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Tests show the potential for quickly measuring temperature
gradients in small areas, independent of emissivity, such as

in micro-thermography.

By SAHAR SAFARLOO, ALBERTO TAPETADO, and CARMEN VAZQUEZ

aking non-contact temperature measurements in nar-

row areas or confined spaces of non-uniform surfaces
T requires high spatial resolution and independence of

emissivity uncertainties that conventional cameras can
hardly provide. Two-color optical fiber (OF) pyrometers based on stan-
dard single-mode (SMF) and multi-mode optical fibers (MMF) with a
small core diameter and low numerical aperture in combination with
associated commercially available components can provide a spatial
resolution in the micrometer range, independent of the material’s
emissivity. Our experiment involved using a patterned microheater
to generate temperatures of approximately 340°C on objects with a
diameter of 0.25 mm. We measured these temperatures using two-
color optical fiber pyrometers at a 1 kHz sampling rate, which were
linearized in the range of 250 to 500°C. We compared the results
with those obtained using an industrial infrared camera. The tests
show the potential of our technique for quickly measuring tempera-
ture gradients in small areas, independent of emissivity, such as in
micro-thermography. We also report simulations and experiments,
showing that the optical power gathered via each channel of the SMF
and MMF pyrometers from hot objects of 250 pm is independent of
distance until the OF light spot becomes larger than the diameter of
the object at 0.9 mm and 0.4 mm, respectively.

1INTRODUCTION

Temperature measurements are crucial for studies of heat genera-
tion and transfer processes in a variety of engineering systems. Many
of these systems, including microscale engineering systems, have
dimensions of only a few micrometers or even tens of nanometers
[1]. It has been shown that temperature measurements in earth-
quake physics [2], materials processes [3], diamond cutting [4], and
hypersonic vehicles [5] also need to have a spatial resolution in the
order of micrometers. Without a high spatial resolution and fast
temperature measurement techniques, it is impossible to conduct
experimental studies of the microscale thermal processes that occur
in these systems.

Generally, temperature measurement technologies can be grouped
into contact measurements, including thermocouples and resistance
thermometers, and non-contact techniques, which include infrared
(IR) cameras, pyrometers, and micro-Raman thermometers [6].

In the case of contact sensors, placing them in hard-to-reach
measuring areas is challenging [7]. Moreover, thermocouple tem-
perature measurements are significantly influenced by the ambi-
ent temperature and the length of the sensor [7,8], in addition to
the fact that they only measure average temperatures across the
entire length of the sensor and do not capture localized maximum
temperatures [9].

The IR camera is a non-contact technology that has been applied to
awide range of applications, such as detecting the temperature of the
side of a tool’s face during metallurgical processes [10], metal additive
manufacturing [11], and nuclear fusion [12]. However, as mentioned in

[13], emissivity uncertainty has a negative impact on its accuracy. The
minimum measurable spot size on IR cameras is limited by its field of
view and depends on the distance, reaching roughly 1 mm. This fea-
ture can be enhanced to 5-10 pm using an additional close-up lens at
ahigher cost [13,14]. As mentioned, an important disadvantage of the
IR camera is that measurement uncertainty depends on the object’s
emissivity, which can be lightly compensated at certain temperature
ranges by performing regular calibrations for each kind of material
and measuring condition [15].

On the other hand, micro-Raman thermography is commonly
used in microelectronics to measure device temperatures. Since a
laser beam is used to excite the measuring zone in micro-Raman
thermography, the spatial resolution is dependent on the laser beam
spot and is typically in the sub-micrometer range [16]. However, the
acquisition time for this measuring technique is long and might vary
depending on the material being studied from a few seconds to sev-
eral minutes [17].

Compared to the methods mentioned earlier for temperature
sensing, the two-color optical fiber pyrometer not only has the advan-
tages of a fast response [18], highly localized temperature measure-
ment [19], and measurement accuracy [20], but it can also be used
in wet conditions [6] and provides fast and localized measurements,
for example in the machining of metals [21]. This technique can
integrate a self-reference method by using two wavelength bands,
such as in [22], allowing an absolute temperature measurement to
be obtained without knowing the material’s emissivity [23]. It is
achieved by choosing bands that are far enough apart to enable fil-
tering and lower measurement errors, yet close enough together to
avoid the emissivity effect of the material [18,19]. The spatial resolu-
tion of the pyrometer is dependent on the optical fiber employed and
the distance between the optical fiber and the object being measured
and is limited by the diffraction limit of light. In the literature, vari-
ous optical fibers have been proposed. These pyrometers typically
employ optical fibers with core sizes ranging from 280 pm [24] to 1
mm [23]. The utilization of adjacent channel bands as suggested in
[18,19] facilitated the deployment of indistinguishable photodetec-
tors across both channels. The aforementioned approach, in combi-
nation with a demultiplexing technique that incurs minimal inser-
tion loss, enabled the utilization of optical fibers possessing core
diameters as small as 62.5 pm. A standard single-mode fiber was
used in [20] for the first time and could theoretically achieve a spatial
resolution as small as 16 pm for a target surface at 25 pm [25]. Table 1
provides information on the estimated diameter of the smallest spot
size that can be measured using different pyrometers. However, it is
important to note that none of the authors of the studies mentioned
earlier has conducted any actual measurements to verify the spatial
resolution capabilities of these systems.

In this work, the authors have tested, for the first time, the high
spatial resolution of optical fiber pyrometers using single-mode and
multi-mode standard fibers with a patterned heated sample using
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is determined by the numerical aperture
(NA) of the fiber and the distance from the
target surface, serves as the limit for the
spectral radiance measured in optical fiber
pyrometers. The NA depends on the refractive indices of fiber clad-
ding and core. For a circular target whose center is aligned with
the axis of the optical fiber, see Figure 1, and whose placement is
perpendicular to the optical fiber, the measured current signal, Ip,
of the photodetector for each wavelength band is given by [18]:
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literature and this work.
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Equation 2

where 1, and Ap are the shortest and longest wavelengths of each
wavelength band, respectively, R is the photodetector responsivity, IL
is the insertion loss of the filter, o is the fiber attenuation coefficient,
and dA and dS, are the differential elements of the solid angle and
the target surface, respectively.

By integrating the radiation emitted by each dS, of an object of
radius rr with the cone surface projected by the fiber NA, the power
acquired by the optical fiber is determined. The maximum accep-
tance cone angle, By, is given by:

E’max = Sin_l (%>

Ny

Equation 3

where ng is the refractive index of the medium between the fiber end
and the target surface.

The derivation of the equations used to consider the effect of the
object size on the spectral radiance is described in [33], including
different cases under analysis with the integration limits as a comple-
ment to the analysis provided in [34]. Considering the transimpedance
amplifier of the detector, the output voltage (Vp), see [20], is given by:
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Table 1: Comparison between the spatial resolution of different two-color optical fiber pyrometers found in

Figure 1: Acceptance cone of the pyrometer, target surface, and integration
variables; see [27].

.T) =G x ID(P\, T) + Vioise Equation 4
where Vjise 1s a factor that accounts for shot, thermal, and dark
noises, as well as the offset voltage at the detector’s output, and G is
the amplifier’s transimpedance gain.

If the chosen wavelength channels of a two-color optical fiber
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Figure 2: Experimental two-color optical fiber pyrometer set-up [20].
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Figure 3: The commercial microheater and its pattern, which was acquired using
an optical microscope at 100x zoom.

Parameter Value
Total connector loss, dB 0.6
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 x 108
Conversion factor at 1550 nm, V/W 8 x 108
Voltage noise for photodetector 1, V 0.013
Voltage noise for photodetector 2, V 0.0115
Distance between target and fiber end, mm 0.2

Table 2: Simulation parameters used for the theoretical calculations of SMF.

pyrometer are close enough to one another, the surface’s emissivity
can be discarded. The measuring area (Sya) of the pyrometer, see
Figure 1, depends on its acceptance angle (Onax) and the distance (t)
between the fiber and the target surface, as follows:

2
dcore
X T
2

Equation 5

(t X tan Omax +

The spatial resolution is defined as the diameter of the light spot
calculated using Equation 5.

3 EXPERIMENTAL SET-UP

Figure 2 depicts the pyrometer set-up, which is based on that in a pre-
vious study [20]. The radiation gathered by the acceptance cone of the
fiber was divided into two spectral bands with central wavelengths at
around 1,310 and 1,550 nm by a low-insertion-loss optical filter. Two

output voltage range was from zero to either
1V or 10 V. The sampling rate was fixed at 1
kHz for both wavelength bands. The pyrom-
eter can measure temperatures up to 600°C
using MMF and up to 1,200°C using SMF.

Two different types of standard optical fibers were employed in
this work:

» A multi-mode optical fiber (MMF) OM1 with core/cladding diam-
eters of 62.5/125 nm and an NA of 0.275.

» A single-mode optical fiber (SMF) G.652 with core/cladding diam-
eters of 9/125 pm and an NA of 0.14.

A dry block calibrator (Jupiter 650, Isotech) with a black body (an
emissivity of 0.99) was used for the measurements. The control unit
ensures a maximum temperature stability and uncertainty of +0.03
and +0.17°C, respectively. Calibration was carried out in 25°C incre-
ments in a temperature range from 100 to 600°C. A calibrated metal-
lic holder was used to guarantee the position of the fiber inside the
furnace and place it at a distance of 0.2 mm from the black body
surface. With a sampling rate of 1 kHz and 1 kS per temperature,
the DAQ was set up to measure both wavelength channels. From the
recorded samples, the average output voltage and standard deviation
were determined for each temperature and wavelength channel.

We employed a commercial microheater with the dimensions
shown in Figure 3 to check the real spatial resolution. The gray lines
of the microheater were heated, which are positive temperature coef-
ficient resistors, by applying a voltage of 5 V. White sections (which
are made of Al,O3) were then heated via heat transfer processes, and
therefore, have a lower temperature compared to those of the gray
lines. In order to distinguish this temperature difference, a tempera-
ture sensor should be as small as 0.25 mm.

4 RESULTS AND DISCUSSION

4.1 Calibration
As described in the previous section, the experiments were conducted
using a dry block calibrator and a black body with the pyrometer
in HG configuration. To adjust the mathematical formulas for the
properties of the various pyrometer elements, different approxima-
tions and assumptions were taken into account during the theoreti-
cal calculations characterizing the pyrometer response, such as in
[20]. Table 2 provides an overview of the factors that were taken into
consideration when theoretical analysis of all the optoelectronic com-
ponents for SMF was performed. We used a typical value of 0.3 dB
for each connector to calculate the total connector loss. The optical
filter’s insertion loss and the fiber’s attenuation were chosen as the
mean value of the selected channel band. The transimpedance ampli-
fier gain and photodetector responsiveness were both included in
the conversion factor. This value depends on the conditioning circuit
and was obtained in this work by conducting experimental methods,
launching known optical power into the photodiodes, and measuring
the output voltage with the pyrometer system. Experiments were
also used to obtain the detector voltage noise. All calculations were
performed with the Symbolic Math Toolbox of MATLAB.

Figure 4 shows the experimental and theoretical calibration curves
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Figure 4: Experimental (dots) using the black body in the dry block calibrator
and theoretical analysis (lines) results obtained for the pyrometer: (a) MMF;
(b) SMF.

for MMF and SMF configurations. The experimental results and the
simulations match very well. For MMF, the voltage collected in the
channel at 1,550 nm is saturated for temperatures above 600°C as it
reaches the maximum voltage readable by the DAQ (10 V). This is the
reason that we ensure there was a difference between the theoreti-
cal and experimental values at this point. The dynamic range of the
pyrometer increases by changing the gain switch of the photodetectors
from the HG condition to the LG condition. However, for this study, we
used the HG configuration to take lower temperature measurements.

In order to eliminate the effect of emissivity, the two-color opti-
cal fiber pyrometer can employ the voltage ratio of the measuring
channels (in our case, 1,310/1,550) at each calibration point. The afore-
mentioned ratio was obtained for each temperature, subsequent to
the deduction of the noise voltage from the
signals in each channel. Figure 5 illustrates
this ratio for both fibers in their linear range,
which refers to the range in which there is
no influence of DAQ saturation, and a large
enough signal is present after noise reduc-
tion. The lines depicted in Figure 5 signify
the linear approximation interpolated from
the experimental data. These lines indicate
that within the temperature range provided,
the sensitivities of the pyrometer for MMF
and SMF are 0.0005 and 0.0004°C~!, respec-
tively. We used this linear approximation to
calculate the temperature in the following
experiments. In addition, the relative tem-
perature error ranges from 7% to 1.6% from
275°C to 500°C, with it being mostly below
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Figure 5: Experimental (dots) ratio and its linear approximation (lines) for SMF
and MMF pyrometers.

2%. Meanwhile, for the SMF configuration, they are always below 4%
in the measuring range.

4.2 Relationship between Distance and Spatial Resolution

of the Pyrometer

In this section, we aimed to investigate the effect of the distance
between the target and fiber end on the measured optical power. To
achieve this, we employed the commercial microheater shown in
Figure 3 and fixed it on a holder, as shown in Figure 6. The plastic
jacket of the fiber was peeled and was 5 cm in size, and the fiber
end was precisely cut using a high-precision fiber cleaver. The fiber
end was positioned in front of the microheater at a distance of 0.05
mm from the center of a gray line of the microheater using a 3-axis
positioner (Thorlabs Mitutoyo 150-801 ME). This positioner had a
microcontroller with a 25 mm travel range and engraved graduations
every 0.01 mm (see Figure 6). To measure the effect of the distance,
we gradually increased the distance between the fiber end and the
microheater with steps of 0.05 mm using the microcontroller. At each
step, the optical power was measured to determine the effect of the
distance on the measured power.

For the simulation, we used the model described in [33].
Considering an object size of 250 pm, we used the same pyrometer
parameters as we did in the previous section, at 340°C, and swept
the distance from 0.05 to 1.2 mm with a step of 0.05 mm. Figure 7
illustrates the results of experiments and simulations for both fibers
and in channel at 1550 nm.

According to the theory, the optical power is at its maximum value
and is independent of distance until the diameter of the light spot

Figure 6: The experimental set-up with fiber and microheater holders and the positioning system.



SHARE YOUR EXPERTISE
WITH OUR READERS

Have a technical
paper or other work
with an educational
angle? Let Thermal
Processing publish it.

Each issue, Thermal
Processing offers its
readers the latest, most
valuable content available
from companies and
institutions, as well as
critical thoughts on what
this information means
for the future of the heat-
treat industry.

Our readers want your
expertise and we want to
share it.

Thermal Processing is your trusted source
for information and technical knowledge e I-I m a \\
about the heat-treat industry. A\

processing

Contact the editor, Kenneth Carter, at
editor@thermalprocessing.com for how you
can share your expertise with our readers.



mailto:editor@thermalprocessing.com?subject=Referred by Thermal Processing

(calculated from Equation 5) becomes larger than the diameter of
the object. This is the reason for the flat part of the graphs. The opti-
cal power decreases drastically as soon as the light spot exceeds the
size of the object. The reason is that a portion of the measuring area
that is outside the object does not contain emitted radiations. In our
experiment, this process allowed us to collect data from the surround-
ing media, which is the white part of the microheater. Consequently,
the total optical power is a combination of radiations from both the
gray and white areas, and the resulting measured temperature is a
weighted average with less accuracy that depends on the emissivity
and real temperatures in these zones. In the simulations in which we
only consider a single finite hot object, there is a less dramatic drop in
the experiments compared to that in the simulations, which is also
evidence of the lower temperatures in white regions. Nevertheless,
the experimental graphs begin to show a decline in voltage at the
same distance as that in the simulation results in both MMF and SMF.

4.3 Testing the Spatial Resolution

with a Patterned-Heated Sample

In this section, we used the microheater to measure the sample’s tem-
perature with the optical fiber pyrometer and compared the results
with the temperatures measured with a commercial thermal camera
(FLIR Ax35 f=9 mm with SC kit) that has a resolution and tempera-
ture range of 320x256 and from minus-40°C to 550 °C, respectively.
The camera also has a thermal sensitivity of <0.05°C at 30°C and a
precision of £5°C or +5% for reading. For the pyrometer tests, we posi-
tioned the fiber optic end right before the first gray line on the left
side of the microheater at a distance of 0.2 mm, as shown in Figure
6. At this distance, the spot diameters of SMF and MMF are equal to
0.065 and 0.175 mm, respectively, which are both smaller than the
width of the gray lines (0.25 mm). Then, we moved the fiber to the
right with steps of 0.1 mm using the microcontroller and measured
the temperature at each stage.

Figure 8a shows the measured voltage by the MMF pyrometer ver-
sus position. The signal shows maximums and minimums (in both
channels) following the microheater pattern process and a lower volt-
age level at the 1,310 nm channel, which is as expected. Figure 8b
shows the measured signal for the SMF pyrometer. In this case, the
signal at the 1,550 nm channel exhibits distinct peaks and troughs,
the channel at 1,310 nm has also similar features but in many mea-
suring points, and the noise distorts the signal. Some of the reliable
data are in the two positions highlighted in green, as they exhibit
adequate power in both channels.

The measured signals shown in Figure 8 were converted to tem-
perature using the ratio value and compared with the calibration ratio
from Figure 5. The results are shown in Figure 9a. In the case of SMF,
we calculated the temperature only for two positions with the highest
temperature, as in many other positions, the signal in channel 1,310
nm was mostly dominated by noise and data that were not reliable.
To address this issue, SMF can be used without a filter by using a
single-color pyrometer and by gathering radiation across the entire
wavelength range. However, to enable the translation of the signal
to temperature in this scenario, it is crucial to have knowledge of
emissivity. According to these results, the pyrometer is capable of dis-
tinguishing between high-temperature and low-temperature zones
and represented a temperature pattern with the same characteristics
as the microheater. The spot area for MMF is d = 0.175 mm, and the
measuring step is 0.1 mm; so, the spot area is entirely within the gray
lines in at least one point and within the white areas in at least two
points, and the temperature can be accurately determined for these
positions. However, for positions where radiation is collected from
both the white and gray areas, the temperature is a weighted aver-
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Figure 7: Experimental (dots) and theoretical (lines) voltage in channel 1,550
nm vs. distance from an object with a diameter of 0.25 mm for (a) SMF, and (b)
MMF.
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Figure 8: Measured voltage signal at both channels versus position conducted
with pyrometer: (a) MMF; (b) SMF, green dots show data with negligible effect
of noise in both channels.
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Figure 9: Temperature measurements with the micrometer in different
positions with: (a) high spatial resolution optical fiber pyrometer; (b) thermal
camera. Shadow lines show the microheater pattern.
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Figure 10: Temperature measurement of the micrometer obtained with the
thermal camera.

age. SMF measures higher temperatures at the peaks, which could be
due to its better spatial resolution that ensures the measuring area is
completely inside the gray line at those points and that the measured
temperature is not a weighted value.

After conducting tests with the pyrometer, we positioned the ther-
mal camera at a distance of 15 cm away from the microheater, which
is the shortest distance that can provide a proper focus. At this dis-
tance, the length of each pixel is 0.435 mm, which is bigger than the
width of each gray line. Nonetheless, the manufacturer indicated that
a single pixel measurement may be inaccurate for various reasons

(thermal camera can develop bad pixels; solar or object reflections
can cause a false high reading, and distortion in optical systems can
affect measurements) and recommended covering the hot area with
at least 3x3 pixels. A measurement cursor in the software of the
camera consists of 3x3 pixels, which results in a length of 1.3 mm
for each measuring point. On the other hand, the camera software
requires the input of emissivity; however, the emissivity of gray parts
is unknown. We used the typical value of emissivity for Al,03, the
constructive material of the microheater in white parts, which is 0.75.

Figure 10 shows the thermal camera image of the microheater.
Line 1, with alength of 5.6 mm, is depicted in the image, showing the
width of the microheater in the center. Then, we moved a measure-
ment cursor in steps of 1 pixel (0.435 mm) from the line’s left point
toits right point. The results are shown in Figure 9b. Since the width
of each measuring zone is 3xX0.435 mm, the result shows an average
temperature in all the positions, and it is not possible to see the
thermal pattern such as in the case of pyrometer measurement. The
reason for having lower temperatures at the ending points is that, at
these points, the camera captures the average between the micro-
heater and its background, which has a much lower temperature.

If we take the two maximum points that are almost in the middle
as representatives of temperature in the microheater and not those
in the background, the average temperature according to the ther-
mal camera would be 311°C. The average temperature of all points
with accurate measurement in the microheater, according to the
optical fiber pyrometer with MMF configuration, is equal to 314°C.
With the exception of having very localized measurements without
the need to be aware of emissivity in the case of the pyrometer, the
results are comparable.

5 CONCLUSIONS
We report temperature measurements with micrometer spatial reso-
lution, independent of material emissivity, and at a 1 kHz sampling
rate using two-color optical fiber pyrometers based on standard sin-
gle-mode (SMF) and multi-mode optical fibers (MMF) with small core
diameter and low numerical aperture in combination with associated
commercially available components. For a target surface at a distance
of 0.2 mm, the pyrometer has spatial resolutions of 65 and 175 pm for
SMF and MMF, respectively. The experiments with a patterned micro-
heater show that the pyrometer resolved spatial resolutions of about
100 pm and was limited by the experimental setup. Meanwhile, a
thermal camera with 320256 resolution cannot resolve the 700 pm
periodic temperature pattern and requires knowledge of the target’s
emissivity. The two-color optical fiber pyrometer has the potential of
quickly measuring temperature gradients in small areas, indepen-
dent of emissivity, such as in micro-thermography, or in difficult-to-
access areas, such as in machining processes. However, the two-color
pyrometer is limited in its ability to measure temperatures below
250°C in the MMF configuration and below about 325°C in the SMF
configuration and cannot provide a 2D map of temperature from a
single measurement. We show that optical powers gathered by each
channel of SMF and MMF pyrometers from hot objects of 250 um are
independent of distance until the diameter of the light spot becomes
larger than the diameter of the object, at 0.9 mm and 0.4 mm, respec-
tively, via simulations and experiments.
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