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Thermal Camera-Based Fourier
Transform Infrared Thermospectroscopic
Imager

Stéphane Chevalier' ®, Jean-Noél Tourvieille?, Alain Sommier',
Jean-Christophe Batsale', Bruno Beccard3, and
Christophe Pradeére'

Abstract

In this technical note, we present an advanced thermospectroscopic imager based on a Fourier transform infrared (FT-IR)
spectrometer and a thermal camera. This new instrument can image both thermal emission and multispectral absorbance
fields in a few seconds at a resolution of 4cm™' or less. The setup is made of a commercial FT-IR spectrometer
(ThermoFisher Nicolet iS50R) synchronized to an IR camera (indium antimonide and strained layer superlattice) as a
detector to record the interferograms in each pixel of the images. A fast Fourier transform algorithm with apodization and
Mertz phase correction is applied to the images, and the background is rationed to process the interferograms into the
absorbance spectra in each pixel. The setup and image processing are validated using thin polystyrene films; during this
processing, more than 1750 spectra per second are recorded. A spectral resolution equivalent to that of commercial FT-IR
spectrometers is obtained for absorbance peaks valued less than two. The transient capability of the FT-IR thermospec-
troscopic imager is illustrated by measuring the heterogeneous thermal and absorbance fields during the phase change of
paraffin over a few minutes. The complete mechanism of the thermochemical processes during a polymer solidification is
revealed through the thermospectroscopic images, demonstrating the usefulness of such an instrument in studying fast
transient thermal and chemical phenomena with an improved spectral resolution.
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Introduction , , _— i
of importance for a large variety of scientific applications

and technologies to enable faster, more precise, and ver-
satile measurements of multispectral images at the
microscale.

Fourier transform infrared (FT-IR) spectroscopy with an
array detector is an analytical technique that enables the
molecular imaging of a complex sample in the mid-IR

range.' Using this technique, based on the absorption of
IR radiation through the vibrational transitions in covalent
bonds, unique images with a high spatial resolution can be
obtained. The quantitative information obtained from
spectroscopic images is widely used in several domains
such as the multispectral imaging of cells for cancer detec-
tion in biomedical applications,”™ identification of material
crystals in earth science,® phase change of biopolymers,”®
and the investigation of electrochemical reactions in
microreactive flows.”™'> From the obtained multispectral
images, local and quantitative information regarding the
nature of the molecules in a sample can be clarified.
Consequently, the development of such an apparatus is

In the last decades, several groups have attempted to
develop thermospectroscopic imagers that can record
both thermal and spectral images for a range of infrared
wavelengths. Romano et al."”’> reported on a
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thermospectroscopic imager based on an indium antimo-
nide (InSb) IR camera and a monochromator. Using a two-
image method, the thermal images were separated from the
spectral images. The instruments were reported to achieve
an excellent signal-to-noise ratio (SNR) of 1000; however,
they suffered from a lower spectral resolution compared to
that of FT-IR spectrometers. A similar imager was devel-
oped by Ryu et al.'"* to study styrene radical polymeriza-
tion, which represented the first attempt of formulating a
noninvasive contactless method to determine both the
chemical composition and temperature distribution. The
utility of recording both thermal and spectral images was
also demonstrated by Yamashita et al.'® and Kakuta et al.,'®
with the aim of investigating the effect of temperature on
the chemical mass transport in microfluidic chips, which
makes thermospectroscopic imagers one of the most
powerful tools for microfluidic contactless mass and heat
transport characterizations.

Most of the previously reviewed works were based on
thermospectroscopic imagers using monochromatic light
from monochromatic filters or monochromator (by
using a diffraction network). Although such a technology
has been demonstrated to yield an excellent SNR, the
spectral resolution is lower to that of FT-IR spectrom-
eters; for instance, the resolution was approximately
20 nm in Romano et al."> compared to 2.5 nm (i.e., equiva-
lent to a resolution of 4cm™') for a classical FT-IR spec-
trometer. Furthermore, the measurement of one
complete IR spectrum requires 3-5min in the best
reported cases,'>'” which limits the use of monochrom-
ator for the slow transient regime involving a timescale of
one hour or more or to systems in which a high spectral
resolution is not required. Another solution was proposed
by Lewis et al.'® The authors used a FTIR spectrometer
with a focal plane array to image well-resolved absorbance
spectra in chemicals dissolved in water. Going further in
complex systems with multiphase flows, Chan and
Kazarian'® also used a commercial FT-IR spectrometer
with an IR camera to measure the concentration gradient
of two compounds dissolved in water. Such a result can
only be achieved if the instrument can discriminate each
peak of the component IR spectrum (in the limit of the
intrinsic line width of the absorption bands), and thus
improve the chemical analysis using chemometric tech-
niques. Another example of the application of fast spec-
troscopic imaging was reported by Shalygin et al,'® who
studied the transient chemical reaction of the precipitation
process of oil asphaltenes. The authors could image the
chemical reaction at different instants in 90 min. However,
most chemical reactions span shorter times, which require
a faster system using which a multispectral image can be
obtained in less than 10s with a high spectral resolution of
few cm™ .

Few commercial spectrometer imagers exist, such as
the Hyperion microscope from Bruker, which can satisfy

the previously mentioned requirements. However, devices
that can be applied in an open environment in which the
operating conditions, such as temperature or pressure can
be controlled or a complex setup (such as microfluidic
reactors) can be introduced and imaged, have not been
proposed yet. In addition, the existing commercial devices
do not allow the simultaneous measurement of the
sample surface temperature field. To fill this knowledge
gap in the academic research community, a novel thermo-
spectroscopic  multispectral imager was developed.
Specifically, in this technical note, we describe a new ther-
mospectroscopic instrument based on a commercial
ThermoFisher Nicolet iS50R FT-IR spectrometer com-
bined with an IR camera to measure a complete IR spec-
trum and thermal field in less than 10s with high spectral
and spatial resolutions, and we also provide to the aca-
demic community the open source code to process and
analyze the IR interferograms.

To achieve such a temporal resolution, the spectrom-
eters works in “rapid-scan” mode, in which the mirror of
the interferometer moves at a constant optical retardation
speed,zo typically from 0.0633 cm/s to 0.3185 cm/s. A high-
speed IR camera (frame rate higher than 400Hz) is
required to achieve a complete interferogram in a reason-
able time. The ThermoFisher Nicolet iS50R spectrometer
can also work in the “step-scan” mode, in which the
mirror is held in a fixed position for a few milliseconds
to image one point of the interferogram before moving to
the next position. One advantage of the “step-scan” mode
is the realization of a high SNR, as multiple images can be
recorded at each mirror position (typically more than
100); however, the process to measure the entire wave-
length range is considerably slower compared to that in
the rapid-scan mode. Another advantage of the “step-
scan” mode pertains to the imaging of fast transient phe-
nomena, which are extremely repeatable like bursting
phenomenon or high frequency periodic regime (see
Brandstetter et al.2' at the nanosecond scale for example).
For this purpose, the transient phenomenon must be
completely imaged in a few milliseconds at each mirror
position. Each interferogram at each time scale is recon-
structed afterward. However, this mode is not appropriate
for minute scale transient phenomena. Thus, we selected
the rapid-scan mode in line with the objective of enabling
the instrument to record the image phenomena spanning
over several minutes at a temporal resolution of a few
seconds.

This technical note brings two major advances com-
pared to the previous FT-IR imaging techniques: (i) how
to combine state of the art cooled IR camera with com-
mercial FT-IR spectrometer to make thermospectroscopic
imaging (simultaneous measurement of thermal and absorb-
ance fields) and (ii) the current advances of the IR camera
make it possible to image fast transient multispectral phe-
nomenon at the microscale.



Experimental Methods
Setup

In the spectrometer (a ThermoFisher Nicolet iS50R in this
study), an IR beam is generated using a SiN source at
1480 K generating around 70mW out of the interferom-
eter. This beam is guided through a Michelson interferom-
eter to generate the interferences by using a moving
mirror. Subsequently, the modulated and collimated IR
beam is led outside the spectrometers toward the optical
table. The beam reaches a beam expander, which increases
the area of the beam with a magnification of three to enable
the imaging of large samples. The output IR beam from
spectrometer is collimated with a divergence lower than
25 mrad and expanded using off axis parabolic mirrors and
iris (spatial filtering). Subsequently, the beam crosses the
sample, which is placed onto a calcium fluoride (CaF,)
wafer on a small heating plate to control the sample tem-
perature, and later reaches the IR camera. Fig. 1a presents a
schematic of the setup.

Two cameras were alternatively used in this study: a mid-
wavelength infrared (MWIR) camera based on InSb sensor
(FLIR SC7600 series) and a long-wavelength infrared
(LWIR) camera based on strained layer superlattice (SLS)
sensor (FLIR A6750 SLS). These cameras will be hereafter
referred as the InSb and SLS camera. It is also important to
note that while the SLS camera works in both the longwave
and midwave infrared ranges, the biggest performance
benefits can be obtained when it is filtered to the LWIR
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band exclusively. In fact, one of the key benefits of SLS is its
short integration times (ITs), or snapshot speeds, com-
pared to other infrared camera materials. Therefore, a ver-
satile setup was developed where IR camera can be
swapped easily to image within a specific spectral region
of interest depending on both the thermal and chemical
composition of the system.

Both the spectroscopic beam from the spectrometer
source and the sample thermal emission beam are imaged
by the camera. The sample thermal emission gives a meas-
urement of the sample surface temperature. To separate
these two values, a mechanical shutter is placed at the exit
of the spectrometer to shut the spectroscopic beam and let
the camera image only the sample thermal emission. The
spectroscopic images are recovered by subtracting the
thermal images. All the instruments are supervised using
a LabVIEW interface to synchronize the mirror position
in the spectrometer with the IR camera and control the
heating plate temperature. A 3.5V transistor—transistor
logic (TTL) signal is generated by a data acquisition hard-
ware. The TTL signal rising is triggered by the spectrom-
eter when its mirror starts to move in the forward
direction. This TTL is connected to the IR camera which
records the images at the specified frame rate when the
TTL signal is high. Once the whole interferogram is rec-
orded by the IR camera, a signal is sent to close the mech-
anical shutter, which enables recording the thermal images.
Figure Ib presents a schematic of the signal and connec-
tions used to synchronize all of the instrument parts. When
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Figure 1. (a) Schematic of the fast thermospectroscopic imager. The IR camera can be either the InSB or SLS camera in this study. (b)
Signal processing used to synchronize the instruments. IR: infrared; TTL: transistor—transistor logic; CaF;: calcium fluoride.



the signal sent to the mechanical shutter is high, the shutter
is open, and once the signal is low, the shutter is closed.
Finally, by repeating this sequence, a complete interfero-
gram and the associated thermal images are measured for
ranges of sample temperatures and times.

Camera and FT-IR Setting

Several parameters of the camera and spectrometer need
to be carefully set to ensure that the interferograms are
correctly converted to IR spectra by using a fast Fourier
transform (FFT). Depending on the spectrometer optical
velocity in cm/s, V, and the maximum wavenumber of the
IR spectrum, V. the camera frame rate must satisfy the
following inequality

fCAM = 2Vmaxv (I)

The factor of two is derived from the Nyquist criterion
which states that the sampling frequency of the camera
must be at least two times higher than the maximum fre-
quency of the signal.??> Consequently, based on the camera
frame rate and the spectral resolution set in the spectrom-
eter, the number of frames that must be recorded to
ensure satisfactory sampling of the signal can be determined
as follows

2fcam
res x V/

Nframe = (2)

where res is the spectral resolution, i.e., 4cm™" in this
study. The value of two in Eq. 2 is a result of the fact that
double-sided interferograms are recorded and FFT is per-
formed with no zero filling, which leads to a digital step that
is one-half of the resolution, i.e., the digital step is 2cm™"'
for a spectral resolution of 4cm™'. Finally, the time
required to record one interferogram can be determined as

t— Nframe o 2
fom  res x V
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Interferogram Processing

The light intensity, li:(X,y, §), recorded by the camera can
be decomposed into three contributions: the sample ther-
mal emission, E(x,y), and the spectrometer source own
emission comprising a steady DC component, l4(x,y) and
a modulated component, I, (x,y,d), generated by the
Michelson interferometer as following

ItOt(X’ y’ 6) = E(X9 Y) + IdC(X7 Y) + IaC(Xa ys 8) (4)

where § is the optical retardation. The IR spectra will be
obtained only from the I, contribution. To do so, the ther-
mal images from the sample thermal emission, E(x,y), are
subtracted from the images recorded when the IR beam
from the spectrometer passed though the sample. In this
manner, two sets of images are obtained pertaining to ther-
mal images and interferogram images free from the sample
thermal emission.

The processing of an interferogram to obtain the IR
spectrum is based on the methodology presented in
Grifiths and De Haseth,”® which is briefly summarized
herein. The process is divided into two main steps illu-
strated in Fig. 2. In the step |, as shown in Figs. 2a and
2b, the raw interferogram is apodized according to a
Gaussian function as

N ram 2
Ia(X’ y’ 8) = (Itot(x’ y’ 5) - E(X, Y)) X eXP - <k f—a < 5*>
Nref

)

where [, is the apodized interferogram, k is the apodization
coefficient, Nfqms is the number of images recorded, and

d* =38 xres € [-I; 1] is the dimensionless optical retard-
ation. The reference number of images, N, is arbitrarily
set as 41 |1, which corresponds to the number of images

needed for a resolution of 4cm ™' and V,q > 4000 cm "
The apodization enables the reduction of the impact of
noise on the IR spectrum. By adjusting the apodization
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Figure 2. Summary of the processing algorithm from the interferogram to the IR spectrum. (a) Raw interferogram in one pixel of the
camera. (b) Apodized interferogram. (c) IR spectrum in one pixel of the camera. FFT: fast Fourier transform; DL: digital level.



coefficient k, it is possible to “filter” more or less the signal
from k=0, in which the raw interferogram is maintained, to
k <7 for highly apodized interferograms in case of critical
noise. Above a value of 7, it is empirically found that the IR
spectrum started to be modified (attenuation of peaks,
merging of peaks, etc.).

In step 2, as shown in Figs. 2b and 2c, a FFT algorithm is
applied to the interferogram. Only the high frequency part
of the resulting spectra is kept in order to eliminate the
Ipc(xy) contribution at low frequency. Thus, the FFT acts
both as a DC filter (high-pass filter) and IR spectrum com-
putation as only the high frequency part of the signal is kept.
Finally, the modulus of the IR spectrum is computed from
the Mertz phase correction formula'?? as

S(x,y, A) = R(S*(x,y, 1)) cos D + I(S*(x,y, A)) sin @
(6)

where $*(x,y, 1) is the Fourier transform of I,(x,y, 8), and
N, I and @ denote the real part, imaginary part, and phase
of §*, respectively. A phase error occurs for a variety of
reasons: systematic error in the measurement of the optical
path difference, misalignment of the interferometer, or
intrinsic asymmetry between the interferometer arms.
These errors produce an interferogram that is asymmetric
about its central maximum. The goal of any phase correc-
tion scheme is to recover, as far as is possible, the original
spectrum. The same process is applied to each pixel of the
image to obtain a multispectral image. The complete pro-
cessing code is available in the following public repository:
https://github.com/stephane-chevalier/FT-IR _imager

Absorbance Measurement Based on Camera IT
Calibration

An important feature of quantum IR cameras is the IT,
which needs to be carefully set: an excessively low value
results in low camera sensitivity with a low SNR, whereas
an excessively high value may result in a saturated signal. To
solve this issue, Kirchner et al.'” proposed the calibration
of the camera IT to always ensure the highest camera sen-
sitivity without saturation. In this work, the same method-
ology as described in Kirchner et al.'” is applied to the IR
spectrum to calibrate the camera IR. The methodology is
briefly summarized as follows.

Classically, the absorbance of a sample is measured as
the ratio of the background spectrum (without sample) to
the sample spectrum for each pixel of the camera and each
wavelength (or wavenumber) as

S(x,y, 1)

Bx,y. 1) @)

A(Xa Y )\‘) = _|°g|0

where $*(x,y,A) and S°(x,y,A) denote the IR spectra of the
sample and background, respectively. However, to ensure

the highest sensitivity of the absorbance measurements, it is
advisable to use a different IT for the background and the
sample, as the sample absorbs a considerably larger amount
of the IR beam than the background does. '7 To this end, it is
assumed that the pixel intensity of the IR spectrum, S(x,y,A),
is a linear function of the IT, and the calibrated pixel inten-
sity of the IR spectrum, S.,(x,y,A) as follows

S(X7 ys )") = ’T X SCGI(Xa ya )") (8)

The calibrated IR spectrum is obtained considering the
least square from the N measurements of IR spectra at N
ITs

Sea(,y, ) = [x"x] " [x"y] 9)

where y=[IT,, ITy,.., IT,]" is the vector containing the
range of IT considered, and x=[S'(xyA), S*(XJL)s...,
S"(xy,A)]" is the vector containing the N pixel intensity of
the IR spectra for each pixel at each wavelength. The cal-
culation of S.(x,yA) is done only for the background,
and the absorbance of the sample for any camera IT is
obtained as

S(x,y, 1)
Ax,y, A) = —I _ 10
(x.y,2) °g|o”-s X S (x.y. 1) (10)
where IT® is the IT used for the sample. In this method, at
least three or four background spectra must be measured
for three or four ITs to obtain S2(x,y, A). Subsequently, the
sample spectrum is imaged at a higher IT to enhance the

SNR.

Results and Discussion
Thermospectroscopic Measurements

Camera IT Cdlibrations. The calibration was performed using
both the InSb and SLS cameras. For each measurement, the
same spectral resolution was set; however, the other par-
ameters such as the spectrometer optical velocity or
camera frame rate were adjusted according to the
camera specifications (for example, spectral range or IT).
All the employed setup parameters are summarized in
Table I. A total of five or six ITs were chosen for each
camera setup, and for each IT, three background interfero-
grams were measured. Figs. 3a and 3b present a represen-
tative interferogram for a range of IT values. It can be
observed that for a higher IT, i.e., 120 and 140 us for the
InSb camera, the signal is saturated, and the highest peak of
the interferogram is not accurately measured. The same
results can be observed for the SLS camera for an IT of
800 pis. The black body intensity is much lower in the LWIR
range compared to the MWIR range which explained the
larger SLS IT than the InSb one.


https://github.com/stephane-chevalier/FT-IR_imager

Table I. Experimental setup parameters for the two cameras.

Parameter InSb SLS
Spectral resolution (cm™") 4 4
Spectral range (cm™") 4000-1800 1400-850
Optical velocity (cm/s) 0.0633 0.1581
Measurement time (s) 7.90 3.16
Apodization coefficient 3 3
Camera frame rate (Hz) 510 450
Camera pitch (um) 15 I5

Pixel resolution 640 x 512 640 x 512

InSb: indium antimonide; SLS: strained layer superlattice.

The three interferograms recorded for each IT were
processed to obtain the IR spectra which are then averaged
to obtain a single spectrum. The resulting averaged spectra
for each camera are presented in Figs. 3c and 3d. With
an increase in the IT, the spectral intensity (expressed as
digital level (DL)) per wavelength (or wavenumber)
increases until a point, after which the value decreases
(see the spectra at 120 and 140 um in Fig. 3c, for example).
This result is due to the pixel saturation on the interfero-
grams, as observed previously. The saturation of the central
interferogram peak impacts the entire spectrum in terms of
the intensity; however, the shape seems to be preserved.
The effect of saturation in the FT-IR imager is considerably

InSb
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Figure 3. Calibration of the camera integration time using the background spectra. (a) and (b) Mean interferogram for a range of IT
values. (c) and (d) Associated spectra obtained after the postprocessing. (e) and (f) Linear fit of the camera IT. InSB: indium antimonide;

SLS: strained layer superlattice.



different from that of the saturation observed using a
monochromator.'”

Figs. 3e and 3f show the results of the camera IT cali-
bration for two wavelengths. It is observed that the pixel
intensity per wavelength varies linearly with the IT, as
expected and recorded in previous studies.'*'” This
linear trend is visible for both cameras. However, for a
higher IT, a deviation from linearity is observed due to
the aforementioned effect of the saturation. The complete
calibrated background spectrum, S2,S(x,y, 1), is obtained
from the slope of the linear regression on the four first
ITs, i.e., the linear regions in Figs. 3e and 3f. It is calculated
for all the pixels of the image and all the wavelengths.

In the subsequent measurements, the camera IT was
carefully set to avoid any saturation in all the pixels of the
camera detector. This ensures the linear response of the
detector, and therefore the correct amplitude in the IR
spectrum.

Camera SNR Assessment

To evaluate the performances of the cameras in terms of
the sensitivity, the SNR is computed from the IT back-
ground spectra. The SNR is defined as the ratio of the
maximum average pixel intensity to the noise standard devi-
ation (STD), i.e.,

max (E(A))

SNR= ———~—-F—
STD(S(x, Y, Amin))

(1)

where S is the spatial average of S, and A, is the wave-
length (or wavenumber) at which the camera images only
the noise, typically at 7.04um (1420cm™') and 2.48 um
(4026 cm™') for the SLS and InSb camera, respectively.
From the SNR, the minimum transmittance that can be
measured can be deduced as T, = SNR™', and the max-
imum absorbance is Apq, = log;o(SNR). Table Il summarizes
the results of the SNR obtained for the two cameras by
using the background spectra recorded with the highest IT
before saturation, i.e., 120 pus and 800 ps for the InSb and
SLS, respectively.

Table Il. Noise assessment of the two cameras.

Parameter InSb SLS
Integration time (us) 120 800

STD (So(X.Y,\Amin)) (DL) 0.14 0.09
max(?o(k)) (DL) 9.19 21.75

SNR 66 230

Tomin 1.5x 1072 04x 1072
Anax 1.82 2.36

InSb: indium antimonide; SLS: strained layer superlattice; STD: standard
deviation; DL: digital level.

It is observed that the SNR is approximately 66 for the
InSb, whereas it is 230 for the SLS. These SNR values lead
to an estimated maximum absorbance of approximately 1.8
and 2.4, respectively. Above this value, the signal is of the
same order of magnitude as that of the camera noise. The
apparent better sensitivity of the SLS camera compared to
the InSb camera may be related to the longer IT used. Also,
the energy par wavelength is higher for the SLS camera
compared to the InSb one, which increases the SNR. This
effect is due to the smaller spectral range (in terms of
wavenumbers) of the SLS camera. And finally, the hardware
of both cameras is also different and may explain the result-
ing sensitivity of these cameras.

To improve the SNR, it is advised to record more inter-
ferograms for each sample when possible or employ the
“step-scan” mode in the spectrometer. However, in this
case, the transient aspect of the measurements is lost or
at least significantly reduced. Considering these aspects, a
SNR of 1000 has been reported using a monochromator
imager,'> which indicates that if the temporal resolution
is not a limiting factor, such an instrument can be used
to measure monochromatic images with extremely low
noise.

Comparison with Commercial FT-IR ThermoFisher
Measurements

In this analysis, 38 and 76 um thick polystyrene samples
obtained from the NIST Laboratory were used to validate
the thermospectroscopic imager. In these measurements,
the polystyrene was maintained at the ambient temperature
(no heating from the CaF, wafer). The calibrated back-
grounds were imaged as described in the previous section,
and the polystyrene samples were imaged using the experi-
mental parameters described in Table I. Only the ITs were
adjusted to increase the camera sensitivity when the IR
beam passed through the sample, i.e., 130 and 180 s for
the InSb, and 800 and 900 ps for the SLS.

The results for the InSb camera are presented in Fig. 4.
In Figs. 4a and 4b, the raw background and sample images,
respectively (91 per 151 pixels), are shown for one mirror
position. The intensity heterogeneities visible in Fig. 4a are
due to tiny stains in the optics. Each pixel of the image
includes complete interferogram, as shown in Fig. 4c. The
background interferogram presents lower intensity than
that of the sample, which is explained by the change in
the IT for the sample measurements. This phenomenon is
corrected when the interferograms are processed to obtain
the IR spectra using the IT calibration. Fig. 4d shows that
the sample spectrum has a lower intensity compared to
that of the background spectrum, as expected. Finally, the
IR absorbance is computed in each pixel for all the wave-
lengths to obtain a 3D multispectral absorbance image (see
Fig. 4e). A similar result was obtained for the images
obtained using the SLS camera.



Pixel
intensity (DL)

16000 T T T T T
9500
background 216000 ( C)
9000 14000}~ SamPle gy H
2 £ 8000
8500 = g
—_ L 1 | |
E % 12000 G »HrorPgs[\:JJon(cm)Oﬂ
c
et 7]
5 i £ 10000 - 1
i 7500 R
o & 8000+ 1
7000
6000 | 1
6500 . . . . .
> u e -0.2 -0.1 0.0 0.1 0.2
0 2 4 5 Optical retardation (cm)
Position (mm) Pixel Wavelength (um)

intensity (DL) " 102.5 2.9 33 4.0 5.0 6.7

— bar;kground |
—— sample ( d )
12000 = 0.08F
- %
= 3
E 10000 <0086 -
- B
5 ]
2 8000 = 0.04 ]
@ e
& 2
6000 % g2 ]
4000 0.00 H

4000 3500 3000 2500 2000 1500
Wavenumber (cm™)

Position (mm)

(e)

Stack of
absorbances
1.00

0.75
0.50
0.25

0.00

Figure 4. Data obtained before and after postprocessing of the interferograms. (a) Beam intensity of the background after the thermal
emission removal. (b) Beam intensity after the thermal emission removal that passed through the polystyrene. (c) Interferograms of the

black pixels in (a) and (b). (d) IR spectra obtained from the interferogram in (c). (e) Multispectral images of the sample absorbance
obtained at the end of the postprocessing.



Subsequently, the polystyrene IR absorbance spectra
obtained using the custom-made thermospectroscopic
imager were compared to the IR absorbance spectra mea-
sured using the Nicolet iS50R spectrometer with the same
resolution of 4cm™'. Each spectrum from the Nicolet spec-
trometer was a result of the average of 16 measurements.
In contrast, each spectrum obtained from the cameras was
a result of the average of all the pixels in the image.

Figures 5a to 5c show the results in which three IR
absorbance spectra are presented for each polystyrene
thickness, specifically corresponding to the InSb camera,
SLS camera, and Nicolet spectrometer. An excellent agree-
ment is observed between the spectra obtained using the
thermospectroscopic imager and the spectra obtained
using the commercial spectrometer, which validates the
complete methodology (experimental setup, FFT postpro-
cessing and calibration method) presented in this paper. In
particular, the IR absorbance peaks are well located and
correspond to the expected polystyrene signature
reported in Danilaev et al.?* The gap between 1800 and
1400cm ™' may be seen as a disadvantage compared to
commercial imaging spectrometer, but it is only limited by
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Figure 5. Comparison of the results between the FT-IR imager
and a reference spectrum for the polystyrene samples. (a) Full
spectra. (b) Focus in the 3.1-5.9 um range. (c) Zoom in the
7.1-12.5 pm range.

the spectral range of the camera. The instrument described
here is fully versatile: any spectral range from near IR to
LWIR can be targeted with the appropriate camera. The
methodology will remain unchanged.

In Fig. 5b, the absorbance peaks valued <2.0 absorbance
units are well resolved. However, the peaks at 2950 cm™!
and 2850 cm ' are saturated. This result is explained by the
SNR analysis described in the previous subsection, which
indicates that the absorbances more than 1.8 for the InSb
cannot be correctly resolved because the signal is drowned
into the noise. To increase this limit, more interferograms
can be recorded, the black body intensity, [,(xy0)
increased, or the measurement can be switched to the
step-scan mode to record hundreds of images at each
mirror position, increasing the SNR. Noteworthy also is
that the beam expender decreases the beam intensity
that reaches the IR camera by a factor of 10. This also
explains the rather low SNR observed in our measure-
ments compared to some obtained from commercial
setups.

By comparing the performance of the FT-IR thermospec-
troscopic imager to that of approaches using a mono-
chromator as the IR source,'>'” the following conclusions
can be derived. The proposed setup enables the measure-
ment of a complete IR absorbance spectrum in only a few
seconds with an excellent spectral resolution. However,
such a result involved a lower SNR than that reported in
Kirchner et al.'” Therefore, a balance must be maintained
between the increased SNR realized using a monochrom-
ator and a reasonable spectral resolution with prompt
measurement, which can be realized using the FT-IR spec-
trometer. This issue may be partially approached by using
either a more sensitive camera or by performing the meas-
urements in the “step-scan” mode to increase the SNR,
although the experimental time would also be significantly
increased in such a case.

Example of Application: Phase Change of a Paraffin

The solidification process of a paraffin (RT47, Rubitherm
Technologies GmbH) was evaluated using the thermal
camera-based thermospectroscopic imager. A liquid paraf-
fin droplet was confined between two semi-transparent
wafers with a 50 um spacer to control the paraffin sample
thickness. Full multispectral absorbance images and thermal
fields (the surface sample thermal emission, E(x,y) in camera
DL) were recorded every 18 s from 50 to 40 °C using the
InSb camera in the 4000-1600cm™' range. This delay
between two measurements corresponds to the time
needed to image the interferograms (<10s), plus the
time needed by the camera to send the recorded images
to the desktop (~5 s). The spectral resolution was set as
4cm™', the optical velocity was set as 0.0633 cm/s and the
camera frame rate was set to 507 Hz. The thermal fields
were obtained from the average of 500 thermal images



recorded after each interferogram (once the mechanical
shutter has been closed, see Fig. Ib). It is also reminded
that the thermal images give only a measurement of the
paraffin surface temperature, not from the bulk.

A total of 40 multispectral absorbances and thermal
fields were recorded yielding more than seven Go of raw
data (I5 Go in total once the data were processed). The
experiment spanned over 720 s (~12min). The method-
ology described in the Experimental Methods section above
was used to analyze the data. For the thermal field, the first
thermal image recorded at 50°C was taken as the refer-
ence, from which all the other thermal images are sub-
tracted to observe only the relative variation in the
temperature, because AT was linearly proportional to the
pixel DL of the camera. In this case, an increase of the
relative pixel intensity in DL is equivalent to a decrease of
the sample relative temperature.

In Fig. 6, the thermospectroscopic images are presented
as function of the experimental time and the heating plate
temperature. Among the 1250 absorbance images rec-
orded for each time slot, five of them are presented with
the corresponding thermal image. The typical bands
between 2918 and 2850 cm ™', corresponding to the CH,
vibrational mode and the images at 1800 and 3500cm ™',
where the liquid paraffin is transparent, were chosen.

It can be seen that from 50 to 40 °C, when the tempera-
ture of the CaF, heating plate gets reduced to less than
45°C, the solidification started, and the absorbance
increased from 0 (liquid) to 0.5 or more (solid) at 1800
and 3500cm'. This is mainly due to scattering by the
solid paraffin. In contrast, the absorbance is observed to
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Figure 6. Temporal evolution of the paraffin multispectral
camera DL.
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decrease from 2 to |.5 in average at 2850, 2920, and
2950cm™' when the heating plate temperature was
decreased. These results confirm that the thermotransmit-
tance is wavelength dependent and can only be revealed
with such multispectral images. In addition, it is interesting
to note that the solidification kinetics was spatially hetero-
geneous, i.e., it started from the center and moved toward
the sample boundary in a few minutes, as shown by the
local variation of absorbance in each image.

In Fig. 6, it is also observed that the thermal field pre-
sented the same heterogeneities as the absorbance field.
This finding indicates that when the solidification starts, a
certain quantity of latent heat is released, which increases
the temperature locally. All these results correspond to the
extensive analysis of thermochemical processes, which can
be realized simultaneously using the newly developed ther-
mal camera-based thermospectroscopic imager.

An in-depth analysis of the spectral information of the
paraffin was performed through the Figs. 7 and 8. In Fig. 7,
the IR paraffin spectra for a range of heating plate tempera-
ture are presented from two sample regions, i.e., the cen-
tral region where the paraffin thickness is 50 um and the
boundary region where the thickness is lower to 50 um.
Each spectrum results from an average of 25 spectra
located in the 5 x5 pixel region designated by the red
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square in the inserted image. The expected spectral signa-
ture of the paraffin used was similar to that of the RT80
wax reported in Fuensanta et al;*® in particular, the typical
bands at 2918 and 2847 cm™' correspond to the CH,
stretching, respectively, antisymmetric and symmetric
modes. From liquid to solid, the IR spectra were signifi-
cantly affected, both in terms of absorbance value (as
already seen through Fig. 6), but also in terms of CH,
peak position. Such variations are clearly visible in Fig. 7a
with very well-defined peaks. In comparison, Fig. 7b exhibits
saturated peaks in the vibrating CH, band. Such differences
are explained by the camera SNR (see the Camera SNR
Assessment section), which hinder the measurement of
absorbance greater than 2. In Fig. 7a, a thinner paraffin
layer was used which ensured a lower absorbance and
therefore well-defined absorbance peak in the CH, vibra-
tion band. However, the saturated peaks in Fig. 7b shows a
similar behavior (see at 2955 and 2847 cm™') in which a
decrease of the absorbance with the temperature can be
observed.

The results presented in Fig. 7a are analyzed versus the
heating plate temperature in Fig. 8 for the characteristic
CH, vibrating bands. The spectral signature of the paraffin
corresponds to the results reported in the existing litera-
ture, in which the CH, stretching modes were found to be
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Figure 8. Effect of the sample temperature change on peak absorbance, peak position, and thermal emission in the left region depicted
in Fig.7a. (a) Maximum peak absorbance and thermal emission and (b) peak position.



thermally dependent both in terms of magnitude and wave-
length.”?® In Fig. 8a, one can observe that the absorbance
of the paraffin decreases from the liquid (hot conditions) to
solid (cool conditions) state. In particular, the phase change
is visible both in terms of absorbance brutal changes (strong
decrease and increase before stabilization), but also in
terms of thermal emission with the existence of a plateau
(grey zone) between 44 and 42.7 °C. One explanation can
rise from the release of latent heat during the solidification
process which may balance the sample cooling.

In Fig. 8b, the locations change of the 2850 and
2920cm ™' peaks are presented. Both the CH, stretching
peaks shifted by approximately 5cm™' when the paraffin
temperature decreased, as reported in the literature; spe-
cifically, a similar shift (5 cm ') was reported by Merk et al.”
considering bioparaffins. An uncertainty of£2cm™' is
found in our measurements which is enough to reveal
such small peaks position shift. This result illustrates the
accuracy of the thermospectroscopic imager in detecting
small peak shifts (few cm™') in the sample. Such an accur-
acy, both in terms of spectral and temporal resolution,
cannot be achieved using an IR monochromator.

Conclusion

This technical note describes the development of a fast ther-
mospectroscopic imager based on thermal camera and a
commercial FT-IR spectrometer. All the aspects in terms of
the experimental setup, processing of the interferograms to
obtain the IR spectra, and background calibration technique
to enhance the sensitivity of the measurements are
described. A complete multispectral image (91 per 151
pixels) in addition to the thermal field can be recorded
within 3—7 s, depending on the experimental settings (such
as the spectral resolution, or the optical velocity). Such a
result corresponds to the measurement of 1750 spectra
per second, which makes this new imager the fastest one
in the research community.

This new apparatus is not only fast but also as accurate
as a commercial FT-IR spectrometer in terms of the spec-
tral resolution. This result was validated using several poly-
styrene samples and several IR cameras as detectors to
cover a large range of wavelengths, e.g., between 4000
and 1700 cm ™' (corresponding to 2.5-5.6 um) and between
1400 and 850cm™' (corresponding to 7-12pum).
Furthermore, it was demonstrated that the absorbance
peaks can be well resolved as long as the absorbance is
<2. This limit occurs due to an SNR of approximately
100 which is partly due to the decrease of the beam inten-
sity resulting from the beam expansion. Several approaches
can be employed to improve the apparatus SNR to achieve
a higher performance in terms of transmittance through a
highly opaque medium.

The usefulness of measuring both multispectral and ther-
mal images was illustrated through the phase change of a

paraffin. The spatial heterogeneities were clearly observed
during the solidification in both the absorbance and thermal
fields. Each pixel of the image contained an IR spectrum and
the information concerning the local material temperature.
Therefore, it was possible to follow the complete thermo-
chemical process of solidification through the variation of
the heat released and increase in absorbance in each pixel
of the image every |18 s. In addition, extremely small vari-
ations in the peak wavelength shifts (approximately 5cm™")
were observed during the temperature changes, as
expected according to the existing literature. This phenom-
enon demonstrates the higher accuracy of the proposed
instrument in terms of the spectral resolution compared
to that of the thermospectroscopic imagers using an IR
monochromator.

A limitation of such multispectral imaging is the large
quantity of data generated for each measurement. The
complete measurements of the paraffin solidification pro-
duced more than |5 Go of data (approximately | Go/min)
once all the images were processed. With the development
of new imaging techniques, big data management is
expected to become a prominent issue that needs to be
addressed.
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