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Through doping liquid crystals into the core region, we propose a kind of seven-core photonic crystal fiber (PCF)
which can achieve mode shaping and temperature sensing simultaneously in the communication window of
1.1-1.7 pm. To the best of our knowledge, this is the first time that the function of seven-core PCFs as
temperature sensors is investigated. By using the full vectorial finite element method, the characteristics of
the fiber with the temperature, such as the effective mode area, the waveguide dispersion, and the confinement
loss, are analyzed. This kind of PCF can be competitive in providing temperature sensing in multi-core PCF

lasers.
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The photonic crystal fiber (PCF), which is infiltrated with
special materials, has the advantage of effectively combing
the holey micro structure with the physical properties of
the materialsY. This kind of combination can provide the
PCF with various responses, corresponding to different
external fields. The infiltrated PCFs can find many appli-
cations, such as optical mode converters?, fiber beam
splitterst, optical fiber sensors, fiber lasers?, etc.

The liquid crystal (LC) is a special kind of material
whose index is related to the temperature and the electric
field intensityZ¥. The LC has been widely used in many
kinds of photonic devices, such as projection displays, tun-
able photonics®2Y, and depolarizers®2. Through infiltrating
the PCF with LCs, the PCF exhibits novel propagation
characteristics, which makes it applicable to temperature
sensing, the polarization splitter, the variable attenuator,
etc. Sun et al. have demonstrated the broadband thermo-
optic switching effect based on LC-filled PCFs®. A highly
tuned large-core single-mode LC photonic bandgap fiber has
been proposed, which has a large temperature gradient of
the refractive indices at room temperature. A novel
polarization splitter based on dual-core PCFs with an
LC modulation core was investigated’?. The dispersion
properties of LC core PCFs was studied by Karasawa,
which can be utilized for various applications including
the spectral control of supercontinuum generationt®,
Mathews et al. have experimentally demonstrated an all-
fiber variable optical attenuator based on the LC infiltrated
PCFY. Milenko et al. have proposed a temperature-
sensitive photonic LC fiber modal interferometer. A fiber
Sagnac interferometer based on a liquid-filled PCF for tem-
perature sensing was proposed in Ref. [20].

In this Letter, we design a new kind of seven-core PCF
infiltrated with E7 LC, which has an ultralow confinement
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loss. By using the full vectorial finite element method, the
properties of the PCF caused by the infiltration are inves-
tigated. We find that the mode intensity of the infiltrated
cores, the effective mode area, the waveguide dispersion,
and the confinement loss are dependent on the tempera-
ture. The most important feature of the fiber is that the
mode shaping and temperature sensing can be realized si-
multaneously without varying the structure. This kind of
novel multi-core PCF can be used in optical fiber temper-
ature sensors or splitters, which are sensitive to the
temperature.

The structure of the proposed PCF is shown in Fig. 1.
The red part of the structure is the cores, which are infil-
trated with an E7 LC with an ultralow confinement loss.
The diameter of the infiltrated cores “D” is 2.2 pm. The
diameter of all air holes “d” is 1.2 pm. The hole to hole
distance is A. For ensuring that the light is transmitted
in the single-mode condition, d/A is set to be 0.45. The
air holes nearest to the center core have significant influ-
ence on the infiltrated cores, and the diameter of them is
labeled as a. The temperature is set to be 25°C, and the
operating wavelength is 1.55 pm.

The index of LCs is related to the temperature and
the wavelength, which can be described as the Cauchy
equation:

ny= Ao'i_Bo/A2 + 00/143 (1)
Ne= A(3+BE//12 + Ce/ﬂ4a (2)

where n, and n, represent the ordinary and extraordinary
refractive index, and the Cauchy coefficients A4;, B;, C;
(i = o, e) are related to the temperature, which can be ob-
tained through the experimentsZ.
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Fig. 1. Structure of the designed PCF.

Mode shaping is a feasible way to effectively improve
the output power of the coherent beam combination of
PCFs, and it can also optimize the beam quality of PCFs.
In order to achieve mode shaping, we need to observe the
mode intensity of each infiltrated core. Due to the sym-
metry of the structure, only the intensity distribution of
the infiltrated cores along the y axis is shown in Fig. 2 with
diameter “a” varying from 1.2 to 1.4 pm. It can be seen
that when diameter “a” decreases, the intensity of the
center core decreases, whereas the intensity of the sur-
rounding cores increases. This is mainly because when
diameter “a” decreases, the mode field area increases,
which makes the energy of the center core easily coupled
to the surrounding cores. It implies that optimizing diam-
eter “a” makes it possible to realize a roughly identical in-
tensity of each core, i.e., mode shaping. Through trials, we
find that the mode shaping of the infiltrated seven-core
PCF can be obtained when a = 1.37 pm.
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Fig. 2. Mode intensity distribution of the infiltrated cores along
the y axis with diameter “a” varying from 1.2 to 1.4 pm.

Based on the mode-shaping infiltrated PCF, we study
the effects of the temperature on the mode field distribu-
tion, as shown in Fig. 3, with D =2.2 pm, d = 1.2 pm,
a =1.37 pm, and d/A = 0.45. The temperature changes
from 15°C to 35°C, which is a reasonable operating range
considering that the fibers require water-cooling in high
power working conditions. It can be intuitively seen that
in the mode-shaping PCF, the intensity of each infiltrated
core is nearly the same for different temperatures. When
the temperature increases from 15°C to 35°C, the mode
field intensity in the cores decreases. In order to show
the effects of the temperature on the mode intensity
clearly, Fig. 4 is given with the same parameters of Fig. 3.
It can be explicitly observed that when the temperature
increases from 15°C to 35°C, the intensity decreases from
8.926 x 10'6 to 8.031 x 10'® W/m?2.

The relationship between the peak value of the mode
intensity and the temperature at different diameter
“D”, which ranges from 2 to 2.5 pm is shown in Fig. 5.
It is indicated that for any value of diameter “D”, the peak
mode intensity is inversely proportional to the tempera-
ture, which implies that the mode-shaping PCF has the
feature of temperature sensing. By using the simultaneous

Max: 8.926x10'°W/m? Max: 8.494x10°W/m? Max: 8.031x10'°W/m?

Y b Ty

W WD D

(a) 15°C (b) 25°C (c)357C

Fig. 3. Three-dimensional (3D) mode intensity distribution of
the mode-shaping infiltrated PCF for different temperatures.
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Fig. 4. Mode intensity distribution of the infiltrated cores along
the y axis for different temperatures.
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Fig. 5. Relationship between the peak value of mode intensity
and the temperature at different diameters “D”.

features of mode shaping and temperature sensing, it is
feasible to obtain the information of the temperature by
only detecting the output power of one infiltrated core
with high beam quality. The sensitivity of the PCF at dif-
ferent diameters “D” is further shown in Fig. 6. It can be
seen that the sensitivity of the PCF decreases when the
diameter “D” is larger than 2.2 pm. The sensitivity can
reach up to 4.475 x 10" W/(m? - °C).

To illustrate that the mode-shaping PCF satisfies the
single-mode transmission condition??, the normalized fre-
quency of the PCF with the same parameters of
D=22pm, d=1.2pm, a= 137 pm, and d/A =0.45
for the temperatures of 15°C, 25°C, and 35°C is shown
in Fig. 7(a) with

2nr

Vpcr = - Neore™ Mo (3)
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Fig. 6. Sensitivity of the PCF with different diameters “D”.

25 T T T

Normalized frequecy

1 12 1.3 1.4 1.5 16 ) ‘1,7
Wavelength (um)

@

Fig. 7. (a) Normalized frequency of the infiltrated PCF for dif-
ferent temperatures. (b) The mode intensity with A = 1.55 pm
and T = 15°C. (c) The mode intensity with 1 = 1.55 pm and
T =25°C. (d) The mode intensity with A= 1.55 pm and
T = 35°C.

It can be seen clearly that the normalized frequency of
the PCF at the wavelength ranging from 1.1 to 1.7 pm is
less than z. Hence, the infiltrated PCF supports the
single-mode transmission in the communication window,
which makes it suffer less from the nonlinear effects.
Figures 7(b), 7(c), and 7(d) demonstrate the single-mode
transmission for the temperatures of 15°C, 25°C, and
35°C, intuitively.

The effective mode field area® is an important param-
eter, which can influence the output power of the fiber and
can be calculated by

A — ([ |1 E|*dzdy)*
eff = J[1E*dady

As for the mode-shaping structure with the parameters
of D=22pm,d =12 pm, ¢ = 1.37 pm, and d/A = 0.45,
the effective mode field area for different temperatures is
shown in Fig. 8. It can be seen that the effective mode field
area increases with the temperature.

It is necessary to study the waveguide dispersion of
the infiltrated seven-core PCF, which can be calculated
with

A d® Re(nesr)

D) =g (5)

The waveguide dispersion of the mode-shaping infil-
trated PCF with D =2.2 pm, d = 1.2 pm, a = 1.37 pm,
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Fig. 8. Effective mode area of the infiltrated PCF for different
temperatures.

and d/A = 0.45 is shown in Fig. 9. Once the temperature
increases from 15°C to 35°C, much of the flattened wave-
guide dispersion can be achieved in the communication
window based on the single-mode transmission.

With the mode-shaping structure of D = 2.2 pm,
d=1.2 pm, a=1.37 pm, and d/A = 0.45, we also ana-
lyze the confinement loss, which is calculated by2

L2 8.686/1>< Im(ngg) 6)

The confinement loss of the infiltrated PCF for different
temperatures is shown in Fig. 10. It can be observed
that the designed PCF has an ultralow confinement
loss although the confinement loss increases with the
temperature.
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Fig. 9. Waveguide dispersion of the infiltrated PCF for different
temperatures.
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Fig. 10. Confinement loss of the infiltrated PCF for different
temperatures.

We infiltrate and tailor the seven-core PCF with an E7
LC to realize simultaneous mode shaping and temperature
sensing without varying the structure. Based on the mode-
shaping infiltrated PCF, we observe that the mode inten-
sity of the PCF decreases by increasing the temperature,
and the peak mode intensity is inversely proportional to
the temperature. However, the effective mode field area
and the confinement loss increase with the temperature.
A much flattened waveguide dispersion of the PCF can
be implemented when the temperature is increased. The
combination of mode shaping and temperature sensing al-
lows this kind of PCF to be a good candidate for temper-
ature sensing applications with high beam quality.

This work was supported by the Natural Science Foun-
dation of China with under Grant No. 61475029.
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