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Temperature measurement using frequency comb absorption

spectroscopy of CO,
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Absorption spectroscopy on CO; for the determination of gas temperature is reported. Direct absorption
of a frequency comb laser through a gas cell at atmospheric conditions is analysed with a virtually
imaged phased array spectrometer. Several measurement and analysis techniques are investigated to
find the parameters most sensitive to changes in the temperature. Some of these show qualitative
agreement with theoretical predictions where the trend is similar to the calculated values. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4984252]

. INTRODUCTION

It is the goal of spectroscopy to gather knowledge about
a material, e.g., a gas sample, by probing it with electromag-
netic waves. The applications for this research are manifold.
Human breath analysis allows for non-invasive testing for
diseases.'® Climate-relevant atmospheric gases can be moni-
tored to improve current models and predict climate changes.*
Spectroscopy also provides insights into the structure of mat-
ter. With the advent of lasers in 1960, this field showed remark-
able progress, allowing the measurement of spectral lines with
unprecedented accuracy. Prior to the invention of the laser,
spectroscopy was implemented with broadband illumination
and interrogation with a spectrometer. Spectrometers included
Michelson interferometer, Fabry-Perot interferometers, grat-
ing spectrometers, and many more. They used interference
of light waves to create a wavelength selective transmission,
either in amplitude, such as in the Michelson interferometer,
or in propagation direction, such as in the case of the grat-
ing. Prism spectrometers, on the other hand, were exploiting
the dispersion of light in a medium. Interference-based spec-
trometers had to be designed around the trade off between
resolution and ambiguity range, expressed by the free spec-
tral range (FSR). The emergence of tunable coherent sources,
like tunable single mode diode lasers, was a milestone in
spectroscopic measurements as they allowed for absorption
measurements that can be both, of high resolution and yet cover
abroad wavelength range.” Such a setup requires a tunable sin-
gle mode laser and a broadband detector. The wavelength range
needs to be scanned and the spectrum cannot be obtained in
a single shot. Due to the intrinsic coherence of single mode
laser systems, this approach allowed for long propagation
ranges as well as high frequency resolution. Using classical
broadband light sources, such as diodes or candescent light
sources, for long distance measurements proves to be more
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difficult, as an increase in bandwidth reduces the coherence
time of the light. In addition to temporal coherence, spatial
coherence needs to be considered. Such light sources can be
broadband, but the limited temporal and spatial coherence is
restrictive for long distance measurements, where beam col-
limation needs to be controlled accurately. The development
of the frequency comb remedied this situation,®® providing a
broadband and yet coherent light source. In a frequency comb,
multiple narrow linewidth laser lines are present, creating a
comb structure in the spectral domain. As a consequence, the
coherence function shows a periodicity governed by the repe-
tition frequency with a slowly falling envelope, which depends
on the noise in the laser system.” A frequency comb therefore
has the ability to probe many wavelengths simultaneously with
the long coherence length of individual single mode lasers. '’
The advantages and disadvantages are discussed in several
publications.' -1

Apart from spectroscopic studies, frequency combs and
single mode lasers have been used for long distance mea-
surements. If those measurements are not taken in vacuum
but atmospheric air, the variations of the refractive index
of air limit the precision of the measurement.'3"'® To reach
uncertainties in the 1077 regime, temperatures need to be
known with accuracies of ~100 mK.'> Modern highly accu-
rate long distance measurements are at these limits. State of
the art measurements reached relative accuracies of 10~7 and
1073 in air using single mode lasers and frequency combs,
respectively.”>> Two colour schemes to compensate for
refractive index uncertainty were also applied.”® Edlén pro-
vided a tool to determine the refractive index of air if its
composition, pressure, and temperature are known.”’ Since
then Edlén’s equation has been continuously updated and
modified.?33°

Among the parameters pressure, composition, and tem-
perature, the latter shows the strongest local variations,
whereas the other two remain constant over a relatively
large area.! Therefore, several temperature sensors are com-
monly placed along the beam path. Classical thermometers
are localised in nature and can be based, e.g., on the density

Published by AIP Publishing.
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of a liquid, expansion of a solid, the change of thermal radi-
ation, or changes in the electrical conductivity. All of these
measurements share the property that the data are obtained
at a single point in space. Retrieving line or volumetric data
requires placing a whole array of detectors in or close to
the region of interest. If the environmental parameters could
be obtained spectroscopically and the same laser beam be
used for the distance measurements, the experiment would
be more efficient and accurate. Instead of measuring the
temperature along the beam it can be measured exactly at
the propagation path. Temperatures measured this way will
automatically be integrated line data, as each point in the
propagation path of the beam provides data. Distance mea-
surements based on interferometry read out the phase neces-
sitating the use of the absorption of the medium propagated
through to determine the temperature. Suitable candidates are
O, and CO,, since both show absorption lines in the acces-
sible wavelength range of visible light and near infra-red.>>
O, has a larger abundance in air and shows absorption in
the visible wavelength range. State of the art measurements
reach accuracies of 7 mK using a diode-laser-based setup, as
reported by Hieta et al.** A recent publication by the same
group showed the feasibility of using this method for outdoor
temperature measurements.>* Fiber-based sources show the
advantage of stability towards ambient changes and portability
and are preferred sources for outdoor measurements. How-
ever, to access the relevant visible lines for O, spectroscopy
with fiber-based frequency combs, second harmonic gener-
ation (SHG) or other wavelength conversion methods have
to be used, since it lies outside of the coverable wavelength
range of such a laser source. Ti:Saph oscillator based fre-
quency combs reach visible wavelengths but show, due to the
lack of integration, limited performance if a portable setup
is required. CO;, on the other hand, shows strong absorption
in the emission range of Erbium doped fiber lasers, such as
the one used in this study. Those laser sources can be com-
pletely integrated and can be relatively independent of the
measurement environment. As a consequence, they are great
candidates for a portable setup. CO, temperature measure-
ments have already been reported by Farooq et al. using diode
laser absorption measurements at 2.7 um wavelength.>> These
experiments have been conducted for the high temperatures of
combustion gasses, which are outside of what is reachable
with even extreme weather conditions. Recent publications
show an interest to expand spectroscopic temperature measure-
ments in CO, to lower temper'cltures.36 For climate research,
several applications focus on identifying the concentration of
CO;, in air; the techniques used there can be used for temper-
ature determination assuming the concentration of CO;, can
be retrieved on a different channel. Spectroscopic measure-
ments with propagation lengths of 2 km have already been
reported.* Care has to be taken to select CO, absorption lines
that are not overlapping with those of water. The water con-
tent in air is another quantity which can show strong local
variations.

In this work, we report temperature measurements of CO,
in a gas cell. Due to its low concentration in the atmosphere,
first feasibility investigations of CO, were conducted in a
controlled atmosphere.

Rev. Sci. Instrum. 88, 053113 (2017)

Il. METHOD

The optical absorption of a gas reveals information about
the constituents of the gas. This is used in spectroscopy to
identify and quantify gases but can also be used to determine
the temperature and pressure of the gas mixture, if the gas
composition is known. We investigated the temperature depen-
dence of pure CO, absorption in the near infra-red region
(NIR), while keeping pressure and gas concentration fixed.
The strength of an absorption line depends on the population
densities of lower and upper states involved in the line tran-
sition and the number of absorbers, i.e., molecules, exposed
to the light. Interactions between absorbers can lead to effects
like line broadening beyond the natural linewidth. An increase
in the absorption linewidth corresponds to a decrease in the
maximum absorption, while the total area under the absorp-
tion curve remains the same, which is the case when changing
the pressure, but keeping temperature and number of absorb-
ing molecules constant. Therefore, we compare these areas for
different samples. Besides the temperature dependence given
by the Boltzmann distribution of the population densities, a
temperature change influences the amount of absorbers in a
given volume when keeping the pressure constant. Both effects
are expected to lead to an impact on the absorption measure-
ments.>? Evaluating absorption lines in the HITRAN database
shows that the temperature dependence is rather weak,
leading to requirements for a very accurate spectroscopic
setup to be able to monitor corresponding absorption profile
changes.?

In this setup, we will take absorption spectra at two dif-
ferent temperatures and compare the differences in peak area
and height of several absorption lines (simple integration as
well as line fitting). Other publications®>3* gave reasons for
measuring line ratios instead requiring a more complex data
treatment. The absorber number density needs to be deter-
mined requiring accurate measurements of pressure and dis-
tance. A separate calculation for this quantity can be omitted
here, as its effect can be part of the calibration. The com-
parison of directly measurable quantities simplifies the noise
determination, which motivated the analysis presented here.
To compare measurement to simulation, we will show whether
the measured changes are in line with what is predicted by the
HITRAN database.

lll. EXPERIMENTAL SETUP

The setup consists of three main components, namely
the laser source, the interaction cell, and the detector. Single
mode fibers (Thorlabs P1-SMF28E-FC) are used to guide the
light between the general components. The setup is shown in
Fig. 1.

The laser source is an Erbium doped fiber frequency comb
laser with a repetition rate of 100 MHz from Toptica and emits
light in the wavelength range of 1400—-1600 nm. A highly non-
linear fiber (HNF) was required to reach the spectral lines that
were measured in this work. To guide the light to the gas cell
it is coupled into a single mode fiber.

The gas cell has a length of 1.5 m and a volume of 480 ml.
It can be filled with CO,, Ny, or be evacuated. The gas flow is
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FIG. 1. The highly nonlinear fiber (HNF) broadens the spectrum to wave-
length regions that are not covered by the laser oscillator. The fibers serve as
apertures and simplify guidance of the beam between the laser output, gas cell,
and spectrometer. Not shown in the setup are heating wires coiled around, the
thermometer placed inside the gas cell as well as the gas flow equipment, also
attached to the gas cell.

controlled with mass flow controllers (Bronkhorst F-201CV-
1K0-RAD-22-V) at the entrance side and a pressure controller
(P-702CV-1K1A-RAD-22-V) at the exit side. The pressure
controller is connected to a Vacuubrand MD 1 vacuum pump.
To be able to increase the temperature, a heating wire has
been wrapped around the gas cell. A temperature sensor (Pico
Technology PT-104 with an SEO12 Pt100 probe) is placed
in the gas cell to monitor the temperature in the cell. These
devices are not included in Fig. 1.

The virtually imaged phased array (VIPA) spectrom-
eter’’ is made in house and consists of the VIPA etalon
from Precision Photonics (S-LAA71), a grating as post-
disperser (Spectrogon UK, G1100 31 50 10 NIR, 1100
lines/mm) and an infra-red camera (XenICs XEVAFPA-1.7-
640) as well as two lenses, one of them cylindrical as can be
seen in Figs. 1 and 2. For lenses, mirrors, and fiber incou-
plers, readily available components from Thorlabs have been
used.

A. VIPA spectrometer

A Virtually Imaged Phased Array (VIPA) spectrometer
has been used to record the spectra.’’ In a VIPA multiple
virtual sources interfere and create a wavelength dependent
transmission for certain direction. Similar to a grating, it acts
as an angular disperser separating wavelengths by different
propagation angles. Virtual sources are created by focussing
the laser beam at the backplane of the VIPA etalon. The etalon

t
Ry —995%f = VIPA
etalon to grating
evlindrical lens virtual sources
\l entrance
window Ry = 96%

7

FIG. 2. A focussed spot at the backplane mirror creates multiple virtual
sources leading to a wavelength selective transmission for different propaga-
tion angles. Reproduced with permission from Rev. Sci. Instrum. 87, 093107
(2016). Copyright 2016 AIP Publishing LLC.*
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FIG. 3. Typical VIPA spectrometer image. When stitching together neigh-
bouring modes spectral line data can be read out. The image shows the power
per pixel in arbitrary units. The images taken have 640 x 512 pixels. The FSR
corresponds to 400 pixels, corresponding to 125 MHz per pixel. In comparison:
the resolution of the spectrometer is 680 MHz.

consists of a glass plate with reflective coatings at the entrance
side (R =99.5%) and the output side (R, = 96%). Reflections
from those two interfaces create the new point sources consist-
ing of virtual images of the focussed beam. If a cylindrical lens
is used, a grating can be used as a post-disperser eliminating
the drawback of the low free spectral range (FSR). The FSR of
the VIPA spectrometer depends on the thickness #, refractive
index ng of the glass plate, and the incidence angle 6; of the
focussed laser beam. Very low incidence angles are common
(6; = 0), such that the FSR can be approximated by FSR ~ ﬁ,

which is 50 GHz in our spectrometer. A lens after the grating
will image different propagation angles to different positions
on the camera. Spectral data are contained in adjacent lines
representing one FSR of 50 GHz each. The resolution of the
spectrometer is 680 MHz. A typical image produced by such
a spectrometer is shown in Fig. 3. By stitching together spec-
tral data from neighbouring lines, a full spectrum is obtained.
In order to perform the stitching procedure, the pixel rep-
resentation of the free spectral range on the camera needs
to be identified. This can be done by illumination with a
single mode laser source (Roithner LaserTechnik SPL1430-
2-9-PD) or if a clear repeating pattern can be identified by
directly looking at the camera image. The full integration with
fibers allows for easy replacement of the source and spec-
trometer. In this setup, the free spectral range was directly
determined from the measured camera image and later con-
firmed with the single mode laser. If the frequency comb
modes can be resolved a more accurate frequency calibration is
possible.

IV. MEASUREMENT PROCEDURE

For a typical measurement, the gas cell is filled with pure
CO; at a pressure of 1 atm at room temperature. The pressure
is controlled with a pressure controller while a steady flow is
applied. For filling, the cell flow speeds of 1000 ml,,/min for N,
and 500 ml,,/min for CO, were applied. When the gas cell was
filled completely, it was lowered to 10 ml,,/min to keep a steady
flow. The spectrum is measured using the VIPA spectrometer.
Subsequently a reference image needs to be taken either by
evacuating the cavity or by flushing it with N, which does
not show absorption at the measured wavelength range. Both
methods show identical results at room temperature. At higher
temperatures, however, the latter one performs better, showing
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more consistent absorption changes. To increase the temper-
ature, a heating wire, which is coiled around the gas cell, is
used. Once the temperature reaches equilibrium at the higher
temperature, the aforementioned routine can be applied again.
A dark image needs to be subtracted to minimise the error
introduced by the camera. For the same reason, an averaging
procedure was applied to the camera images. Two hundred
averages were used for these measurements. The measured
temperature differences ranged up to 10 K, which is shown in
Fig. 7.

The measurements at room temperature can be done in
a few minutes, as only the filling/evacuation of the gas cell
takes a significant time. The measurements at higher tem-
perature need longer, i.e., several hours, due to the time it
takes the temperature of the inserted gas to reach a steady
state.

V. RESULTS

For this study, CO, lines between 6915 and 6975 cm™!
were used, which correspond to the wavelengths around
1.44 pum. The investigation included 22 different lines
whose labelling can be found in Fig. 4. The lines of (P44,
P42,..., P2) are corresponding to the line numbers (1,
2,...,22)in the nomenclature of this publication. In Fig. 5, the
predicted change in peak height from HITRAN can be seen
when increasing the temperature. An increase by 5 K results
in a change of less than one percent, placing very stringent
constraints on the measurements.

Several parameters were compared to determine the most
suitable one for temperature measurements among which are
peak height, integrated peak area as well as fitted line profile
area. For the peak height, the highest reached absorption value
per peak was read out. For integrating the peak area, the interval
was chosen to minimise the influence of neighbour peaks lim-
iting the integration window to each of the investigated lines.
This meant integrating between the two neighbouring min-
ima of the peak. Fitted line area is expected to provide better
results. For fitting and peak analysis, Origin has been used.>
A Lorentzian fit to measured data can be found in Fig. 6. An

Wavelength [pm)]

1.445 1.44 1.435
0.6 T T T
P20P16
P22P18 P14
P24 P12
P10

o 04
S
)
2
=

0.2

!
6915 6930 6945 6960 6975

Wavenumber [cm™"]

FIG. 4. Nomenclature of the investigated CO, absorption lines in the 3 v3
band*! as labelled in HITRAN. The shown absorption profile corresponds
to 1.5 m of propagation through pure CO, at the pressure of 1 atm and a
temperature of 296 K.
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Absorption change

! ! ! =
6915 6930 6945 6960 6975

Wavenumber [cm’ 1}

FIG. 5. Expected change when increasing the temperature of pure CO; by
5 K. The plot shows the absolute difference in absorption [A(T =296 K)-A(T
=301 K)] for propagation through 1.5 m pure CO; at a pressure of 1 atm. The
strength of the corresponding absorption lines is shown in Fig. 4.

alternative line shape is the Voigt profile, which is a convolu-
tion of Gaussian and Lorentzian line shape. In the investigated
regime, the Lorentzian contribution is dominant. The fitting
algorithm showed better convergence and led to smaller fit-
ting error estimates, which is why the Lorentzian profile was
used. The parameters were calculated for the HITRAN data
and the measured data to evaluate whether their performance
was similar. Figure 7 shows the change in linestrength for each
of the 22 individual lines that have been investigated. As can be
seen, HITRAN and measurement show substantial deviations.

At higher temperatures, the beam shows increased diver-
gence. In consequence, the focus position of the fiber incoupler
deviates from its original position, resulting in a decreasing
coupling efficiency and hence a drop of the transmission base-
line.*> When taking vacuum reference images, measurement
and reference beams experience a different beam divergence.
N reference images share the beam divergence with the CO;
measurement and, since the ratio of the intensities of both
beams is used to obtain the spectrum, in theory can assume
an unchanged transmission baseline level, despite being at
lower signal level. Nitrogen can be introduced by refilling an

0.5 T
04 N —— Measurement
N — Fit
041 02t 40 a
§ o3}
e}
=
2 .
0.1
Ot | | u I &
6915 6930 6945 6960 6975

Wavenumber [cm_ 1]

FIG. 6. Multi-line Lorentzian fit to the measured spectrum at 26.9 °C. The fit
is displayed in red, while the measured data are shown in blue. The variation
of the baseline as well as the presence of weak lines in the vicinity of the main
absorption peaks leads to difficulties in the fitting procedure. Only the main
absorption lines were included as fitting parameters. The inset is zooming
in on line number 12. The measurement shows a good qualitative agreement
with the HITRAN data (Fig. 4). Comparing the peak heights of measurement
and HITRAN shows a disagreement of 20%. Possible explanations for this
include instrumental spread of the spectrometer as well as nonlinearity of the
camera.
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FIG. 7. Changes in absorption for the different investigated absorption lines
when increasing the temperature by ~10 K (from 26.9 °C to 36.7 °C). The
beam propagated through 1.5 m of pure CO, at a pressure of 1 atm. The
reference image was taken by flushing the cell with N,. (a) Comparison of
the area under the curve when fitting a multi-line Lorentzian profile. The
measured temperature would be interpreted to be 5 K higher than the read-out
from HITRAN, with an estimated uncertainty of 3 K. (b) Comparison when
the lines are simply integrated without assuming any line shape. In (c) only the
peak height was compared. The measurement (shown in red) generally shows
a stronger reaction to the temperature changes than HITRAN data (blue).

evacuated gas cell or by continuously flushing it into the gas
cell. The downside of the latter method is that more nitro-
gen needs to be introduced to ensure that no carbon dioxide
is remaining in the gas cell. This is also advantageous since
the pressure in the gas cell does not change and the gas cell
windows remain steady. Any baseline level change is com-
pensated by scaling the transmission profile accordingly but
introduces an additional error, which is more prominent in the
case where a vacuum reference image is taken. Both meth-
ods, vacuum and N as reference, have been investigated with
the latter showing better performance. The results with the Nj
reference are shown in Fig. 7. As expected the simple integra-
tion of the line area leads to stronger deviations than the fitted
area.

Camera noise posed another difficulty since several pix-
els were malfunctioning and had to be excluded from the data
analysis further reducing the quality of the obtainable spec-
trum. Less than one percent of the pixels had to be excluded,

Rev. Sci. Instrum. 88, 053113 (2017)

which should not affect the fitting severely. Camera noise is
about two percent of the intensity maximum after removal
of the dark image and excluding dead pixels. The inten-
sity range is reduced when the baseline signal is reduced,
which effectively amplifies the camera noise by the factor
(Irun — Ldark)/ (reduced — Ldark), Which is up to factor two in our
measurements. Since the noise is present in measurement and
reference image, the contribution of the noise is effectively
doubled when creating the line spectrum. The camera showed
strong nonlinearities at high power levels close to saturation
as well as at low power levels. With the removal of dark noise,
the contributions at low power levels are not critical. A limited
number of pixels reached power levels where the saturation
effects can affect the data. The measured peak absorption is
underestimated up to 20% due to camera nonlinearities. This
is due to the reference image having a higher power level than
expressed by the camera in certain parts of the spectrum. The
corresponding error contribution on the fitting procedure can-
not be easily predicted, as not all the pixels are affected. While
the measured data and HITRAN show a similar trend, there are
quantitative differences which make a comparison with sim-
ulated data difficult. It is advisable to reduce the amount of
lines taken into account for the temperature determination to
the strongest lines, e.g., the lines 14-20, which show the best
overlap between measured data and HITRAN. Additionally
lines that are at the stitching points when generating line data
out of the 2D image should be excluded, as the line shape is
strongly disturbed. With this reduced set of lines, the absorp-
tion changes for Lorentzian line profile fits are ~50% higher
in the case of measured data when compared to HITRAN. For
the investigated temperature change of 10 K, this results in a
deviation of 5 K. As can be seen from Fig. 7, the absorption
changes show a regular pattern for HITRAN data, whereas the
measured values fluctuate. The standard deviation is approxi-
mately 30%, here 3 K. Increasing the data set might be able to
reduce this number. The errors are significantly higher in the
case of line integration, without fitting and peak height compar-
ison. The uncertainty of the reported line strength in HITRAN
is listed as >1% and <2% for the investigated lines. In con-
sequence, the error listed from the database is higher than the
effect to be measured, which clearly suggests an independent
calibration of the method.

VI. CONCLUSION

We report a temperature measurement in a CO, filled
gas cell using a frequency comb laser and a VIPA spectrom-
eter. Spectroscopic measurements with the compact robust
frequency combs in the 1.5 um range make CO, a possi-
ble candidate for the temperature determination of ambient
air. The main challenges for using CO, are as follows: find-
ing absorption windows free of H,O absorption, finding lines
which show sufficient sensitivity to temperature, and obtaining
well separated absorption lines which have low background
absorption from other sources and a stable concentration. To
test the feasibility, measurements were carried out using dif-
ferent protocols for the reference measurement. For this, an
evacuated cell and a N, filled cell were used alternatively.
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We found that the N, filled cell provided a better reference.
Analysis of the absorption spectra was also carried out with
the view to observe variations in the parameters like peak
height, area under the absorption line, and absorption pro-
file fitting of the spectral lines. The best fits were obtained
with the Lorentzian line shape which dominates the regime of
our measurement with respect to parameters like pressure and
flow in our experimental setup. The major disruptive factors
to this method were the power loss with increased tempera-
ture and camera noise, but these issues will also have to be
encountered if the method is to be further developed for field
measurements. At this stage, the comparison with HITRAN
shows a qualitative overlap. Further engineering and optimi-
sation of the measurement is required for quantitative com-
parisons. The technique presented here can be very useful in
non-contact temperature measurements in case of hazardous
environments and for remote monitoring besides the obvious
advantage to long distance measurements. It can be com-
bined with metrologic measurements that read out the phase,
as only the absorption of the CO; is required for the tem-
perature determination. The temperature dependent changes
in the absorption lines when calibrated with a priori mea-
surement can also be used for temperature monitoring. For
certain applications, the presented method can be improved
by combining it with optical cavities or optical waveg-
uides to increase the interaction between light and air.3%4
This, however, would prevent the usability for long distance
measurements.
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