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Abstract. This paper analyzed a photonic crystal fiber (PCF) made from fused silica glass, with
a core filled with heavy water. The PCF properties including dispersion, effective mode area,
effective refractive index, and confinement loss of the proposed fibers were analyzed in detail.
We determined two fiber structures possessing optimal dispersion with the lattice constant (A)
and the filling factor as follows: A= 1.1 um , d/A = 0.92 for fiber #F; and A = 1.4 um ,
d/A = 0.92 for fiber #F,. Fiber #F; operating in an all-normal dispersion regime has a pump
wavelength of 800 nm. Proposed fiber #F; has a dispersion value of 44.68 ps.nm™ .km!, effective
mode area of 1.22 um ? and confinement loss of dB/m at the pump wavelength. Meanwhile, fiber
#F, operates in an anomalous dispersion regime. At a pump wavelength of 850 nm, fiber #F» has
a dispersion value of 10.6 ps.nm™ .km™!, an effective mode area of 1.92 um 2, and a confinement
loss of dB/m. The proposed fibers are designed based on cheap, common, and environmentally
friendly materials. Furthermore, these proposed fibers provide flat dispersion, small effective
mode area, and low confinement loss in the range of 107> to 1076 dB/m which are the highlights
of our model. From these advantages, the proposed fibers have been targeted for flat and smooth
broadband supercontinuum generation for near-infrared applications.

Keywords: photonic crystal fiber; confinement loss; dispersion; effective mode area; supercontin-
uum generation.

Classification numbers: 42.55.Tv; 42.60.Jf; 77.22.Gm.

1. Introduction

The creation of photonic crystal fibers (PCFs) was a breakthrough in fiber optic technol-
ogy by Knight et al. [1]. PCFs with extremely unique optical properties that traditional optical
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fibers cannot have such as endless single-mode guidance [2], dispersion control [3], and high bire-
fringence [4], PCFs with a small core can show very high nonlinear properties [5]. These are
important properties that are widely used in fiber optic technology.

One of the most important applications of PCFs is supercontinuum generation (SCG) [6].
SCG sources with special coherence, wide bandwidth, and strong brightness have a variety of
potential applications, such as high-resolution microscopy [7], novel SCG laser that is all-fiber-
integrated [8], mid-infrared supercontinuum tissue imaging [9], the developed fiber-laser source
for fast micromachining, microfabrication, and microprocessor [10], and make an all-optical atomic
clock [11].

Key quantities that have important effects on SCG include the effective mode area (Af),
dispersion, loss, and nonlinear coefficient [12]. To achieve the best SCG efficiency, the PCF’s
chromatic dispersion curve should be flat and close to zero, and the loss and effective mode area
should be as small as possible. Therefore, the PCF must be designed to achieve those characteris-
tics. We can design and adjust the structural parameters of PCF to achieve that goal such as lattice
constant, pore size, shape, solid or hollow core, and materials.

Scientists have tried to create effective SCG using solid-core PCFs with air holes filled
with liquid or gas. For instance, Ranka et al., studied SCG in optical fiber structure of silica-
air [13]. Dudley et al., studied SCG in air-silica microstructured fibers by both nanosecond and
femtosecond pulse excitation [14]. Khoa et al., studied SCG in the suspended-core optical fibers
made of borosilicate of NC21A glass infiltrated with water [15], and Hieu et al., studied SCG in
PCF with the normal dispersion regime [16]. The advantage of this type of fiber is that it has a
small mode area. However, the limitation of these fibers is that the nonlinear refractive index of
the solid core is often small and the fiber loss is quite large.

Recently, a promising alternative using liquid-filled hollow-core fibers with high nonlinear
refractive index and high transparency was investigated for efficient SCG. Fluid with a high non-
linear refractive index is injected into the core of the PCF to create a refractive index difference
compared to the cladding. This helps light spread in the PCF follow the total internal reflection
as in conventional optical fibers [17, 18]. Typical publications of these include SCG in liquid-
core optical fibers [19], generation of coherent supercontinuum in toluene—core PCFs [20, 21],
SCG in chloroform—core PCFs [22], SCG in nitrobenzene-core PCFs [23-25], SCG in CS; —
core PCFs [27,28]. These publications have produced effective SCG with flat dispersion charac-
teristics but it still has some limitations such as the effective mode area and loss in these fibers are
quite large [20-25,27,28]. That greatly affects SCG efficiency. Besides, the liquids used in the
above analytical works are highly toxic and affect health when doing experiments.

To overcome the above limitations, in this paper, we analyzed hexagonal lattice PCFs made
from fused silica glass, the core of which is filled with heavy water. The PCF characteristics of the
fundamental mode are studied and optimized with the variation of structural parameters. Through
this investigation, we have selected two optimal structures suitable for highly efficient SCG.

Based on collecting and analyzing many different liquids. We have identified a fluid that
can optimize the effective mode area, dispersion, and loss and not affect human health: heavy
water (D,0). Heavy water and water (H,O) are both interchangeable solvents. However, the
hydrogen bonding strengths in H,O and D,0O are different, resulting in distinct differences in
physical properties such as density, viscosity, and thermal ability. Because deuterium atoms are
heavier than hydrogen atoms, the amplitude of atomic vibrations is smaller and the deuterium
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bonding in heavy water is stronger than hydrogen bonding in water. The refractive index also
varies significantly: at 293 K and 589.3 nm, the refractive index of water is 1.33, while heavy
water is 1.32 and in the wavelength range from 500 nm to 1200 nm, the absorbance coefficient of
heavy water is very small compared to the absorption coefficient of water [29,30]. The nonlinear
refractive index of heavy water and water is approximately equal to m?/W [31].

The article is structured as follows. Sec. 2 describes the numerically constructed heavy
water core hexagonal lattice PCF. The next part is to analyze the characteristics of PCF with
changes in structural parameters and propose the optimal structure for effective SCG. Finally,
Sec. 4 presents the conclusions of the study.

2. Numerical modeling of PCF

We designed the geometrical structure of the PCF filled with heavy water, as shown in
Fig. 1. The background material is fused silica (SiO,), and the hollow core infiltrated with heavy
water is surrounded by air holes constituting a photonic cladding. The cladding consists of eight
rings of air holes of diameter d ordered in a hexagonal lattice with the lattice constant A. The
diameter of the core is defined by the formula D, = 2A — 1.1d. The filling factor of the cladding
is defined as f = d/A. In the computer simulations, we used the following lattice constants A has
been varied between 1.0um to 1.4 um in steps of 0.1 um and the filling factors f has been varied
between 0.92 to 0.96 in steps of 0.1. We choose a large filling factor to make the average refractive
index of the cladding smaller than the refractive index of the core so that the light passing through
the PCF follows the phenomenon of total internal reflection. This new point is very different from
previous publications [20-25]. For the set of parameters selected for the structures, we used the
Lumerical Mode Solutions software [26] and performed 25 simulations. The results obtained show
that all PCF structures are single-mode.

Refractive index characteristics are modeled using Sellmeier’s equation as given below,
where the C; coefficients have dimensions of micrometers squared (m?):

BiA*  BA*  B3A?

2 Tz T ’
A2—C A2—C A?—G
where A is the wavelength and 7 is the real refractive index of the material. The Sellmeier’s
coefficients, B;, for fused silica [31] and heavy water [28] are presented in Table 1. The effective
refractive index is determined by:

n2(A) = By +

(D

AB
Neff =7 = 2)
where f3 is the propagation constant.

Figure 2 shows a comparison of the refractive index of PCF materials. It can be seen that the
refractive index of silica is larger than that of the heavy water used in the core. This is a new point
compared to previous works using liquids with a higher refractive index than silica [20-25]. Light
is still confined in the core according to the phenomenon of total internal reflection as analyzed
above.

The absorption coefficient of heavy water is shown in Fig. 3. In the wavelength range from
0.5 um to 1.2 um , the absorption coefficient of heavy water is small. Therefore, we investigate
the characteristics of PCF in the wavelength range from 0.5 ym to 1.2 um to reduce loss to the
lowest level in the light transmission process of PCF.
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Fig. 1. The first three rings of cladding in the geometrical structure of the PCF are filled
with heavy water. D, is the diameter of the liquid-filled core, A is lattice constants and d
is the diameter of the air-filled core.

Table 1. Sellmeier’s coefficients for the materials used.

Sellmeier cofficients Values
Fused Silica (SiO;) Heavy Water (D,0)

By 1 1
By 0.6694226 -0.30637
B; 0.4345839 0.74659
B3 0.8716947 -

Cy [um? 4.4801 x 1073 -47.2669

C, [um? 1.3285 x 1072 0.00893

C; [um? 95.341482 -

Chromatic dispersion includes a waveguide and material dispersion. It is determined ac-
cording to Eq. (3), where Re[n,4] is the real part of the effective refractive index of a guided mode
and c is the velocity of light in a vacuum.

_& d2 Re [neff]
c drr

The nonlinear coefficient of PCF has the unit of (W‘1 .km_l) determined by the following

formula:
. 9 ny . 27 nyp
= ¢ <Aeﬁ‘> A (Aejf>’ @

D= 3



Fig. 2. Characteristics of the real part of the refraction index of heavy water [29] and
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Fig. 3. The absorption coefficient of liquid heavy water at a temperature of 20 °C on (a)

(a)

(b)

linear and (b) logarithmic scale as a function of wavelength [29].

where  is the angular frequency, and A is the effective mode area (an important characteristic

of PCF). It is inversely proportional to the nonlinear coefficient and is defined as follow [19]:

(= L |E (x,y) Pdxdy)®

Ao =

where E is the electric field amplitude.

JZ 2 |E (x,y) [Fdxdy

&)
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3. Result and Discussion

3.1. The effective refractive index (n )

Figure 4 illustrates the change in the effective refractive index of the fundamental mode in
PCFs with the filling factor (d/A) chosen between 0.92 and 0.96 and the lattice constant (A) : A =
1.0um, A=1.1um A=12um,A =13 um, and A = 1.4 um. Based on the graph, we can
see that the change of wavelength, d/A, and lattice constant (A) lead to a change in the effective
refractive index. Specifically, as the wavelength increases, the refractive index decreases and has
a similar shape for all cases. This behavior is mostly because the longer wavelength has a stronger
capacity to penetrate within the cladding district of PCF than that of a briefer wavelength [34].
In addition, as the filling factor (d/A) increases, the effective refractive index decreases, and ng
increases if the lattice constant (A) increases.

3.2. The effective mode area

Figure 5 shows the effective mode areas of the fundamental modes simulated for PCFs with
varying structural parameters. At the same structural parameters, the effective mode area varies
with wavelength and has the same shape. Specifically, with the same lattice constant and at the
same value of wavelength, A.¢ increases as the filling factor decreases. Meanwhile, as the lattice
constant increases, the effective mode area increases at a certain filling factor and wavelength.
A smaller effective mode area leads to a large nonlinear coefficient because it is inversely propor-
tional through Eq. (4). Highly nonlinear PCF is the best condition for SCG with input energy as
low as picojoules. The effective mode area in this work is much smaller than the effective mode
area reported in liquid core PCF in previous projects [31,32]. The current values of the optimized
fibers compared with previous works are shown in Table 2.

3.3. Dispersion

Figure 6 shows the effect of varying the filling factor (d/A) and the lattice constant (A)
on the dispersion (D). Looking at the graph, the hexagonal lattice structure has dispersion that
varies with different wavelengths. The dispersion curves obtained include anomalous dispersion
with one or two ZWDs. The dispersion characteristic has been dominated by the change of the
filling factor d/A and the lattice constant (A). Moreover, the change of these two parameters
causes the ZDW to shift to a longer wavelength. Specifically, at lattice constants A = 1.1 um
and A = 1.2 um (Fig. 6. a, b), anomalous dispersion with two ZDWs appears in all fibers with
the investigated filling coefficients. When examining larger lattice constants (larger cores) with
A =1.3 um (Fig. 6¢) and A = 1.4 um (Fig. 6d), the results show the anomalous dispersion with
two ZDWs no longer appears but only the anomalous dispersion curve appears with one ZWD in
these two cases. The structure parameter A also strongly influences the properties of dispersion,
a huge change like the dispersion profile observed with a larger lattice constant. The dispersion
characteristic is more controllable in smaller core PCFs because of their strong light confinement.
From the above analysis, the dispersion characteristics can be controlled by changing the filling
factor (d/A) of the first ring and the lattice constant (A).

Dispersion is one of the key factors for SCG, the flat dispersion fiber allows us to obtain
a wider SCG [1]. Therefore, fiber structures with flat dispersion curves, near-zero dispersion
curves, and ZDWs compatible with pump wavelength have always been the goal of dispersion
optimization [1].
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Fig. 4. The real part of the effective refractive index as a function of wavelength of PCFs
with various d/A for (@) A=1.0 um, (b) A=1.1 um, (¢c) A=12 um, (d) A=1.3 um

and (e) A=1.4 um.

Based on the analysis in the above section, we choose two optimal dispersion fiber struc-
tures named fiber #F; and fiber #F, (Figure 7. a). Fiber #F; has lattice constant A = 1.1 um
and filling factor d/A = 0.92, has two zero dispersion wavelengths ZDW; = 0.731 um , ZDW,
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= 1.149 um . This fiber is intended for SCG in the anomalous dispersion regime with a pump
wavelength of 800 nm. The dispersion is equal to 44.68 ps/nm/km at the pump wavelength. Fiber
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#F, has a lattice constant A = 1.4 um and a filling factor d /A = 0.92, with a zero dispersion wave-
length ZDW = 0.835 um . This fiber is intended for SCG in the anomalous dispersion regime with
a pump wavelength of 850 nm. The dispersion value is 10.6 ps/nm/km at the pump wavelength.
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Fig. 7. Characteristic properties of two optimized fibers for supercontinuum generation:
(a) dispersion; (b) confinement loss; (c) effective mode area; and (d) nonlinear coefficient.

Figure 7b shows the confinement loss characteristics of the optimal fiber bottle. In the
wavelength range from 0.5 pm to 1.15 um , there is not much difference in the values of the two
optimal fibers. In the investigated wavelength region, the confinement loss of the two optimal
fibers almost coincides with the horizontal axis, and has a small confinement loss value compared
to the previous works in Table 2. At the pumping wavelength, the confinement loss values of fibers
#F| and #F, aredB/m and dB/m, respectively. Low confinement loss is an outstanding feature of
our structure compared to previous constructions.

Figures 7c and 7d present the effective mode area (A.4) and nonlinear coefficient (y) of
the two proposed fibers. Fibers #F; and #F, have almost the same curve, in which the effective
mode area of fiber #F, is higher than fiber #F,. Because the nonlinear coefficient is inversely
proportional to the effective mode area (Eq. (4)), the nonlinear coefficient of fiber #F; is larger
than fiber #F, in the wavelength region investigated. Highly nonlinear PCF is most desirable for
SCG produced with input energies as low as pico joules (pJ).

Table 2 presents the values of fiber property quantities proposed in this work compared
with previous works [34-36]. From those results, the effective mode area of fiber #F; is small
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Table 2. The values of characterizing quantities are calculated at pumping wavelength of

the proposed PCFs.
Pump
D A Y L
# wavelength _ b - - y
e | ps (amkm) ] | (um?) | (W) | (@)
#F, 800 44.68 1.22 103.31 —1.32x 1075
#F, 850 10.6 1.92 61.53 8.15x 1071
V[V;lﬁf 1300 -0.0114 2.089 69.4 1.63 x 1077
Et[};f}d 1300 -0.011 1.965 73.8 3.55x 1078
Be[fi“ine 1300 -0.0124 1.521 95.4 6.76 x 10711
C[é%t 1560 3.2 16.670 40.79 5.3
CCly 1030 -85 42.2 22.1 -
[36]

at 1.22 um?, while at the pump wavelength of 850 nm, this value is 1.92 um 2 of fiber #F,. We
can see that the effective mode area in our construction is much smaller than in other publications.
Furthermore, the confinement loss value in our study was many times smaller than the compared
fibers [34-36]. The results obtained demonstrate that these PCFs are suitable for SCG applications.

4. Conclusion

In this paper, we designed a new photonic crystal fiber with a core filled with heavy water.
Such a PCF is common, environmentally friendly, and has a low nonlinear refractive index com-
pared to silica. This is a new point of the article compared to previous works. Although the work
uses materials with a low refractive index, with the designed structure, light still is guided in the
core according to the phenomenon of total internal reflection. The properties of hexagonal lattice
PCFs are controlled by the variation of the filling factor and the lattice constant. The properties
including effective mode area, nonlinear coefficient, dispersion, and loss of the proposed fiber
are also studied. We have proposed two optimal fibers #F; (A = 1.1 um, d/A = 0.92) and #F,
(A=1.4 pum, d/A = 0.92) with flat dispersion, small effective mode area, and low confinement
loss compared to some previous works. The proposed fibers have a promising value for SCG.
The flexibility of these structures opens the door for a multitude of applications across diverse
domains, including high-speed communications, ultrafast lasers, and advanced sensors.
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