are either suppressed or inhibited (respectively) in this
case. This is thus a proposed structure to ensure coherent SC
generation. However, the drawback is that the SC spectral width
is comparatively much smaller than obtained from fiber #F2.

4. CONCLUSION

In this work, we proposed PCFs made of fused silica with a
C2H4Br2-filled core to obtain both all-normal dispersion or
anomalous dispersion characteristics. We used a Michelson
interferometer to measure the refractive index of the selected
liquid. Moreover, we also measured the absorbance character-
istic of C2H4Br2 in the wavelength range of 250–2500 nm.
With the modifications of structure geometry, a number of
computer simulations looking for optimized PCF structures
have been conducted. This aimed at achieving flat near-zero
dispersion, low absolute dispersion, and ZDW matching with
the pump center wavelength in order to facilitate the generation
of spectrally broad SC pulses. As a result, optimized fiber #F1

with lattice constant3= 1.5 µm and filling factor f = 0.4 had
the all-normal dispersion, and its peak equals−38.8 ps/nm/km
at 1.03 µm. Fiber #F2 with 3= 1.5 µm, f = 0.65 has two
ZDWs at 1.01µm and 1.66µm. For this fiber, the dispersion at
1.03µm is 18.5 ps/nm/km.

The PCF with the aforementioned parameters allows highly
efficient coupling with standard femtosecond fibers and high
fiber nonlinearity. It is well known that, using moderate input
pulse peak powers of 10 kW with 120 fs pulse duration, it is
possible to obtain SC with low-cost commercial femtosecond
fiber lasers emitting at 1.03 µm. Here we showed that coherent,
octave-spanning SC pulses in fiber #F1 could be obtained in
the wavelength range of 0.64 to 1.70 µm when using a pulse
source with central pump wavelength of 1.03 µm, 120 fs dura-
tion, and 1.5 nJ energy, corresponding to P0 = 12.5 kW input
peak power. Meanwhile, fiber #F2 produced a highly coherent
SC with pumped wavelength at anomalous dispersion regime
pumping. In this case, the SC was dominated by soliton dynam-
ics, in which the solitons are propagated at wavelengths with
anomalous dispersion, and in the normal dispersion wave-
lengths the spectral broadening is induced by the dispersive
waves. With the same pump conditions as those used with fiber
#F1 and with input energy of 0.09 nJ, the corresponding input
power of 0.75 kW, fiber #F2 can enable highly coherent SC pulse
generation pumped in the an anomalous dispersion range with
spectral coverage from 0.7 to 2.4µm.

The advantage of using C2H4Br2 as the nonlinear medium
infiltrating a hollow-fiber core is that its nonlinear refractive
index is higher than that of fused silica or some other liquids.
Thus, lower power of input pulses is required to achieve the
comparable SC bandwidth [17,18]. Owing to high nonlinearity
and femtosecond-scale pump pulse duration, octave-spanning
SC can be obtained in a short length of the fiber (10 cm). The
use of short input pulse, combined with short fiber lengths,
allowed suppression of the effects of polarization noise, Raman
noise, and laser noise, which normally manifest in coherence
degradation [38,39]. The practical dimension and advantage
of the proposed fibers would be the decrease of the peak power
requirement, which would make the necessary femtosecond
pump source a relatively robust fiber-based laser, instead of a
complex optical parametric chirped-pulse amplifier. In fact,
the coherent and octave-spanning SC with low input pulse
power can be applied for, e.g., on-chip frequency metrology
[40]. Importantly, our research shows the compatibility of
these designed PCF structures, with standard, fixed-wavelength
femtosecond lasers operating at 1.03 µm, which could be used
as optical pump sources for SC generation. The low pump pulse
requirement presents an interesting perspective of the C2H4Br2-
filled PCFs in the easing of the output power requirements on
the femtosecond mode-locked lasers, which is necessary to
obtain octave-spanning bandwidths in fiber-based coherent SC.
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