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Abstract—Among the different temperature measurement
techniques providing micrometer resolution none of them
provide fast response and easy access to close distances to
the target surface in difficult to access areas. Optical fiber
pyrometers provide that access but previous works used large
optical fibers with numerical apertures limiting the minimum
spot size to be measured. In this study, we propose a novel two
colour optical fiber pyrometer based on a low diameter and
numerical aperture optical fiber, low-noise photodetectors
and high-gain transimpedance amplifiers with a high spatial
resolution in the micrometre range and fast response. Using
standard optical fibers and related devices provides also a
low-cost system. The developed pyrometer presents a high
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spatial resolution of 16 um for a target surface at 25 pum with a wide temperature range of 300 to 1200°C it being the
highest spatial resolution for this kind of temperature systems. Theoretical analysis and measurements for different
pyrometer configurations are reported. This study will help further the microthermography applications in machining

processes.

Index Terms— Multimode fiber, optical fiber, single mode fiber, spatial resolution, temperature measurement, two color

pyrometer.

|. INTRODUCTION

EMPERATURE measurements can be done by contact
T(i.e. thermocouples) or non-contact (i.e. infrared (IR)
cameras, pyrometers, among others) methods. In this paper,
we focus on those based on the optical analysis of the
infrared rays emitted by a heated surface. These non-contact
measurements are less invasive and non-destructive.

The spatial resolution of the far field optical-temperature
measurements is limited to a maximum of ~ A/2, where A
is the wavelength that is being analysed. Infrared cameras
for temperature measurement collect the infrared rays from
the heated body. IR cameras with a standard objective allow
spatial resolutions around 1 mm and must be equipped with
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an additional close-up lens to increase its spatial resolution up
to 5 — 10 gm [1], [2], with the consequent increasing cost.
Even more, it is difficult to know the emissivity of the material
which is needed to extract the absolute temperature and have
highest frame rates when using special digitalization process
of around 30 kHz [3]. Micro-Raman thermography is another
temperature measurement technique using the dependency of
the temperature with the phonon frequency. It has a higher
spatial resolution, it being of ~0.5 um, this spatial resolution
depends on the wavelength and on the spot of the laser [4],
however the acquisition time is long; depending on the mater-
ial under study it can take from seconds to several minutes to
obtain the temperature of a single point [5]. Another tempera-
ture measurement with high spatial resolution (0.3 — 0.5 um)
is the transient thermoreflectance imaging which uses an
ultrashort laser pulse to excite the material and a weaker probe
beam to detect the transient reflectance [2], [6]. However,
the thermoreflectance coefficients depend on the wavelength,
material and texture of the surface, so it is important to
do an in-situ calibration [7]. Fluorescent microthermographic
imaging technique has a spatial resolution of 0.3 xm, however,
for using this technique a fluorescent layer has to be deposited
on the sample under study [8], even when using fluorescence
intensity ratio for getting low cost and fast response [9].
Two-colour fiber-optic pyrometry overcomes some of those
issues. It is a non-contact technique, that allows an absolute
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temperature measurement without knowing the emissivity of
the material, because it can be used as a self-reference
technique using two wavelength bands [10]-[12] as in other
fiber-optic intensity sensors [13]. The selected bands should be
close to provide the same material emissivity but far apart to
allow filtering and reduce measurement errors [14]. The spatial
resolution of this technique depends on the optical fiber that
is used, and on the distance between the optical fiber and the
measured object. Different optical fibers, made of different
materials, with different core and cladding sizes, and different
numerical apertures have been proposed in literature [10],
[11], [14]-[21]. The amount of collecting light depends on
those parameters. Most of those pyrometers use optical fibers
with core diameters from 1 mm [10] to 280 um [18], and
using different photodetectors at both channels. Meanwhile
in [14], [22], selecting closer channels bands allows using
identical photodetectors at both channels that in conjunction
with a low insertion loss demultiplexing technique makes
feasible using optical fibers with core diameters of 62.5 um.
This pyrometer has a limited dynamic range of around 400°C.
An additional element, an optical switch that is powered
by light, is used in [15] along with low-noise photodetectors
and high-gain transimpedance amplifiers, to compensate for
undesirable offsets in the receiving signal, but with the same
limited dynamic range and spatial resolution of [14], [22].
With the data provided in those works we estimate the
measuring area, related with the spatial resolution, of each
pyrometer, it being in the range of 77 to 1010 xm at a distance
of 25 um. Higher spatial resolution requires using a smaller
core diameter and numerical aperture, so for the same temper-
ature the collecting light is lower. This allows a wider dynamic
range by optimizing the overall optical losses, optoelectronics
and conditioning circuits including new photodetectors, and
demultiplexers. In this work, we propose a low cost, fast
two-colour pyrometer that has the highest spatial resolution
reported to date for a wide temperature range, by using a single
mode standard optical fiber, narrow channel bands, no cooling
photodetectors and a single high gain amplifier. This proposal
is compared with previously reported optical fibers pyrometers
and is shown the improvement on the current set-up for a
specific temperature range. Theoretical analysis and measure-
ments for different pyrometer configurations are reported.

[I. THEORETICAL BACKGROUND AND STATE OF THE ART

Pyrometry is based on measuring the spectral radiance (L)
of an object, and thus it is governed by the Planck’s law;
however, as the real bodies are not perfect emitters, the emis-
sivity (¢) of the body has to be taken into account as shown
in Eq. (1):

Ci-e(A,T)
L(j'a T) - /,{5 . (eCz/ﬂT—l) (1)
where, C; (1.191-10% W-Sr! . um*m=2) and C,

(1.439-10*um-K) are the Planck’s radiation constants,
A is the wavelength and 7 is the absolute temperature of the
body.

In particular, in a two-colour fiber optic pyrometer, the
infrared rays emitted by the object are recovered by the

optical fiber and then separated into different wavelength
bands, finally the radiation is converted into an electrical
signal using photodetectors. However, only the rays inside the
acceptance cone of the optical fiber reach the photodetectors.
This acceptance cone depends on:
o the numerical aperture (NA) of the fiber depending on
the refractive index of the core (n..r.) and the cladding
(Mciadding) as follows:

NA (1) = Y, ngore - ngladding @)

« optical fiber location with respect to the target surface.

Assuming that the optical fiber is placed perpendicular to
the target surface which can be considered as an infinite
surface, RT > Rna, see Fig. 1, the photocurrent generated in
a photodetector (Ip) for a specific spectral band is given by:

_ [ CiRA)-LA) -a@) - e(,T) 77 doe
Ip(T, 1) = AA I3 - (eCo/iT=T) ' 8
(1 —cos (2 - Omax(4))] - dA 3)

where Gyax= arcsin (NA) is the acceptance angle limiting the
acceptance cone, 14 and Ap are the shortest and longest wave-
lengths of specific wavelength band of the two-colour pyrome-
ter, R is the photodetector responsivity, IL is the insertion loss
at each wavelength band, a is the fiber attenuation coefficient,
and d;,re is the core diameter. Including the transimpedance
amplifier of the detector, the output voltage (Vp) is given by:

VD(T» /1) = ID(T» /1) - G + Vnoise (4)

where G is the amplifier transimpedance gain and Vojse 1S a
factor which includes all the noise terms: Shot, Thermal and
Dark noises, along with the offset voltage at the output of the
detector.

In both cases, in a two-colour pyrometer, if the selected
wavelength channels are closer enough, the emissivity of the
surface can be discarded, so it is possible to use the ratio
between them to obtain the temperature (7g) of the material
as follows:

—1

1 1 -0
Te = ?_i_ n(eg - dg) )

—4-A)
C (4.1%A,12)

where /. is the average central wavelength (1. = (12+41)/2),
A is the wavelength spacing of the single wavelength chan-
nels (AA = A2 — A1), er is the emissivity ratio (er = €3, /€,,),
Og is the loss ratio (0r = Ry, a4, Ly, - x4, /Ra, -0, Ly xi,),
T is the calibrated temperature.

The selected bands are close to provide the same material
emissivity but far apart to allow filtering and reduce mea-
surement errors [14]. Even more, each selected band has a
specific bandwidth not considered in Eq (5) but in Eq. (3) that
determines the dynamic range, limited by the system saturation
in the real pyrometer. So, the selected bands and the respective
bandwidth, depending on the filter and photodetectors, have to
be selected for each specific pyrometer.
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Fig. 1. Scaled drawing of the measuring area covered by the NA of the OM1 and G.652 glass optical fibers on a target surface.

TABLE |
COMPARISON BETWEEN DIFFERENT TWO-COLOUR OPTICAL FIBER PYROMETERS FOUND IN LITERATURE AND THIS WORK
Ref. Fiber (diameter in mm) NA (a.u.) Spatial resolution (um) Temperature range (°C)
. . _ Unknown 0 55t0245 C
[20] Unknown fiber material ¢, = 1 mm (collimation lenses) 10000 (Lock-amplifier and cooling)
[10] Quartz optical fiber ¢, = 1 mm 0.22 1011 200 to 1200 C
Fluoride glass optical fiber
[16] b, =450 um b, = 500 um 0.2 460 200 to 800 C
[19] Crystalline Sapphire ¢, =425 um ~0.19 434 200 to 1000 C
Doped glass optical fiber @
18 0.21 291 500 to 1000 C
(18] Py, = 280 pm
Quartz optical fiber
17 0.29 65 700 to 1100 C
7 Py =50 pm b = 75 pm
OMI glass optical fiber
[14], [15] b, = 62.5 um o, = 125 pm 0.275 77 200to 575 C
Silica optical fiber
[11] dcore = 100 M b = 140 pm 0.22 111 900 to 1100 C
[21] Chalcogenide glass fiber (chopper, Worse than 400 100 to 450 C
Ocore = 400 pm collimation lenses)
. G.652 glass optical fiber
This Work 0.14 16 300 to 1200 C
Geoe =9 pm ¢, = 125 pm

Notes: (1) The measuring area is calculated from Fig. 3 extrapolating the spot diameter from the distance between screw holes of the optical

table. (2) Optional plug-in with lens-head is available.

The measured area (Sy4) of the pyrometer depends on its
acceptance angle (A4 ), and the distance (1) between the fiber
and the target surface as follows:

d 2
SNa = (t - tanOyax + Z’re) y (6)

To analyse the influence of the fiber properties on the spatial
resolution, a comparative analysis is carried out in Table I.
In all cases the spatial resolution is defined as the diameter
of the light spot calculated from Eq. (6), taking a distance
between the fiber end and the target surface of 25 um. Table I

demonstrates the widespread use of large core fiber diameters
in pyrometry applications to enhance the light gathering [10],
[16], [19]. Some proposals also include optical lenses placed
at the fiber end to help the probe to improve the light gathering
and focusing capabilities [20]. These improvements allow the
designers to reduce the minimum measurable temperature,
which is highly dependent on the photodetector noise and the
system losses, among others [14]. On the contrary, the use of
large diameters and dedicated lenses limits the use of these
pyrometers in applications where high spatial resolutions and
hard measuring conditions are required. As an example, for
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Fig. 2. Spatial resolution versus the optical fiber probe distance to the
target surface for three fibers with different core diameter and numerical
aperture: green 200 um/0.2, yellow: 62.5 um/0.275, red: 9 um/0.14.
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Fig. 3. Experimental two-colour optical fiber pyrometer set-up.

microthermography applications in machining processes, small
fiber diameters as the one proposed in this work, allows to
achieve spatial resolutions up to 16 xm at a distance of 25 um,
the highest reported to date, more than 5 times than previous
works [17], [22] and for a wider temperature range.

In this sense, the proposed sensor also shows a low price
as the one reported in [11] because of the inherent benefits
of using commercial off-the-shelf optical fibers and opto-
electronic devices well stablished on optical communication
networks.

The spatial resolution versus optical fiber probe distance to
the target surface is shown in Fig. 2 for different commercial
fibers. It can be shown that the spatial resolution enhancement
of using G.652 optical fiber can be up to 5 times in comparison
with 200 gm diameter optical fibers with NA of 0.2 at a
200 um distance to target surface. The effect of NA on
spatial resolution degrades as the distance target increases,
as expected.

I1l. EXPERIMENTAL SET-UP

The two-colour optical fiber pyrometer set-up is shown
in Fig. 3. It is formed by a standard optical fiber, in this
experiment two types of those optical fibers are used:

« A multimode optical fiber (MMF) OMI1 with core/

cladding diameters of 62.5/125 ym and a NA of 0.275.

« A single mode optical fiber (SMF) G.652 with core/

cladding diameters of 9/125 um and a NA of 0.14.
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Fig. 4. (Left axis) InGaAs photodetector responsivity (blue) and (right

axis) WDM SMF (green) and MMF (red) filters spectra response approx-
imation for both bands centered at 1310 nm and 1550 nm.

The length of the fibers is of 0.5 m. Then, a low insertion
loss WDM optical filter splits the radiation into two spectral
bands; they are centred at 1.31 gm and 1.55 xm respectively.
The bandwidth of each filter wavelength bands is different
for each type of fiber as shown in Fig. 4. The two InGaAs
photodetectors (PD), working in the 800-1700 nm spectral
range, include transimpedance amplifiers. They can be set in
high gain (HG) or low gain (LG) with a bandwidth of 0.5 kHz
for HG and 2 kHz for LG. They convert the optical radiation
into an electrical signal that is recorded by a data acquisition
card (DAQ) connected to a PC. The absolute accuracy of the
DAQ at full scale is of 2688 uV for the 10 V range.

For the measurements, a dry block calibrator (Jupiter 650,
Isotech) equipped with a black body is used. This equip-
ment has a control unit that ensures the temperature stability
at £0.03°C and the uncertainty at 0.17 °C in the range
of 50 to 650 °C. The calibration is done from 150 to 650 °C
with steps of 25 °C. For maximizing the stability of each
temperature, an interval of time of 45 min was considered.
On the other hand, the black body has an emissivity of 0.99.

The optical fibers are situated at 0.3 mm from the black
body surface, this is done with a calibrated metallic holder
that ensures the position of the fibers. With all these data and
with Eq. (6), it is possible to extract the surface that is going
to be measured with each fiber (Sy4), see Fig. 2.

The DAQ card is configured to measure both wavelength
channels with a sampling rate of 1 kHz and taking 500 samples
per temperature. The average output voltage and standard
deviation from each temperature and at each wavelength
channel are calculated from the recorded samples.

IV. RESULTS AND DISCUSSION

The experiments were carried out using the black body on
a dry block calibrator as explained in the previous section.
Two different pyrometers are developed, either equipped with
SMF or MMF fiber and different filters as a function of the
spatial resolution that is needed in each application. As shown
in Fig. 4 the filter splits the recovered energy by the fiber into
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two different bands one centred at 1310 nm and the other
at 1550 nm, with different spectral bandwidths around each
channel.

The theoretical calculations describing the pyrometer
response are carried out taking into account different approx-
imations and assumptions to adapt the mathematical expres-
sions to the characteristics of the different elements of the
pyrometer. All of them are described as follows:

« The NA of the optical fiber is calculated from the relation

between the refractive index of the core and cladding of
Eq. 2. Those refractive indexes depend on wavelength and
can be fit to a three-term Sellmeier dispersion relation:

3 A 22 1/2
n(i)=|:1+2ﬁj| (7N
i=1 i

where n is the refractive index either of the core or of the
cladding, A; is the oscillator strength and /; is the oscillator
wavelength [23].

The mathematical expression of the NA as a function of the
wavelength is introduced in Eq. (3) through the acceptance
cone to perform symbolic computations.

« The insertion loss of the optical filter is calculated as the
insertion loss at the mean value of the selected channel
band. A flat response is assumed because changes of the
insertion losses along the channel band are negligible and
have no significant influence on the intensity of the light.

« The attenuation of the fiber is selected following the same
procedure as the insertion loss of the optical filter. The
mean value of the selected channel band is chosen to
fix its value. There is no significant change on the light
intensity when other close attenuations are computed.

« The conversion factor is a parameter which encompasses
the photodetector responsivity and the transimpedance
amplifier gain. This value depends on the conditioning
circuit. and in this work is obtained by experimental
methods, launching optical power into the sensing area
and measuring the output voltage with a voltmeter. This
value changes for the different channel bands used in the
experimental setup.

« The detector voltage noise is also obtained by experimen-
tal methods.

A summary of the parameters taking into account in the
theoretical analysis for all opto-electronics components is
reported in Table II:

A numerical value of the voltage is calculated for different
temperatures, considering all the previous assumptions and
approximations in the mathematical expression of the output
voltage of Eq. (4). All calculations are performed with the
Symbolic Math Toolbox of MATLAB.

In terms of measurements, first, the pyrometer was equipped
with a multimode optical fiber and filter to collect the radiation
of the heated body. Fig. 5 shows the measured voltage when
increasing the black body temperature from 150 to 650°C in
steps of 25°C and the theoretical results from Egs. (3-4) and
adapted losses, when the PD are set in both high and low gain,
HG and LG respectively.

TABLE Il
SUMMARY OF THE OPTO-ELECTRONICS PARAMETERS OF THE
DEVICES USED DURING THE THEORETICAL ANALYSIS

Parameter Value

Insertion losses of the optical filber (IL) at 1310 nm, dB 0.21
Insertion losses of the optical filber (IL) at 1550 nm, dB 0.06
Fiber attenuation (o) at 1310 nm, dB 0.58
Fiber attenuation (o) at 1550 nm, dB 0.28
Conversion factor at 1310 nm, V/W 9-10%
Conversion factor at 1550 nm, V/W 8-108
Voltage noise, mV 13.6
12 p-------9----1-—=-r--=—°----1

[ 1 1 1 1 1 1

- 1 1 1 | 1

10 F-ccclommodo oo 550pnm __ses .

- 1 1 1

[ 1 1 1

8 |\\. 1 1

C IR L Y e . |

= F 7 6.332 T e
N H 1 1

— 6 F- PRy ey mac, /T S |
7 [ | 6.331 ———t—--- ! g !
i - 1 ® 1 1
S 4 F Bl 7 Ais
> £ 6330 L------- s !
= - - ==

2 o 1 1 I .il?ﬁI nm

- 1 1 +® ® 1 1

0 -_|_l.l & 6 ) QMM* | I T T A B |

100 200 300 400 500 600 700
Temperature (°C)
(a)

20 r---1-—-----r---a----r---14
B 1 1 1 1 1 1
B 1 1 1 1 1 . 1
B 1 1 1 1 1
B 1 1 1;50 n 1 1
e s i et S
B 1 1 1 1 1 1
— B 1 1 1 1 1 1
— - 1 1 1 1 I 1
S T R N B A
8 B 1 1 1 1 ® 1
) B 1 1 1 1 1 @
> 05 pooctoomoio g Mg
i 1 1 1 & . [ J 1

L 1 1 e9%ie"1310'nM
0.0 L weesseses !M_a.."il_l_l_l_l_l_l_l_l_,

100 200 300 400 500 600 700

Temperature (°C)
(b)
Fig. 5. Measurements (dots) using the black body in the dry block

calibrator and simulations (lines) obtained for the two-colour pyrometer
with MMF and the photodetectors set at: a) high gain, a zoom of
one measurement has been done in order to show the measurement
standard deviation and b) low gain.

For HG (Fig. 5a), the voltage collected in the channel
centred at 1550 nm is saturated for temperatures above 600°C,
the saturation of the signal comes from the maximum voltage
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Fig. 7. Experimental (dots) using the black body in the dry block cali-
Fig. 6. a) HG MMF pyrometer ratio theoretical analysis with DAQ brator and theoretical analysis (lines) results obtained for the two-colour

saturation, PD offset and noise: 0 mV (triangles) and no DAQ saturation
(ideal), 1 mV (diamonds), 2 mV (squares), 10 mV (dots), 14 mV (x),
20 mV (+). b) Experimental (dots) and theoretical (lines) ratio for HG
MMF pyrometer.

that can read the DAQ card which is limited to 10 V. This
implies that the pyrometer with the MMF and the PD set
in HG has an operation range from 200 to 575°C. On the
other hand, when using the photodetectors in LG, see Fig. 5b,
the operation range in this configuration is larger. The zoom
in Fig. 5a shows the standard deviation of the measurements,
it being in the worst case of +2.1 mV for 1310 nm and
+1 mV for 1550 nm at HG and of £0.6 mV for both
wavelengths at LG.

The two-colour pyrometer can use the voltage ratio (this
is, 1310/1550) of the measuring channels in order to avoid
the emissivity influence. We show in Fig. 6 the ratio for
both configurations. The theoretical results fit quite well the
experimental ones (see Fig. 6b). Typical two-colour pyrome-
ters [10], [14] show a linear relationship between the output
ratio and the temperature with a positive slope. In our case,
we have an almost planar zone for temperatures below 200°C,

pyrometer with SMF and the photodetectors set at: a) high gain and
b) low gain.

this zone is extremely affected by the noise and offset of the
photodetectors that are overall of 1.38 mV (LG) and 13.6 mV
(HG). The straight line with triangles on Fig. 6a represents
the pyrometer ratio without PD noise and offset, neither
saturation from DAQ card. Different noise and offset values
from 1 to 20mV are considered, their influence is clear from
200 to 375°C. And the consequence is the negative slope of
the ratio versus the temperature, because the energy recovered
by the channel centred at 1310 nm is low, although higher than
the noise of the photodetectors but the one centred at 1550 nm
is higher. The positive slope means that the energy centred at
1550 nm starts to increase faster. The last change in the slope
shown in Fig. 6, is due to the DAQ card saturation of the
channel centred at 1550 nm, as previously shown in Fig. 5a.

The same experiment was done equipping the pyrometer
with a single mode optical fiber and filter, and the results are
shown in Fig. 7.

When using SMF fiber, the voltage is far away from the
saturation, it is important to have in mind that with the DAQ
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Fig. 8. Experimental (dots) and theoretical (lines) ratio for the SMF Fig. 9. Experimental results of the two-colour SMF optical fiber pyrom-

two-colour pyrometer with the photodetectors set at: a) high and b) low
gain.

card we are using, the voltage range is limited to 10 V. SMF
fiber allows measuring higher temperatures than with MMF.
The lower diameter and numerical aperture of the optical fiber,
and the narrow channels bandwidths of the filter limit the
energy recovered. However, the minimum temperature now
decreases, as shown in Fig. 8. The noise and offset of the
photodetectors in this case affect the measurements in terms
of avoiding any temperature related variations up to 300°C
for both low and high gain. In this case, the positive slope
of the pyrometer is not shown due to the temperature range
considered.

In order to better explore the temperature measurement
range of the two-colour SMF optical fiber pyrometer, a new
dry block calibrator (Pegasus 1200, Isotech) has been used.
This dry block calibrator works from 150 to 1200°C with a
stability of £0.05 to +0.2°C, respectively.

Fig. 9 shows the experimental results of (a) the voltage
of both channels and (b) the ratio of those voltages of the
two-colour pyrometer when using the SMF fiber and setting

eter set at HG: a) voltage-temperature relationship for both channels,
b) ratio-temperature relationship.

the photodetectors in HG. As explained before, the noise and
offset of the photodetectors affect the measurements up to
300°C, then the negative slope of the ratio is seen. Finally,
the linear part is shown for temperatures above 600°C, see
the inset on Fig. 9b.

This pyrometer can be used in machining Inconel
718 requiring fast response, as we have previously reported
with a MMF pyrometer [24] in experiments with cutting
speeds up to 180 m/min and a feed rate of 0.1 mm/rev.
Using this new pyrometer will improve the spatial resolution
and temperature span. On the other hand, the possibility to
measure at low temperatures using other types of fibers such
as polymer optical fibers should also require a mechanical
analysis [25]-[27].

V. CONCLUSION

In this work, we have reported a two-colour optical fiber
pyrometer with high spatial resolution, wide dynamic range
and fast response. The system uses standard single mode
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optical fibers and related devices providing a low cost along
with low-noise photodetectors and single high-gain transim-
pedance amplifiers. The developed pyrometer presents the
highest spatial resolution reported in this technology, it being
of 16 um for a target surface at 25 um in a temperature
range of 300 to 1200°C, with a sampling rate of 1 kHz. This
high spatial resolution allows its use in applications requiring
fast measurements in small spots in difficult to access areas
where the temperatures are high, as in microthermography
applications in machining processes. Experimental and the-
oretical results have been done in order to show the potential
of the two-colour optical fiber pyrometer.
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