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Summary

Sapphire fiber Bragg gratings (SFBG) are presented as a new kind of high temperature sensor that is
not sensitive to electromagnetic fields and can be operated in air as well as inert atmosphere. For
inscription of first order gratings femtosecond laser pulses with a wavelength of 400 nm are applied.
Multiplexing of several gratings within one single crystal fiber is demonstrated. The gratings were
tested for short term up to 1,900°C and for a period of 28 days at 1,400°C. An adapted signal
processing of the reflexion spectra of the highly multimode air clad sapphire fibers with a diameter of
100um allows detecting relative temperature changes better than £1K. Tubes can protect the air clad
sapphire fiber from reactions with the environment. Applying a bare fiber allows to detect temperature
changes with several Hz speed. Strain sensor designs and strain measurements based on SFBG for
applications up to 600°C were tested, too. The sensitivity of multimode SFBG strain sensors is Al / | =
10° (10pstrain). Overall, fiber Bragg grating inside Sapphire fibers provide a new base for precise
high-temperature sensors with key advantages such as signal multiplexing, large temperature
bandwidth and insensitivity to electromagnetic fields.
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Fiber optic based sensors are an alternative
[8]. They operate in various atmospheres and
are not influenced by electromagnetic fields.

introduction

High temperature processes are of great
importance in production and optimization of Conventional optical fiber sensors are based
many industrially-relevant processes. on fused silica. The glass transition
Temperatures higher than 1000°C are applied temperature at about 1200°C limits the
for melting of metals or glass, crystal growth or application of these sensors. One promising
the fabrication of ceramics. For a more efficient candidate measuring at higher temperatures
and safe energy supply high-temperature are single crystalline sapphire fibers. They can
processes in heat engines or in reactor cores be used up to their melting point of about
need to be optimized. . 2050°C. Using femtosecond laser sources

the optimisation of high temperature sensors is Using the phase-mask technology at a
an ongoing research activity [1]. Noble metal wavelength of 800nm was leading to second
thermocouples can be used in air up to order gratings. They were tested up to

1,700°C. Thermocouples therefore require
regular checks or might even need to be
replaced due to drifts caused by diffusion
processes [2] In an electro-magnetically
polluted environment metal based sensors
may not be applicable.

Pyrometers respond fast, allow studying
dynamic, and can be operated in different
atmospheres at temperatures > 2000°C [3-7].

temperatures of 1740°C [10]. Using a Talbot
interferometer and an inscription wavelength of
400 nm allows the inscription of first order
gratings and grating arrays [11].

In this paper the temperature dependence of
SFBGs and their application as temperature
sensors at very high temperatures between
1,200°C and 1,900°C as well as for fast
responding sensors will be presented. As a

But they require direct optical access to the hot
surface. Changes in the emissivity of the hot
surface may lead to errors in the
measurements.

special application the temperature distribution
in an inductively heated tube furnace will be
discussed.
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Inscription of sapphire fiber Bragg gratings

A Ti:sapphire-amplified femtosecond laser
system was used for the inscription of FBGs.
Pulses with a wavelength of 800 nm, a pulse
duration of 135 fs and an averaged power of 3
W with a repetition rate of 1 kHz pass a
nonlinear crystal to generate the second
harmonic of the pump wave leading to a
wavelength of 400 nm with an averaged power
of 1 W. The high peak intensities of these
pulses and multi-photon processes lead to a
permanent change of the refractive index and
thus to the inscription of FBGs.

To avoid a material ablation an external
dynamic iris diaphragm for a reduction of the
mean repetition rate and a reduction of the
laser power to about 550 mW were applied.
With the iris diaphragm an average of 20
pulses per second reached the fiber.

The FBGs were fabricated using the
interference pattern of a Talbot interferometer
(see Fig. 1) [11,12]. The beam is divided by a
phase mask with a period of 888 nm, optimized
for an inscription wavelength of Ainscription = 400
nm. The two diffracted beams were reflected
by mirrors and then interfered under the angle
6. The fiber has to be placed exactly
perpendicular to the interference pattern in the
field of superposition. An additional cylindrical
lens with a focal length of 221 mm was used in
front of the interferometer to increase the local
intensity at the place of the fiber. Since the
diameter of sapphire fibers was 100 ym and
the focal width was about 10um the cylindrical
lens was moved to scan through the full fiber
diameter with a speed of 0.1 pm/s. The
tolerance for the alignment of the two beam
paths in the interferometer is less than 50
microns due to the pulses in the fs- regime.
Turning the mirrors symmetrically leads to a
change in the angle 8 leading to a change in

Laser beam
phase mask

mirror

fiber

Fig. 1:  Talbot interferometer used for
FBG inscription
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Fig. 2. measured peak-spectrum  for
sapphire FBG (black dots) and
different fittted peak functions

the design Bragg wavelength (Eq. 1) and
enables multiplexing of gratings, where n is the
refractive index of the fiber.

ABragg= (n A’nscription) /(Sin 9) (ECI 1);

We wused commercial single crystalline
sapphire fibers (MicroMaterials Inc.) with
lengths up to one meter fabricated by laser-
heated pedestal growth. Sapphire fibers are
core only air clad multimode core fibers with an
index difference of 0.74 relative to air. Several
thousand modes can propagate through the
fiber, which results in a very broad reflection
spectrum of the FBG of about more than 8 nm
(fig. 2).

The interrogation setup is shown in Fig. 3. For
illumination we use a SLD light source with a
Gaussian-like intensity distribution in the
spectral range from 1510 to 1590 nm, a
commercial FBG interrogator (Ibsen Photonics)
modified by a 50 ym graded-index (Gl) fiber
entrance, a 50 um Gl fiber-optic Y-coupler, and
a 50 ym Gl launch fiber with a length of 100 m
as mode scrambler to excite all propagating
modes homogeneously. The sapphire fiber and
the launch fiber are coupled via a commercial
APC connector. We observe some losses

multimode

E coupler
FCIAPC fiber

SLD connector

510 - 1596 nm 4
launch fiber sapphire fiber
with grating

interrogator

Fig. 3: interrogation scheme for sapphire
FBG
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especially for the coupling from 100um
sapphire to the 50um supply fiber, but the
signal output is well measurable due to a
grating reflectivity of about 10%.

Signal processing

To obtain a fiber Bragg wavelength from this
spectrum, one possibility is to extract the
lowest order mode by tapered single mode
fiber [13]. Our approach was to use the whole
spectrum gaining better sensitivity, and
maintaining sensor robustness and cost-
efficient fabrication as well. Several peak
functions can be fitted to the whole spectrum
(Fig. 2): a Gauss-distribution (eq. 2), a Lorentz
function (eq. 3), and an asymmetric peak
function (eq. 4). There is no physical law that
justifies any of the chosen functions. Especially
the asymmetric function was selected because
of the better shape fitting.
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The Bragg wavelength Ag (X in the formula)
differs for each of these functions. But
according to our investigation the temperature
sensitivity is independent of the chosen peak
function. The asymmetric function was applied
for the further investigations.

As an example the fit results in a Bragg
wavelength Ag = 1543.964 + 0.119 nm at
600°C. With a sensor sensitivity of 23pm/K
fitting a single spectrum results in a
measurement accuracy of +6K. The peak width
is 7.0 nm. For an improvement of the
temperature resolution a floating mean
procedure was checked. Figure 6 shows the
mean Bragg wavelength in dependence on the
number of averaged fitted Bragg wavelengths.

grating 1 ALO, protection tube
-1

|~ enhanced losses

grating 1

| (surface effects)

Fig. 4: example for a sapphire FBG
temperature sensor (inset:
sapphire fiber illuminated by red
light)
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The error bars indicate the statistic error. For
an averaging of 20 fitted Bragg wavelengths
the mean Bragg wavelength is constant with a
statistic variance of below 10 pm. In this way,
temperatures change can be determined with a
resolution of about 1K [14].

Sensor packaging

To provide a signal that is not influenced by the
environment the sapphire fiber has to be
protected. In conventional fused silica based
optical fibers light is guided in the fiber core.
Cladding and coating protect the guided light
from the environment. Sapphire fibers are air
clad. At present neither cladding nor coating
are available that do not react with sapphire at
elevated temperatures >1200°C. Therefore we
place the sapphire fibers in closed tubes from
sintered Al,O3 or even single crystal sapphire.
We did not observe disturbances to the signal
from the mechanical contact between sapphire
fiber and tube wall. The fiber packaging leads
to temperature probes quite similar to
thermocouples that are protected by ceramic
tubes as well. The ceramic protection can be
combined with a flexible metal hose that
protects the sapphire fiber at moderate
temperatures. An example of this design is
shown in fig. 4.

Temperature dependence

The temperature dependence of the SFBG
wavelength is shown in Fig. 5. The large red
squares for T<1,200°C represent data after the
temperature in the calibration furnace (METEK
CTC-1200A) was stabilized for more than
7min. The green solid line represents data
during the slow heating with a rate of 3K/min of
the furnace match these data as well. The
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Fig. 5: temperature calibration of

sapphire FBG
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dependency of Ag on temperature is nonlinear.
A second order polynomial was fitted to the
data up to 1,200°C[15]:

g (T) =1,532.8 nm + 0.023 nm/°C « T
+4+10° (nm/°C?) « T? (eq. 5)
With increasing temperature the sensitivity of
the SFBG sensors grows from 23pm/K at room
temperature to 35pm/K at 1500°C.
An extrapolation of the fitting curve up to
2000°C was performed. (black line in Fig. 4).
Bragg wavelengths measured in an inductive
furnace are plotted by blue dots. The data
follow the extrapolated fitting curve up to
1,900°C. Deviations from the curve may be
caused by thermal fluctuations in the
inductively heated furnace induced by the
flowing Ar-gas.

Temperature distribution of an inductively
heated furnace

As an example for application we determined
the temperature distribution within the hot zone
of an inductively heated furnace at 1200°C and
1500°C. The heated tube zone has a length of
about 4 cm and a diameter of 4.5 cm. The
sensor was fixed at different radial positions
and slowly scanned parallel to the tube axis.
The figures 6a and 6b represent the
temperature in a half-sphere from the center to

TI[°C]

Fig. 6: temperature  distribution  (half
plane) in a inductively heated tube
furnace at a) 1200°C and b)
1500°C
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the furnace wall and along the furnace axis. At
1200°C there is no significant temperature
variation from the center axis to the furnace
wall. Also the homogeneous zone along the
furnace axis has a length of about 2.5 cm. At
1500°C the temperature distribution is less
homogeneous. From the center to the wall
there is a temperature increase of about 40K.
Also the temperature distribution along the
furnace axis is less homogeneous. This effect
may be explained by flowing Argon during the
furnace operation. The Ar-gas is not heated
up, therefore it may act cooling. Furthermore
the furnace was operated with the tube
opened. Heat radiation to the environment
leads to the spatial reduction of the
homogeneous heated zone.

Long term stability

For investigations of the long term stability, a
sensor arrays consisting of two different
SFBGs was prepared. The first grating was
placed near to the end of the fiber and its
Bragg wavelength was at about 1545 nm at
room temperature. The second grating was
inscribed at a distance of 25 cm to the first
grating with a Bragg wavelength of about 1525
nm at room temperature. The first grating
SFBG1 was exposed to high temperatures in a
furnace whereas the second grating SFBG2
was placed outside but close to the furnace at
moderate temperatures up to about 150°C.
Again, for protection and better handling, the
Sapphire fiber was placed in an Al,O3; ceramic
tube.

After installation of the Sapphire sensors
together with a type B thermocouple at room
temperature, the furnace was heated up to
1400°C within one day. Then, this temperature
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Fig. 7:  temperature dependent spectra of
an array exposed up to 1400°C.
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Fig. 8: comparison between sapphire
FBG and thermocouple. No
significant  diffenences  were
observed over 4 weeks

inside the furnace was tried to keep stable for
28 days. In the first week of the test period the
temperature was nearly stable to about 5°C,
then temperature oscillations in the furnace
were launched.

Figure 7 shows the change in the spectra at
different temperatures of the furnace. As it can
be seen from the graph the peak position of
grating 2 out of the furnace shows a slight drift
caused by the temperature increase from room
temperature to 150°C. The Bragg wavelength
of grating 1 inside the furnace shifts from 1547
nm at room temperature to 1587 nm at
1400°C. The peak intensity change of grating 1
is caused by the spectral intensity distribution
of the SLD.

In Fig. 8 it is shown that temperatures
measured by both types of sensors are very
similar. During the first period both sensor
types show stable temperatures, then both
types show identical oscillations. For the whole
period of the installation the differences
between the two thermal sensors are less than
2K.

The sharp drop down at about 13.000 min was
caused by insertion of a second thermocouple
for control into the furnace. As the interrogation
rates of At = 10 s for the sapphire FBG and At
=10 min at that moment differed the effect was
visualized by the sapphire FBG. Comparing
the spectra at the beginning and the end of the
installation did not show a difference. The
sapphire temperature sensor was stable.

Strain sensing

For a fiber Bragg grating strain ¢leads to a
shift A Ain the Bragg wavelength at constant
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temperature. (Ag is the Bragg wavelength, p
the thermo-mechanic coefficient)
e=AA/(Ag*(1-p)) (Eq.3)
In comparison to fused silica fibers where
p=0.22 [16] the value for sapphire is p = 0.13
[17], leading to a enhanced sensitivity by about
1.4 pm/ustrain.
The cross sensitivity between temperature and
strain of sapphire fibers has to be considered.
A change in temperature of 1K corresponds to
an applied strain of about 20pstrain. The Bragg
wavelength can be detected with a resolution
of about 10 pm, so the sensitivity of sapphire
FBG is 10pstrain. This requires that
temperatures are determined with an accuracy
of 0.5K.
A strain sensor requires a force fit connection
between the sapphire fiber and the device
under investigation. We tested a simple
design: A base steel plate (20*50*1 mm?®) with
a V-groove acts as sensor pad which can be
spot-welded to the device under investigation.
The SFBG is in-between the two gluing spots
that fix the fiber in the V-groove. A tube which
is half cut on a length of about 4cm is fixed
over the sapphire fiber for mechanical
protection.
The temperature characteristics of the strain
sensor is shown in Fig. 9. The metal substrate
used for second sensor design was prepared
from a special high temperature tough steel
alloy containing 9% chromium applied in coal
power plant steam pipes.
The figure shows the temperature dependence
of the SFBG before it was applied to the
sensor pad (red curve). Also the wavelengths
during the glassing of the adhesive the blue
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Fig. 9  sapphire strain sensor. The
different slope of the heating
curves indicates that the sapphire
fiber was strained.
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curve was measured. For T > 700°C glassing
of the adhesive begins, which leads to the
desired force fit contact between the steel pad
and the sapphire fiber. During the subsequent
heating cycle after curing (green curve) the
temperature dependence differs from the
temperature calibration before. As the
adhesive reacted at elevated temperatures, the
fiber in fact is compressed for temperatures
below 350°C, which is indicated by the fact
that the measured Bragg wavelength at 100°C
of the fixed sensor is, at the same temperature,
below the calibration Bragg wavelength.

From Fig. 7 the linear temperature
dependence in the range 100-600° C for the
fiber was determined to 24.3 pm/K, whereas
the fixed sensor shows a slope of 30.1 pm/K.
From the difference of 5.8pm/K the difference
in thermal expansion between sapphire and
the steel calculates to 4.3+10° / K resulting in
an expansion coefficient for the metal of
11.5+10° / K. Measuring the thermal expansion
coefficient by dilatometer confirmed this value.

Summary

We presented fiber Bragg gratings inscribed in
single crystal sapphire fibers as the base of
new high temperature sensors. SFBGs can be
multiplexed and enable temperature
measurement in any atmosphere from room
temperature up to 1900°C. Temperature
resolution of 1K is possible. SFBGs also can
be applied for strain sensing. Here a sensitivity
of 10ustrain can be reached.
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