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Abstract: A high-resolution and high-sensitivity fiber optic sensor based on the quasi-linear distribu-
tion of the core refractive index is designed and fabricated, which enables decouple measurement
of bending and of temperature. First, single-mode fiber doped with Al,O3, Y,03, and P,Os5 was
drawn through a fiber drawing tower. The fiber grating was engraved on the fiber by a femtosecond
laser. Modeling analysis was conducted from quantum theory. Experimental results show that
the bending sensitivity of the grating can reach 21.85 dB/ m~!, which is larger than the reported
sensitivity of similar sensors. In the high temperature range from room temperature to 1000 °C, the
temperature sensitivity was 14.1 pm/°C. The doped grating sensor can achieve high temperature
measurement without annealing, and it has a distinguished linear response from low temperature to
high temperature. The bending resolution can reach 0.0004 m~!, and the temperature resolution can
reach 0.007 °C. Two-parameter decoupling measurement can be realized according to the distinctive
characteristic trends of the spectrum. What’s more, the sensor exhibits excellent stability and a fast
response time.

Keywords: high resolution; bending sensor; temperature sensor; decoupling measurement

1. Introduction

With corresponding concepts such as the Internet of Things and smart cities, the
sensing of information is an important content of the information age. As the perception
layer of the information age, sensors are the entrance to the reception of massive amounts
of information, and they are an essential foundation for the internet of everything. Sensing
technology is evolving towards miniaturization, intelligence, integration, and passivity.
The scope of physical perception is required to be more extensive, the means of information
collection are more convenient, and the types of data acquisition are more diverse.

The two physical parameters of temperature and curvature need to be evaluated in
many applications, such as aerospace, petroleum energy, smart wearables, and industrial
manufacturing [1]. After years of research, fiber bending and temperature sensors based
on different principles have been reported. For example, the Mach-Zehnder interferom-
eter [2], photonic crystal fiber [PCF] [3], four-core sapphire-derived fiber [4], seven core
fiber [5], optical fiber laser [6], two-core fiber [7], three-core fiber [8], fiber Fabry—Perot
cavity [9], Michelson interferometer [10], Sagnac Interferometer [11], long period fiber
grating (LPFG) [12], fiber Bragg grating (FBG) [13], and capillary hollow-core fiber [14].
These sensors have their own unique advantages, but there are still many shortcomings.
Interferometric sensors need to be fused multiple times, resulting in the reduced mechanical
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strength of the sensor [15,16]. Multi-core fiber and PCF are expensive to use [17]. Although
the LPFG sensor has high sensitivity, it usually analyzes the data through a transmission
spectrum, and it is therefore difficult to reuse the optical fiber sensor network [18]. When
an FBG sensor is used to evaluate bending and temperature, it has low sensitivity and it
cannot distinguish measurement [19]. In terms of temperature measurement, the sapphire
grating sensor can measure very high temperatures. However, the cost is high and the
manufacturing technology is not mature enough [20]. The regenerative grating can measure
high temperature, but it requires a long period of high temperature annealing treatment,
after which the grating area will be very brittle [21].

Therefore, in order to address the above problems, we propose a FBG sensor engraved
by femtosecond laser on a new doped fiber. First, we designed and drew a new type of
fiber doped with Al,O3, Y,03, and P,Os. The core refractive index of the new optical
fiber is quasi-linear distribution. The FBG is engraved on the fiber by the femtosecond
laser. The grating model is analyzed by quantum optics theory and refractive index
perturbation theory. Bending and temperature experiments were performed on this new
type of grating. Experimental results found that the grating exhibited very high bending
sensitivity. The grating can achieve continuous temperature measurement without long-
term high temperature annealing. The grating spectral energy is sensitive to bending,
and the wavelength is sensitive to temperature. It exhibits unique spectral properties for
two different physical quantities. The sensor measurement system has ultra-high curvature
and temperature resolution.

2. Fabrication and Theoretical Analysis

The purpose of traditional optical fiber doping materials is to obtain the refractive
index difference between the core and the cladding. However, the purpose of doped oxide
materials in this manuscript is to enhance the temperature resistance properties of the
fiber, while modulating the refractive index distribution of the core. The melting point of
AlyO3 is 2054 °C. Additionally, Al,O3 has the characteristics of a small specific surface area,
uniform particle size, easy dispersion, high hardness and good insulation performance,
which makes the fabrication of optical fiber preform and the drawing of optical fiber easier
to control. Meanwhile, Al,O3 has the characteristics of high mechanical strength, strong
wear resistance, and heat shock resistance, which makes the sensor more robust. It holds
the characteristics of colorless and transparent, high light transmittance and high refractive
index [22]. The melting point of Y,03 is 2439 °C. Below 2200 °C, Y,Os is a cubic phase
without birefringence [23,24]. It holds the characteristics of corrosion resistance, wide
optical transparency, and good physicochemical properties.

A new type of optical fiber can be obtained by drawing the optical fiber preform
through the optical fiber drawing tower. The high-temperature resistance furnace of the
drawing tower is heated to 2300 °C, so that the cone of the optical fiber preform is melted
to form a droplet like material head. After controlling the thinning of the optical fiber
preform, it goes through an annealing device and a cooling system in turn. The dimension
parameters of optical fibers are supervised online in real time. Finally, the bare fiber is
coated and cured by means of a coating device. Figure 1 presents a schematic diagram to
reinforce the description of the novel fiber fabrication.

Table 1 presents the measured dimensional parameters and numerical apertures of the
novel fiber.

The doped optical fiber core was analyzed by electron probe micro analysis (EPMA).
The EPMA enables qualitative and quantitative analysis of chemical composition of mi-
croscopic regions in fiber. The mass percentage of different doping can be achieved by
fully automatic area scanning analysis. Its core contains 4.9 wt.%Y,03, 3.2 wt. %Al 03,
and 2.3 wt.% P»0Os. It is the most sensitive optical fiber measurement technology available
in the testing wavelength range of 375 nm~2000 nm, which can measure the refractive
index, stress, and geometry of any type of fiber. Table 2 gives the detailed parameters of
FRIMA-IFA-100-IR.
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Design and Fabrication of Novel Optical
Fiber Preforms

4

Adjust the preform into the fiber drawing
tower heating furnace

!

Start the furnace and set the heating
temperature

4

Wait for the slug to drop and draw wire
through the pulling device

Measure fiber diameter and control
relative speed

4

Curing, Coating and Testing

Figure 1. Schematic diagram of new optical fiber manufacturing.

Table 1. Parameters of novel high temperature resistant doped fiber.

Core Composition

Cladding Diameter Core Diameter Coating Diameter Numerical Aperture

Si0,-Al,05-Y,05-P,05

125 um 10 um 252 pm 0.2

Table 2. Measured parameters of FRIMA-IFA-100-IR.

Refractive Index
Measurement Accuracy

Measure Core

Spatial Resolution Measuring Concentricity Error Out-of-Roundness Error

40.0001

500 nm +200 nm +0.4%

Refractive index measurements of fiber cross-sections are set out in Figure 2. The
maximum refractive index is 1.464, and the cladding refractive index is significantly less
than the core index. The abscissa and the ordinate represent the number of measurement
sampling points in Figure 2a. Locally amplified refractive index profile measurements
were performed on the fiber core region and the results are presented in Figure 2b. The
point of maximum refractive index of the fiber is located in the center of the fiber core. Its
corresponding core refractive index presents a non-uniform distribution of the point spread
function. The refractive index difference in the horizontal direction and in the vertical
direction of the fiber were measured, and the results are depicted in Figure 2c. From the
results, it is found that the refractive index distribution of the fiber cladding is relatively
uniform, but the core refractive index almost implies a linear decrease. In addition to
this, the core has a small amount of jitter in the horizontal and in the vertical refractive
index profiles. When light is transmitted in the new optical fiber structure, the mode of the
light field will change, causing the total reflection angle of light to become smaller when
light is transmitted in the optical fiber. When the optical fiber is bent, it will cause part of
the optical energy to be coupled into the optical fiber cladding. Taking advantage of this
property of the new type of optical fiber, the sensor can be used for bending measurements
by demodulating the energy.
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Figure 2. New fiber parameters, (a) Optical fiber cross-section refractive index profile; (b) Fiber Core
Refractive Index Profile; (c) Refractive index difference in horizontal direction and in vertical direction
of optical fiber.

Fiber gratings were engraved by direct writing using the femtosecond laser micro-
machining system. Femtosecond lasers are characterized by ultra-short pulse widths and
ultra-high peak powers. When the femtosecond laser interacts with the fiber material, non-
linear ionization phenomena such as nonlinear photoionization and avalanche ionization
are mainly generated. The high-energy femtosecond laser acts on the fiber to cause the
formation of internal defects or local shrinkage of the material. It densifies the material
and causes localized melting of the fiber core, resulting in refractive index modulation for
permanent material damage. What’s more, the avalanche ionization effect is generated and
the fiber material continuously absorbs the laser irradiation energy. Eventually, the electron
plasma in the laser focus area will increase to a certain concentration value, and more
intense light absorption will occur, resulting in permanent refractive index modulation in
the irradiated area.

The center wavelength of the femtosecond laser was 800 nm. The repetition rate was
200 kHz. The pulse width was 200 fs, and the energy range was tunable from 0 to 3 W. A
laser energy attenuation system was used to adjust the laser output energy, and finally the
refractive index was modulated on the new optical fiber by focusing on a high-magnification
microscope objective. The processing position and the modulation effect of the front end of
the laser imaged and observed by CCD. In the process of preparing the grating, the optical
fiber was fixed on the three-dimensional displacement stage through the adsorption clamp
platform. The computer terminal controlled the three-dimensional stage to make the fiber
move at a specific speed and in a specific direction. The reflection spectrum appeared in
real time through the demodulator. Figure 3 is the grating spectrum engraved under the
above femtosecond laser parameters. It can be seen from Figure 2 that the grating reflection
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spectrum had a higher contrast and a lower noise. The center wavelength of the sample A
grating was 1533.58 nm. The grating period was 1.2 um. The number of lines engraved by
the laser was 5000, and the corresponding grating length was 6 mm. The center wavelength
of the sample B grating was 1533.58 nm. The grating period was 1.2 um. The number of
lines engraved by the laser was 3000, and the corresponding grating length was 3.6 mm.
Figure 3a,b show the reflection spectra of two different grating samples with lengths of
6 mm and 3.6 mm, respectively. The length of the sample A grating was greater than that
of the sample B grating. The period of the sample grating was the same. The difference
was that the length of engraving was different under the same period.
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Figure 3. Reflection spectra of samples with different gratings. (a) Sample A; (b) Sample B.

This manuscript presents an analogous approach to theoretical analysis in which the
micromachining of optical fibers by femtosecond lasers is considered as a perturbation of
the refractive index of the fiber core. It is proposed to deduce the theory of grating coupled
mode by establishing the perturbation theory applicable to Maxwell’s equations. The main
idea of modeling is as following: introduce the state vector

w—(i) (1)
jH

and assume that the electromagnetic field changes with time in a relationship of e/*. So,
Maxwell’s equation can be expressed as:

N ~ (TN
L) + L:lp) — LWlp)=0 @
where
R 0 Vix \ - 0 2e.x \ ¢ 0
Ly = L, = 0z W = 3
! ( Vix 0 ) z ( %?Zx 0 0 ;7 ®)

For an unperturbed fiber, the state vector corresponding to the propagation constant

analysis By is |), = e/PZ | (x,y)). [r(x,y)) is the transverse eigenfunction of the state
vector, which satisfies the eigen equation

(—it + %WO) 9) = Bilzlx) 4)

£ 0 ezx ~ (& 0
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when the optical fiber core is perturbed by the femtosecond laser, the perturbation form is

set as
Ws = W — Wy (6)

the electromagnetic field propagating in the fiber is the superposition state of the eigen-
modes in the undisturbed fiber, namely

Zak (z)eP= ) @)

According to the time-dependent perturbation theory of quantum mechanics, the
superposition state |¢) can evolve according to the following equation

Laly) = (=Li+ SWo ) ly) + SWsly) ®)

Using the orthonormalization condition, the coupled mode equation for the mode
amplitude can be obtained as follows

—JZak )&l BePD= (. | W5 ) )

where W is related to the perturbation of the dielectric constant. If the perturbation
form of the dielectric constant caused by the refractive index modulation is found, the
corresponding perturbation coupled mode equation can be obtained.

3. Experiment and Discussion

Figure 4 is a curvature experiment measurement device system. One end of the grating
was connected to a high-precision demodulator (FAZT), and its wavelength resolution
was 0.1 pm. The demodulator is connected to the computer, and the reflection spectrum
information of the grating can be presented in real time on the computer’s software.
The grating bending region is encapsulated in elastic capillaries to prevent the grating
from breaking due to stress concentration. The elastic capillary is fixed on the two three-
dimensional translation stages (TDSs) by the fiber holder, and the curvature of the sensor
can be modified by changing the distance between the two translation stages. The grating
area is always centered on both stages while preventing twisting of the sensor. When the
fiber grating region is bent, its curvature function can be expressed as

L D
sin SRR (10)
where R is the radius of curvature of the fiber grating; L represents the initial distance

between the two TDSs; and D is the absolute value of the travel distance between the TDSs.

Demodulator

Figure 4. Bending experiment test device system.

Bending experiments were carried out on the novel grating sample A, and the results
are shown in Figure 5a. The center wavelength of the sample A grating was 1533.58 nm.
The grating period was 1.2 um. The number of lines engraved by the laser was 5000, and
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the corresponding grating length was 6 mm. Ambient temperature remained constant
when measuring curvature. The reflection spectra under different curvature values were
recorded. The experimental results clearly reveal that the reflection spectral response of the
grating was very sensitive with the change of curvature. Further analysis according to the
changing characteristics of the spectrum shows that the energy of the resonant spectrum
changes very rapidly to bending, but the wavelength is hardly affected. Through the
experimental consequences, the potential trend of central spectral energy with curvature
is analyzed again. The energy of the reflected spectrum drops sharply with increasing
curvature. This is attributed to the fact that most of the light transmitted in the grating
region are coupled into the fiber cladding with increasing curvature. The energy of the
sensor changed by 27.5 dB when the curvature range increased from 0 to 1.2 m~!. A linear
fit was performed on a large number of data points, and the fitting results are shown in
Figure 5b. The bending sensitivity of the grating was —21.85 dB/m~! and the linearity
amounted to 0.994, which is very convenient for signal demodulation. Since the energy
resolution of the sensor signal demodulator was 0.01 dB, the bending resolution of the
sensor can be obtained by calculation to be 0.0004 m~!. A large number of experimental
measurements were carried out, all exhibiting similar sensing properties. Therefore, in the
following figures we give the specific experimental results of sample A to represent the
sensing characteristics of this type of sensor.
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Figure 5. (a) Reflection spectrum of sensor under different curvature; (b) Bending fitting curve.

The stability of the sensor was checked for ten hours when the curvature was 0.4 m ™!
and 1.0 m~!, respectively. The experimental results are shown in Figure 6. The sensor
demonstrates exceptional long-term stability. In the long-time measurement process, the
maximum fluctuation of reflected spectral energy was 0.3 dB. Considering bending sensi-
tivity of the grating, the curvature fluctuation of the bending was 0.014 m .

The temperature characteristics of fiber gratings doped with high temperature re-
sistant materials were checked. The heating furnace adopted high-quality high alumina
polycrystalline ceramic fiber, which holds the characteristics of rapid heating resistance,
stability, and uniform heating in the heating area. The maximum working temperature
of the tubular furnace was 1100 °C, and the temperature control accuracy was 1 °C. The
length of the heating zone was 300 mm. The temperature measurement area was calibrated
by a soaring temperature thermocouple contact probe. Then, place the grating area in a free
straightening state in a heating furnace and raise the temperature from room temperature
to 1000 °C, and the room temperature is 20 °C; record the spectral data every 100 °C, and
stabilize the temperature at the recording point for half an hour to heat it evenly. Figure 7
records the spectrum of grating at different temperatures. In Figure 6, we still give the
experimental measurement results of sample A. The sensing properties of this novel sensor
are represented by sample A.
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Figure 6. Bending stability test of sensor.

280
240F
a 200 — 20°C
=) F — 80°C
8 160 — 100°¢
% — 200°C
> — 300°C
E 1201 — a00C
5 R — 500°C
> 80F — 600°C
g — 700°C
8 4ok — 800°C
= — 900C
[ — 1000°C]
0 ;\N\w,——\/\/\/\/\f\m
[ 2D VN
-40F U
1 n 1 n 1 n 1 n 1
1552 1556 1560 1564 1568

Wavelength(nm)

Figure 7. Grating reflection spectrum at different temperatures.

With the increase of temperature, the wavelength of the grating drifts in the long
wave direction. The effect of temperature on the wavelength of fiber grating includes three
aspects. The thermal expansion effect of the fiber causes the grating grid spacing to change.
The optical fiber thermo-optic effect changes the refractive index of the fiber grating. The
elastic-optic effect caused by the thermal stress inside the fiber makes the core diameter of
the fiber change. The total effect of temperature on FBG wavelength drift is:

Ap = (a 4+ )AT (11
AB
where Ap is the center wavelength of the grating; « is the thermal expansion coefficient of
the fiber material, and its value is greater than zero; and ( is the thermo-optic coefficient of
the fiber material, and its value is greater than zero. So, AAp will be a value greater than
zero when AT is greater than zero. From this, it can be known that the grating wavelength
will drift to the long wave direction as the temperature increases.

The energy of the reflection spectrum hardly changed in the temperature range before
850 °C. When the ambient temperature exceeds 850 °C, the internal stress of the fiber will be
unevenly distributed, causing changes in the effective period and in the effective refractive
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index of the grating. Finally, the original refractive index modulation of the fiber grating is
changed. Refractive index modulation recombines and weakens resulting in a reduction in
reflected spectral energy. The grating reflectance spectra showed very high extinction ratios
even without prolonged annealing during the heating process. At present, the reported
grating sensors that can measure high temperature need a long regeneration process [21].
The resonant wavelength is linearly fitted, as shown in Figure 8. The sensitivity of the
sensor was as high as 14.1 pm/°C in the range from room temperature to 1000 °C, and the
linearity could reach 0.994. The wavelength resolution of the demodulator was 0.1 pm. The
temperature resolution of the sensor could be obtained by calculation to be 0.007 °C.
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Figure 8. Temperature fitting curve.

The temperature stability of the FBG was continuously monitored for a long time.
The output spectrum of the sensor was monitored for 10 h when the temperature was
600 °C and 1000 °C, respectively. The implementation results are shown in Figure 9.
The maximum wavelength fluctuation of the reflection spectrum was 18 pm, and the
corresponding temperature fluctuation did not exceed 1.2 °C. This fluctuation had little
effect compared with the absolute value of the measured temperature.
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§ ® 1000C
<
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15614+ ™ ™ "
1561.2 L . . . . .
0 10

4 . 6
Times(h)
Figure 9. Temperature stability experiment.

There have been reports about the high sensitivity of fiber grating temperature sensors,
but there are few reports about its response time characteristics. The response time of the
sensor to temperature is an important parameter of the sensor’s sensing index. Therefore, a
response time test experiment was conducted: instantly switch the sensor from 25 °C to
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980 °C high temperature environments; the wavelength signal of the sensor is perceived
by the demodulation system, and its sampling frequency is 1 kHz; as shown in Figure 10,
the response time of the sensor is 0.6 s for the temperature jump of 955 °C. Since manual
switching will cause a specified delay when the sensor switches between two different
temperature environments, the actual response speed of the temperature sensor should be
faster. The influence of sensor measurement error caused by inconsistent sensor response
is eliminated. The response of the traditional platinum resistance temperature sensor is
more than 10 s. Although the response time of the thermistor can be very short, the current
is difficult to control during the test, and it is often very large, which will cause substantial
measurement errors. The extra fiber sensor shows an extremely fast measurement response.
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Figure 10. Temperature response time.

Table 3 summarizes the comparison of sensing characteristics of different types of
sensors. It can be found from the table that the sensor designed in this paper exhibits
excellent sensing characteristics.

The resolution comparison between the sensor in the paper and the same type of fiber
optic sensor is given in Table 4. It is obvious from the table that the sensor designed in this
paper exhibits a very high measurement resolution.

Table 3. Comparison of sensing characteristics of different types of sensors.

Sensors Structure SEE:S::EY Range T;:;I;?:ifil;;e Range R/llse:;lf;l;};;ntg Reference
Four-Core
Sapphire-Derived Fiber 45dB/m"! 04-25m™"! / / No [4]
Seven-core FBG 7.2dB/m™1 0-1.0m™? 12 pm/°C 35-215°C No [5]
Optical fiber laser 1.04 nm/m™1 0.8-2.0m™! / / No [6]
Two-core MZI —6.18 nm/m~! 0-0.98 m~! 31 pm/°C 30-70 °C No [7]
Three core LPFG 3.23nm/m™! 0-0.58 m~! 54 pm/°C 30-80 °C No [8]
Concave-lens-like LPFG ~ 32.78 nm/m ™! 0-2.08 m~! 54 pm/°C 30-90 °C No [12]
SMF-FCE-SMF —18.75nm/m~!  0.042-0.163 m™! 74 pm/°C 30-80 °C Yes [15]
Off-axis written FBG ~1.25dB/m™! 0-1.1m™! 10.8 pm/°C  23.5-60 °C No [19]
This work 21.85dB/m™! 0-12m™! 14.1pm/°C  20-1000 °C Yes
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Table 4. Resolution comparison between different types of sensors.

Sensor Structure Bending Resolution Tempera.ture Reference
Resolution
Four-Core Sapphire-Derived Fiber 0.008 m~! \ [4]
Seven-core FBG 0.001 m~! 0.08 °C [5]
Optical fiber laser 0.004 m~1 \ [6]
Two-core fiber taper 0.003m~1! 0.3°C [7]
Three-core LPFG 0.006 m~! 0.35°C 8]
Concave-lens-like LPFG 0.0006 m~1 0.32°C [12]
graded index multimode fiber \ 0.11°C [18]
Off-axis 0.039 m~1! \ [19]
This work 0.0004 m~! 0.007 °C

4. Conclusions

In this paper, a new type of optical fiber based on different doping materials is de-
signed first, and the refractive index of the core of the optical fiber exhibits a quasi-linear
distribution. The ratio and the effective refractive index of different doping materials for
the new optical fiber are analyzed. Fiber gratings were engraved on the new fiber by fem-
tosecond laser. The grating model was analyzed by quantum optics theory and refractive
index perturbation theory. Bending and temperature experiments were performed on the
sensor. The bending experiment results show that the sensitivity of the sensor is as high
as 21.85 dB/m ! in the curvature range of 0 to 1.2 m~?, and its linearity is 0.994. Stability
experiments show that the long-term experimental bending fluctuation measurement error
is 0.014 m~!. The temperature experiment results show that the grating sensitivity is
14.1 pm/°C in the temperature range from 20 °C to 1000 °C, and its linearity is 0.994. At
the same time, the sensor shows excellent stability. The sensing system has extremely high
bending and temperature measurement resolution. The grating does not require long-term
annealing to enable high temperature measurements. The temperature response time of
the sensor is 0.6 s for the temperature jump of 955 °C. Due to excellent sensing properties,
it has important potential applications in extreme conditions.
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