Ref. Ares(2020)7721741 - 18/12/2020

H2020

PERIODIC TECHNICAL REPORT
4
FLAIR - FLying ultrA-broadband single-shot InfraRed Sensor
GA732968
Deliverable Information
Deliverable Number: D1.11
Work Package: WP1
Date of Issue: 30/04/2020
Document Reference: 732968-FLAIR-D1.11-Periodic_technical_report_4
Version Number: 1.0
Nature of Deliverable: R (report)
Dissemination Level of Deliverable: PU
Author(s): CSEM (Responsible), SA, NKT, NIT, RUN, EMPA, DTU.
Keywords: Periodic, technical, report
Abstract:
This document constitutes the fourth periodic technical report for FLAIR and reports on the
progress of the technical tasks foreseen in the DoA during the last year of the project (i.e.
from November 2019 to July 2020).

Periodic Technical Report 4
FLAIR - FLying ultrA-broadband single-shot InfraRed
Sensor

Document History
Date
17.03.2020
15.04.2020
23.11.2020
24/11/2020
02/12/2020

Version
0.1
0.2
0.3
0.4
1.0

Remarks

Skeleton
Contribution from some partners
Contribution form the last partners
Document ready for review by the coordinator
Final version for uploading on the EU server

Document Authors
Entity

Contributors
Laurent Balet
CSEM
Sanghoon Chin
Getinet Woyessa
DTU
Ole Bang
EMPA Christoph Hüglin
NIT
Germán Vergara Ogando
NKT Laurent Huot
Frans Harren
RUN
Amir Khodabakhsh
SA
Hans Martin

Disclosure Statement: The information contained in this document is the property of FLAIR
Consortium and it shall not be reproduced, disclosed, modified or communicated to any third
parties without the prior written consent of the abovementioned entities.
732968-FLAIR-D1.11-Periodic_technical_report_4

Page 2 of 71

Periodic Technical Report 4
FLAIR - FLying ultrA-broadband single-shot InfraRed
Sensor

Executive Summary
The FLAIR project addresses the challenge of performing air quality monitoring in complex
urban environments by mounting a high-performance air sampling sensor based on photonic
technology on a drone for pervasive, high specificity and high sensitivity air quality sensing
with large area coverage. Operating in the two atmospheric windows of 2–5 µm and 8–12 µm
wavelength, FLAIR can detect minute traces of molecules in complex gas mixtures from their
characteristic infrared (IR) absorption fingerprints and provide real time information to the
operator of the drone. FLAIR can operate in remote or dangerous areas and outside of
established monitoring networks.
This document constitutes the fourth periodic technical report for the project. Its purpose is to
provide a summary of the activities performed during the last year of the project (i.e. from
November 2019 to July 2020) and, in particular, to document the progress made towards the
goals of the action, the problems encountered and the barriers overcome. Consistency with
the predicted implementation path in the Description of Action (DoA) is assessed through an
overview of the project’s milestones, the status of deliverables and verification of expected
impacts. Deviations from the predicted effort for each work package (WP) are also registered
and sufficiently justified in this report.
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List of Acronyms
Acronym
CAD
COSMO
CPU
CTDAS
FLAIR
FTS
GCS
IR
KET
NUC
MIR
MPC
NOAA
ppbv
OBC
OPOs
QCLs
RIA
SC
SNR
TCP
UAV

Meaning
Computer-Aided Design
‘’Consortium for Small-scale Modeling’’ is a non-hydrostatic limited-area
atmospheric modelling tool
Central Processing Unit
CarbonTracker Data Assimilation System
FLying ultrA-broadband single-shot InfraRed Sensor
Fourier Transform Spectrometer
Ground Control Station
infrared
Key Enabling Technologies
Non-Uniformity Correction
mid-infrared
multipass cell
National Oceanic and Atmospheric Administration
Part per billion in volume
onboard computer
optical parametric oscillators
quantum cascade lasers
Research and Innovation Action
Supercontinuum
Signal-to-noise ratio
Transmission Control Protocol
Unmanned Aerial Vehicle

Table 1-1. List of acronyms.
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1 Introduction
FLAIR - FLying ultrA-broadband single-shot InfraRed Sensor (H2020) is a Research and
Innovation Action (RIA) funded by the European Union’s H2020 programme under the
Photonics Key Enabling Technologies (KET) topic.
The project seeks to address known challenges in the context of the significant effort that is
observed nowadays in active air quality improvement. In order to be successful, these
measures need be complemented by air quality monitoring at large scale to ensure compliance
with air quality legislation but also to provide information for political decision-making regarding
air quality and safety. Large spatial coverage is particularly problematic outside the dense
urban network of air quality monitoring stations. FLAIR proposes to close this gap.
The overarching objective of the project is the development of a compact, cost effective and
high-performance air sampling sensor based on cutting-edge photonic technology, capable of
performing high-specificity and high-sensitivity (ppbv) sensing over large areas as a result of
its installation aboard an Unmanned Aerial Vehicle (UAV), commonly known as a drone.
Operating in the two atmospheric windows of 2-5 µm and 8-12 µm wavelength, the FLAIR
sensor aims at detecting minute traces of molecules in complex gas mixtures from their
characteristic infrared (IR) absorption fingerprints and provide real time information to the
operator of the drone. The whole FLAIR system can operate in remote and/or dangerous areas
and outside of established monitoring networks.
Directly targeted applications include air quality monitoring around industrial infrastructures,
maritime and land-based traffic, landfills and agriculture facilities. The sensor can also be used
to coordinate emergency service response in the case of catastrophic events like wildfires,
volcanic eruptions or chemical accidents.
Making the sensor airborne through its integration aboard a flying platform brings a clear
advantage regarding system deployment and pervasive sensing over large areas. Additionally,
due to the local character of its sensing operation, the FLAIR sensor can also provide data
from inside optically dense clouds and plumes, which are usually not accessible by groundbased laser remote sensing methods.
Photonics technology is a promising approach to the challenge of air quality monitoring, as it
can provide, in principle, accurate identification and concentration measurements of specific
species in complex environments. Current solutions include several methods for air quality
monitoring, among which are mass spectrometry, electronic noses and optical detection. While
systems based on mass spectrometry are highly sensitive, they suffer from complexity and
high footprint, which hinder integration on a flying platform. Electronic noses are cheap but
suffer from low accuracy.
Several systems based on light sources operating in the IR range, such as quantum cascade
lasers (QCLs), diode lasers, optical parametric oscillators (OPOs) or frequency combs have
enabled highly sensitive and selective detection of molecules. Such high-performance tools,
however, typically remain confined to academic research laboratories due to their narrow
spectral operating window (covering only very few molecules), their operational complexity and
their prohibitively high cost. These are the technical challenges FLAIR is addressing.
The FLAIR sensor will generate trace gas absorption spectra from which information on the
levels of pollutants can be derived through adequate data processing.
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This deliverable is linked to technical WPs 3, 4 and 5 covering the period from November 2019
to July 2020 (last year of the project).

2 Approach
This report was established by the participants listed in the table above, as foreseen in the
project description, and under the lead of CSEM. More specifically, the following steps were
taken:
• establishment of a first structure and draft (17.03.2020)
• contribution from partners (mid-March to mid-April 2020)
• contributions from the last partners (23.11.2020)
• version for revision by coordinator (24.11.2020)
• final report (02.12.2020).
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3 Project progress overview
During the mid-term review meeting, one of the advices from the advisory board has been to:
“Speed up the work on system integration and testing!”
This fourth periodic technical report, covering the period from November 2019 to July 2020 is
an answer to this concern.
In the following pages, we describe the finalization of the FLAIR system: an assembly of stateof-the-art subsystems, like e.g. the supercontinuum source, that have been made more
compact, lighter, and ruggedized for the purpose of this project. Namely: to create a broadband
spectrometer designed to fly.
We show how the system has been put together, tested in – and out – of the laboratory, to
finally prove its fitness to detect specific gases in a challenging remote environment. We
describe the field test in Beromünster, where FLAIR has made its maiden flight on a thermal
airship (colloquially called a zeppelin) to prepare it for a week long adventure on board an
helicopter, tracking methane released in the fumes of gigantic ships in the Kattegat channel,
between Denmark and Sweden.
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4 Laboratory spectroscopy (WP3) results
Work package 3, led by RUN, includes the selection of relevant gas species, the definition of
relevant system input parameters, development of a spectroscopic data processing software
for real-time monitoring.
Lead partner

RUN

Contributing partners

SA, NKT, NIT, CSEM

In this section we provide the evaluation results of the FLAIR sensor in the laboratory.

4.1 Choosing the spectral window for Methane detection

Since water vapour (H2O) has a strong spectral interference with Methane (CH4), it is important
to find a proper working spectral window to minimize this interference and maximize the
precision of Methane detection. Figure 1 demonstrates the simulated spectrum of CH4 (2 ppm)
/ H2O (0.5%) mixture, with a spectral resolution of 1.5 cm-1 and interaction length of 10 m,
which are close to the regular atmospheric concentrations and expected resolution and
interaction length of the finalized spectrometer. Clearly, Q and R branches of CH4 spectrum
(in red) are buried beneath the water vapour spectrum (in blue), while P branch of CH4
spectrum demonstrates less interference with water absorption features. The most distinct CH4
absorption features which have the least interference with water are located ~2948 cm-1 and
~2958 cm-1. Therefore, an optimum spectral window of the spectrometer should include these
absorption features. Since the instant bandwidth of the spectrometer for any fixed grating
position is ~35 cm-1, a good spectral window candidate will be 2941-2976 cm-1 as is shown in
Figure 2.

Figure 1: Simulated spectrum of CH4 (2 ppm) / H2O (0.5%) mixture, with a spectral resolution of
1.5 cm-1 and interaction length of 10 m
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Figure 2: The optimized spectral window for sensor where CH4 and H2O has minimum spectral
interference

4.2 General signal processing routing and concentration retrieval

In this subsection we discuss the general routine to process the measured spectrum and fit
the model spectrum to the measurement. To clarify the routine, we demonstrate the step-bystep analysis for an experiment performed in the lab. Note that since the dedicated small
supercontinuum (SC) source that is originally developed for the FLAIR project was broken at
the time of the experiments (March 2020, before lockdown due to COVID-19) and sent back
to NKT for repair, we used a desktop SC source instead. Although the detection limit might be
different for different SC sources (due to different power spectral density and relative intensity
noise); however, the signal processing routine is exactly the same. In addition, the final version
of the multipass cell (MPC) was under repair during these experiments and we instead used
the 2nd MPC prototype.
In the pilot experiment the spectrum was measured for 16 seconds with an averaging time of
1 second. In the first 6 seconds we measured the lab air spectrum. At t = 7 sec a gas leak from
a 50 ppm bottle of CH4 in N2 is flushed into the (MPC) until t = 12 sec, and at t = 12 sec the
gas leak flush is closed. Figure 3 demonstrates the 16 consecutive transmission spectra
recorded by the camera in terms of the camera pixels. Two effects are clear in the figure. First,
the non-zero and non-uniform baseline that all of the measured spectra share and second, the
absorption features of CH4 with different intensities in some of the measured spectra. The
baseline is non-zero mainly due to the residual fixed-pattern noise of the camera.

732968-FLAIR-D1.11-Periodic_technical_report_4

Page 14 of 71

Periodic Technical Report 4
FLAIR - FLying ultrA-broadband single-shot InfraRed
Sensor

Figure 3: Sixteen consecutive transmission spectra recorded by the camera in terms of the
camera pixels

To remove the common baseline, the first measured spectrum is saved as the background
spectrum and is used to normalize each individual measured spectra. This way, the baseline
of the measured spectra is removed. These baseline-free normalized transmission spectra are
shown in Figure 4.

Figure 4: Baseline-free normalized transmission spectra

By removing the baseline, the fitting routine will retrieve a more precise concentration. This
routine works best if the background is measured when the multipass cell is filled with N2,
hence the background spectrum is free of any absorption feature. In action, however, it is not
possible to implement it for the finalized sensor during the flight. The possible alternative is to
732968-FLAIR-D1.11-Periodic_technical_report_4
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record the background in the regular atmospheric air before starting the measurements over
the areas with elevated pollutant concentration. This way the precision of the measurement is
still good, however the accuracy of the measurement might be affected by the atmospheric
concentration of the species under measurement. If this atmospheric concentration of the
target species is generally lower than the detection limit of the spectrometer, the accuracy of
the spectrometer would not be affected. For other species with detectable atmospheric
concentrations (e.g. CH4 with ~1.8 ppm atmospheric concentration) the measured
concentrations would be lower than the actual value by this amount. If this detectable
atmospheric concentration is constant and well-known (which is roughly the case for CH4), we
can add the known value to the measured concentrations to achieve more accurate results.
Next step in the signal processing routine is to retrieve the absorbance (αL) value by calculating
the natural logarithm of the normalized transmission spectra, as shown in Figure 5.

Figure 5: The absorbance (αL) spectra

To prepare the measured spectra for fitting, we need to find the proper wavenumber values
associated to the pixel numbers (frequency calibration). This process needs to be done once
for each angle of the grating that defines each specific spectral window of the spectrometer.
The easiest way is to experimentally compare the measured spectrum of a well-known gas
(e.g. CH4) to the model spectrum and find a proper linear conversion from Pixel number domain
to the wavenumber domain. For instance, the equation that is found for the current spectral
window is:
Wavenumber = 0.271 * Pixel number + 2940.3
In which the slope (0.271) and offset values (2940.3) are found experimentally. Figure 6
demonstrates the measured absorbance spectra in terms of wavenumbers after the frequency
calibration.
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Figure 6: Measured absorbance spectra in terms of wavenumbers after frequency calibration

Now the model spectrum can be fitted to each measured spectrum with the species
concentration (here CH4) as the fitting parameter. Figure 7 shows the measured spectrum at t
= 12 sec along with the fit spectrum and the retrieved CH4 concentration.

Figure 7: Measured spectrum at t = 12 sec along with the fit spectrum and the retrieved CH4
concentration

We fit the model spectrum to each of the measured spectra and retrieve the corresponding
CH4 concentration. We add the atmospheric concentration of CH4 (1.8 ppm) to the retrieved
values, in order to achieve a more accurate result. This is due to the fact that the used
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background spectrum has been measured from the lab air sample and not with N2. The results
are shown in Figure 8.

Figure 8: The retrieve CH4 concentrations from the fit

Figure 8 demonstrates the successful retrieval of CH4 concentration on each second from the
spectrometer. The standard deviation (σ) of the measured CH4 concentrations in the
atmospheric air (the 6 first measurement points) is equal to 110 ppb Hz -1/2, therefore the
estimated sensitivity of the spectrometer for detecting CH4 is ~ 330 ppb Hz -1/2 (three times of
the standard deviation, 3σ).

4.3 Test and validation I: High CH4 concentration, multispecies
detection and saturation effect

In this validation experiment we first flew dry pressurized air through the MPC until t = 90 sec.
Then, we switched the valves to let the lab air into the MPC until t = 170 sec, to see the effect
of the water vapour. After that, a gas leak form a ~1% CH4 in N2 gas source is added to the
flow to gradually increase the CH4 concentration inside the MPC. At t = 260 sec we closed the
leak and let the lab air flow purge the CH4 gas out of the MPC. At t = 690 sec we switched
back to the dry pressurized air until the end of experiment at t = 790 sec.
In this experiment we fit the model spectrum of H2O and CH4 at the same time to the measured
spectra to simultaneously retrieve both concentrations. This allows us to see the efficiency and
precision of multispecies detection at similar absorbance levels and also when the absorption
of one species is much more than the other one. In addition, in this experiment we intentionally
flow a high CH4 concentration inside the MPC to see the effect of the absorption saturation on
the retrieved concentration and find the maximum detectable CH4 concentration before the
sensor becomes saturated. Note that we added a 1.8 ppm offset to measured CH4
concentrations to stand for the atmospheric concentration in the dry air background spectrum
(used for normalization), however we did not add any value to the measured H2O
concentrations since the water vapour concentration in the dry air background is negligible.
Figure 9 demonstrates the CH4 and H2O concentrations retrieved from the fits during the
experiment.
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Figure 9: CH4 (top plot) and H2O (bottom plot) concentrations retrieved from the fits during the
experiment

The clear spike in the detected concentrations of both species demonstrates a miss-fit due to
the saturation in the spectrum of the species. Here we analyse the results piece-by-piece.
Figure 10 demonstrates an enlargement to the response of the sensor for the first 160 sec.

Figure 10: An enlargement to the response of the sensor for the first 160 sec

The retrieved concentrations of CH4 and H2O are both as expected and no effect of the
increase of the water concentration on retrieved CH4 concentration is observed, after t = 90
sec. Figure 11 shows the fitting at t = 20 sec and Figure 12 shows the fitting at t = 140 sec.
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Figure 11: Fitting at t = 20 sec

Figure 12: Fitting at t = 140 sec

Since in this experiment more measurements are performed than the previous experiment, we
can have a more accurate estimation of the detection limits for both species. The standard
deviation (σ) of the measured CH4 concentrations in the dry air (the 80 first measurement
points) is equal to 140 ppb Hz -1/2and for H2O concentrations is 220 ppm Hz -1/2, therefore the
sensitivity of the spectrometer for detecting CH4 is ~ 420 ppb Hz -1/2 and for H2O is ~660 ppm
Hz -1/2 (both 3σ).
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Figure 13 and Figure 14 demonstrate the fits for t = 170 sec and t = 190 sec respectively,
where the fitting routine works normally.

Figure 13: Fitting at t = 170 sec

Figure 14: Fitting at t = 190 sec

Figure 15 shows an enlargement to the time window where the sensor seems to be saturated.
The abrupt increase in the retrieved concentration from the fits and also higher water vapour
concentrations that ~2% (which is the moisture saturated air at room temperature) shows the
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retrieved values are not valid. Figure: 16 demonstrates the fit at t = 260 sec which is in the
middle of the abrupt increase.

Figure 15: An enlargement to the time window where the sensor is saturated

Figure: 16. Fitting at t = 260 sec

The saturation effects are clearly visible on the measured spectrum, specifically by the
broadening of the absorption features and decreased (saturated) absorption peaks compared
to the model. Therefore, the fitting algorithm retrieves invalid concentrations not only for CH4
but also for H2O. The maximum CH4 detection concentration (before the sensor is saturated)
is ~1000 ppm. Note that after starting to flush the CH4 gas out of the MPC, the sensor goes
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out of saturation and fitting routine and concentration retrieval works properly. For instance,
Figure 17 shows the fitting at t = 300 sec, where the sensor is out of saturation.

Figure 17: Fitting at t = 300 sec

To evaluating the effect of the drifts on the operation of the sensor, it is essential to probe the
retrieved concentration values, after high CH4 concentration and also water vapour are purged
from the MPC. Figure 18 depicts an enlargement to the low concentration values retrieved
from the fit for the entire experiment.

Figure 18: An enlargement to the low concentration values retrieved from the fit for the entire
experiment

732968-FLAIR-D1.11-Periodic_technical_report_4

Page 23 of 71

Periodic Technical Report 4
FLAIR - FLying ultrA-broadband single-shot InfraRed
Sensor
By purging the MPC with lab air, decrease in the concentration of CH4 is clear while H2O
concentration remains constant. At t= 690 sec we switch to the dry air and as a result the H2O
concentration decreases, as well, until it goes lower than the detection limit of the sensor. Since
both the CH4 and H2O concentrations reach the initial values that has been retrieved in the dry
air in the beginning of the experiment, no detectable drift in the system is observed during 790
sec (more than 13 minutes) of the sensor operation. Therefore, in the lab environment the
sensor only needs one background measurement for at least 13 minutes. To validate the drift
issue in the fitting routine, Figure 19 shows the fitting for t = 590 sec and Figure 20
demonstrates the fitting for the last measurement of the experiment at t = 790 sec. The fitting
routine is running properly and no degradation due to the drift is visible.

Figure 19: Fitting at t = 590 sec

Figure 20: Fitting at t = 790 sec
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4.4 Test and validation II: Low CH4 concentration and effect of the
lens in spectrometer

In the second test and validation, the goal is to see the accuracy of the sensor with saving a
background when the MPC is purged with N2 and measure the atmospheric CH4 and H2O
concentrations without any preconceived value for atmospheric CH4 concentration. In addition,
we perform the same experiment with and without the cylindrical lens in the spectrometer, to
evaluate its effect on fitting routine and concentration retrieval.
In the first experiment, we flew N2 through the MPC for ~10 minutes to purge the atmospheric
CH4 from the cell as much as possible. We started the measurement and record the spectra
of N2 until around t = 100 sec. At t = 100 sec, we switched the flow from N2 to lab air and
purged the MPC with it, while recording the spectra. This way we could measure the
concentration of atmospheric CH4 and H2O while switching to lab air, as shown in Figure 21.
We stopped the measurement at t = 300 sec. The average detected concentration of CH4 in
lab air was ~1.4 ppm which is close to the expected value of ~1.8 ppm. The discrepancy can
be partially due to the remaining baseline on the measured spectrum due to the fix-pattern
noise of the camera and also considering that the lab air might have less CH4 concentration
due to the constant ventilation and filtering. The accuracy of the sensor in CH4 detection can
be determined by comparing the retrieved concentration from the developed sensor to another
sensor with a better accuracy or using a calibrated CH4 gas bottle with a proper vacuum/flow
gas system.

Figure 21: CH4 and H2O concentrations retrieved from the fits with no cylindrical lens in the
spectrometer

Now we put a cylindrical lens in the spectrometer, in order to cover a wider vertical span of the
camera by the dispersed light and further reduce the fixed-pattern noise of the camera after
averaging on the vertical direction. We repeat the exact same experiment with N2 and the lab
air. The retrieved concentrations are shown in Figure 22.
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Figure 22: CH4 and H2O concentrations retrieved from the fits using the cylindrical lens in the
spectrometer

Although the detection limit and drifts are not improved very drastically, but the improvements
are still visible. The CH4 detection limit (3σ) without the lens is ~400 ppb Hz -1/2 while with the
lens it is ~340 ppb Hz -1/2. For H2O these values are ~690 ppm Hz -1/2 without the lens and ~600
Hz -1/2 ppm with the lens. Note that the average detected concentration of CH4 in lab air is ~1.6
ppm using the lens, which is closer to the expected value. Also note that the retrieved water
vapour concentration is different in the lab air during the two experiments (~0.10 and ~0.15),
which is normal, since the two experiments where performed a couple of hours apart.

4.5 Conclusions of the test and validation

The test and validation experiments are performed with a desktop SC source. Using the FLAIR
dedicated compact SC source might yield higher detection limits (due to different power
spectral density and relative intensity noise); but the signal processing routine is exactly the
same.
The optimum spectral window for CH4 detection with minimum interference from water vapour
is 2941-2976 cm-1.
The baseline of the measured spectra is generally non-zero and non-uniform, mainly due to
the residual fixed-pattern noise of the camera. To remove the baseline, the first measured
spectrum is saved as the background spectrum and is used to normalize each individual
measured spectrum. Since the background is measured in atmospheric air, the measured CH4
concentrations would be lower than the actual value by ~ 1.8 ppm. We can add this value to
the retrieved concentrations to achieve more accurate results.
Frequency calibration is done experimentally, by comparing the measured spectrum of CH4 to
the model spectrum and finding a proper linear conversion from Pixel number domain to the
wavenumber domain. This process needs to be done once for each angle of the grating that
defines each specific spectral window of the spectrometer, provided that no more beam
steering (intentional or unintentional) happens in the setup afterward.
The fitting routine works properly for the dynamic range of 0-1000 ppm CH4 concentration
before the sensor becomes saturated. If saturation happens, the fitting algorithm retrieves
invalid concentrations not only for CH4 but also for H2O.The detection limit is estimated to be
~400 ppb Hz -1/2 for CH4 and ~ 650 Hz -1/2 ppm for H2O with the desktop SC source.
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No considerable drift was detected up to ~13 minutes, which means that in the lab environment
and using the desktop SC source, the sensor only needs one background measurement for at
least 13 minutes.
Using a cylindrical lens in the detection system to elongate the dispersed beam in the vertical
direction on the camera, reduces the fix-pattern noise. Therefore, it can enhance both
accuracy and precision (detection limit) of the sensor. The enhancement can be maximized
by proper positioning of the lens in the finalized sensor using the dedicated small SC source.

4.6 Development of a compact and transportable FTS

For laboratory-based spectroscopy using the long-wavelength supercontinuum source (details
of the source presented in the next section), we developed a compact, transportable, and
inexpensive home-built Fourier transform spectrometer (FTS). We only used out-of-shelf
optical components; however, the FTS was especially developed to work with ultra-broadband
and high repetition rate mid-infrared SC sources. The FTS can potentially work in the 1-12 μm
bandwidth (limited by the employed photodetectors to 2-11 μm) with a minimum spectral
resolution of 750 MHz which is adequate for pressure-broadened gas spectroscopy. To
evaluate the performance of the developed FTS for trace gas detection we employ a multipass
cell (MPC) to increase the light-matter interaction length. We study the performance of the
system in three different cases of (I) using a single photodetector operating in the baseband,
(II) utilizing a balanced detection scheme in the baseband and (III) synchronous demodulation
of the photodetector output referenced to the SC repetition rate.
The schematic of the experimental setup is illustrated in Figure 23(a), demonstrating a top view
of the FTS. We used two different SC sources with the developed spectrometer. The first SC
source is commercially available by NKT Photonics (SuperK MIR). It covers the spectral
bandwidth of 1.4 – 4.1 μm with a total average power of ~450 mW. The repetition rate of the
SC source is 2.5 MHz and its power fluctuations is ~1% over a 24 hour period. The second
supercontinuum is developed by DTU photonics and is based on Erbium:Ytterbium (Er:Yb)
master oscillator power amplifier (MOPA) followed by cascade of different fibers comprising a
piece of Thulium (Tm) doped fiber, ZBLAN fiber, Arsenic trisulfide (As2S3), and Arsenic
triselenide (As2Se3) fibers. The in-depth details of this source is presented in the next section.
This SC source covers the spectral bandwidth of 1.8 – 11 μm with a total average power of
~75 mW. It has a pulse duration of ~0.5 ns and a repetition rate of 3.0 MHz and its power
fluctuations is ~1% over a 24 hour period. In both cases, The supercontinuum beam (depicted
in green) is transmitted through a Herriott multipass cell (MPC, HC30L, Thorlabs) with a
nominal optical path length of 31.2 m, which contains the gas sample. The MPC is connected
to a gas handling system including flow/pressure controllers, capable of changing the gas flow
in the range of 0 to 5 lh-1 at the pressure of 0 to 1 bar.
TS
M
M
M

(b)
M

M
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Figure 23: (a) The experimental setup (top view of the FTS). SC: supercontinuum source, HeNe: Helium-Neon laser, MPC: multipass cell, M: mirror, BS: beamsplitter, RR: retroreflector, TS:
translation stage, LiA: lock-in amplifier. (b) The beam pattern on the surface of the
beamsplitter. The two bottom beams are the insertion beams and the two top beams are the
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reflected beams from the retroreflectors. (c) The propagation pattern of the He-Ne laser beam
in the FTS. BB: beam blocker

The output beam of the MPC is sent to the FTS which is based on a Michelson interferometer.
The beamsplitter (BS, BSW711, Thorlabs) in the FTS splits the insertion beam into the two
arms. In each arm the SC beam is directed towards a hollow retroreflector mirror (RR,
HRR201-P01, Thorlabs), using mid-infrared enhanced protected gold mirrors (M, PF10-03M02, Thorlabs). The propagation direction of the SC beams are shown in Figure 23(a) using
red arrows for the right arm and blue arrows for the left arm of the Michelson interferometer.
The two retroreflectors are used back-to-back in the two arms to reflect the SC beam parallel
to the insertion beam but with a horizontal and vertical offset. To clarify this, Figure 23(b)
demonstrates the position of the SC beams on the surface of the beam splitter. The bottom
right green spot is the insertion beam and the top left green spot is the superposition of the
reflected beams from the both retroreflectors of the two arms. Therefore, the reflected SC
beams from the two arms are recombined on the beam splitter and construct two pairs of
beams transmitted through or reflected from the beamsplitter. Each pair is sent to a
thermoelectrically cooled MCT photodetector to record the two (out-of-phase) interference
patterns. We used PVI-4TE-4 photovoltaic detectors (Vigo Systems) for the shorter wavelength
SC source (from NKT Photonics) and PVI-4TE-10.6 photovoltaic detectors (Vigo Systems) for
the longer wavelength SC source (from DTU Photonics). The rest of the components in the
spectrometer were the same for the two SC sources.
The two back-to-back retroreflectors are mounted on a 10 cm linear-motor translation stage
(TS, DDSM100, Thorlabs), thus the optical path difference (OPD) in the FTS will be four times
of the physical movement distance of the translation stage. By precise positioning of the mirrors
after the beamsplitter, the zero OPD of the FTS is adjusted to the center of the translation
stage. Therefore, for a full 10 cm scan range of the translation stage, the maximum OPD of
the FTS is 40 cm (OPD = ±20 cm), which can provide a spectral resolution of 1/40 = 0.025 cm1 or 750 MHz. By scanning the translation stage, the interference pattern (interferogram) of
each pair of SC beams is recorded by the corresponding photodetector (PD1 and PD2). To
demonstrate the performance of the mid-infrared SC-based FTS, we record the interferogram
in three different detection scheme: (I) directly from one of the photodetectors in the baseband,
(II) using balanced detection in the baseband and removing the common intensity noise by a
differential amplifier (SR560, Stanford Research Systems) in the output of the two
photodetectors, and (III) by demodulating the output of one of the photodetectors using a fast
digital lock-in amplifier (Moku:Lab, Liquid Instruments) referenced to the repetition rate of the
SC source. The result of each scheme is digitized by an analog-to-digital converter (ADC, NI
6251, National Instruments) and send to a Labview program developed for signal processing,
data visualization, and recording.
The OPD of the FTS should be calibrate before performing Fourier transformation on the SC
interferogram. The calibration is performed by recording the interference pattern from a
Helium-Neon (He-Ne, HNL050LB, Thorlabs) leaser, whose beam (depicted in red) is
propagating in parallel with the SC beam in the FTS. For more clarity, the propagation
directions of the He-Ne laser beams are shown in Figure 23(c) using red dash-arrows for the
right arm and blue dash-arrows for the left arm of the Michelson interferometer. The positions
of the He-Ne laser beams on the surface of the beam splitter are demonstrated in Figure 23(b).
The bottom left red spot is the insertion beam and the top right red spot is the superposition of
the reflected beams from the both retroreflectors of the two arms. Thus, the reflected He-Ne
laser beams from the two arms are recombined on the beam splitter and construct two pairs
of beams transmitted through or reflected from the beamsplitter. One pair of beams are
directed to a Si amplified photodetector (PD3, PDA8A2, Thorlabs) to record the interference
pattern of the He-Ne laser beam, and the other pair is dumped on a beam-blocker (BB). The
obtained interferogram of the He-Ne laser beam, is digitized by the ADC and sent to the
Labview program for OPD calibration of the SC interferogram.
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The linear-motor translation stage can be operated up to 500 mm/s velocity; however, in
different detection schemes, two distinct parameters limit the maximum velocity of the stage in
practice. In one-detector and balanced detection schemes (I and II), the limiting factor is the
maximum sample rate of the analog-to-digital converter (ADC). In order to properly detect the
interferogram of the He-Ne laser beam in such a way that is useful for OPD calibration, at least
four data-points are needed per period of the interference pattern. A too high velocity of the
translation stage results in a higher frequency of the He-Ne interference pattern than the
maximum limit and we will lose the constrain of acquiring four-point per period of the He-Ne
interferogram. Since the maximum detected frequency in the interferogram of the mid-infrared
SC is ~4 times lower than the He-Ne interferogram, no further precautions is needed for the
SC interferogram, concerning the velocity of the translation stage. For recording two
interferograms simultaneously, the maximum sampling frequency of the ADC is 0.6 Msam/s
which renders a maximum velocity of 20 mm/s for the translation stage. By choosing a faster
ADC this additional constrain would be removed.
Using lock-in detection scheme (III), forces another limit to the velocity of the translation stage,
which is the time constant (inverse of the filter bandwidth) of the lock-in amplifier. Generally a
trade-off between the SNR and the measurement time exist for any lock-in detection. In this
implementation of the lock-in amplification with the FTS, the time constant of the lock-in
amplifier should be much shorter (e.g. by ~10 times) than the shortest period in the mid-infrared
SC interferogram. In other words, the filter bandwidth of the lock-in amplifier should be high
enough (i.e. the time constant should be adequately short), in order to keep the measured SC
interferogram undistorted. Empirically, we found that a lock-in time constant of ~80 μs (i.e.
averaging 20 to 24 pulses of the shorter and longer wavelength SC sources) would yield a
residual intensity modulation lower than the total detection noise level. Therefore, by
considering a 80 µs time constant and dictating the shortest period in the mid-infrared SC
interferogram to be much higher than this time, a maximum velocity of ~20 mm/s for the
translation stage is obtained in the case of the lock-in detection scheme. Note that in the lockin detection scheme, in addition to the maximum sampling frequency of the ADC, a second
limiting factor is the repetition rate of the SC source, since a lower repetition rate requires a
longer time constant to achieve a similar residual intensity modulation, rendering a slower
maximum velocity of the translation stage. One can alternatively lock-in to higher harmonics
of the repetition rate of the SC source; however, higher harmonics will render a weaker
modulated signal to start with. In addition, a higher electrical bandwidth in the detection system
will be needed, which increases the total detection noise. We chose a maximum velocity of 20
mm/s for the lock-in detection, since it also matches the maximum velocity in the baseband
detection schemes and simplifies the comparisons for detection sensitivity.
Figure 24 demonstrates a photo of the developed FTS system that is entirely fit on a 45 cm by
60 cm optical breadboard that can be transported easily.
We measured the spectrum of the short- and long-wavelength supercontinuum sources using
the developed FTS with a spectral resolution of 8 GHz. The results are shown in Figure 25.
The visible absorption lines specially in the spectrum of the long-wavelength supercontinuum
sources are due to the atmospheric water vapor in the free space beam path from the
supercontinuum source to the detector(s) of the spectrometer. Therefore, it is crucial to purge
the beam-path out of the spectrometer and also the FTS spectrometer itself to minimize the
interference of water absorption lines for the long-wavelength supercontinuum source. Note
that the spectra of both of the supercontinuum sources extends slightly more than the
demonstrated spectra in Fig. 1; it is 1.4 – 4.1 μm for the short wavelength source and 1.8 –
11.0 μm for the long wavelength source, as mentioned earlier. The limiting factor in the FTS is
the wavelength cut-off of the utilized photodetectors.
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Figure 24: A photo of the developed FTS

Figure 25: The spectrum of (a) the short-wavelength supercontinuum source and (b) the longwavelength supercontinuum source with spectral resolution of 8 GHz. The absorption lines in
the two spectra are due to the atmospheric water vapor in the free space beam path from the
supercontinuum source to the detector(s) of the spectrometer.

Although most of the spectral power lies in 3.4 – 4.0 μm for the short wavelength source and
5.0 – 7.9 μm for the long wavelength source, it is still possible to perform spectroscopy in the
other wavelength ranges with high SNR values thanks to the high average power of the SC
sources. Using optical band pass filters, one can collect a desired wavelength range for a
specific specimen or a combination of species and block the undesired wavelength ranges
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from reaching the photodetector(s). This is a common practice used with FT-IR spectrometers,
which prevents the saturation of the detection system by the unused part of the spectrum and
as a result provides a spectrum with a higher SNR for the desired wavelength range.
To compare the performance of different detection techniques, we used the short wavelength
SC source and measured the spectrum of a gas mixture containing 5 ppm of Ethane (C2H6)
and 25 ppm of Ethyl acetate (C4H8O2), both diluted in N2 at atmospheric pressure with 3 GHz
spectral resolution. The gas mixture was produced from two calibrated gas bottles of 50 ppm
Ethane in N2 and 50 ppm Ethyl acetate in N2 both further diluted in pure N2, using three mass
flow controllers. The gas mixture was connected to the inlet of the MPC and the total pressure
in the MPC was set at atmospheric pressure using a pressure controller and a vacuum pump
connected in series in the outlet of the MPC. We used an optical band pass filter (500 nm
bandwidth, centered at 3.3 µm) in the beam path after the MPC to limit the spectrum of the SC
source, where the mixed species demonstrate absorption features. We used three different
detection techniques: baseband detection using a single detector, baseband detection using
two balanced detectors, and synchronous demodulation using a lock-in amplifier referenced
to the repetition rate of the SC source. The results are demonstrated in Figure 26(a) to (c)
respectively, for a constant 15 min averaging time (a single shot measurement time 0f ~1.9 s).
In each panel the measurement is shown in black, the model spectrum of Ethyl acetate in blue,
the model spectrum of Ethane in red and the full model in green (all model spectra are inverted
for clarity). The model spectra are calculated using HITRAN and PNNL databases and used
for spectral fitting to the measurement. The lower plot in each panel shows the residual of the
fit. Note that the scales of the y-axis for the residuals are not the same. From the signal to
noise (SNR) of each measurement it is evident that the best result is obtained using the
balanced detection scheme. The lock-in detection method can provide a better SNR compared
to a single detector method in the baseband; however, the balanced detection method still
provides the best enhancement in the SNR.
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Figure 26: Measured and modeled spectra of a mixture of 5 ppm of Ethane and 25 ppm of Ethyl
acetate, measured with 3 GHz spectral resolution and 15 min averaging time using (a) a single
detector in baseband, (b) balanced detection and (c) lock-in amplification. The measurements
are in black, the Ethyl acetate models are in blue, the Ethane models are in red and the full
models are in green. All modeled spectra are inverted for clarity. The lower plots show the
residuals of the fits.

We have evaluated the operation of the developed FTS and compared three different detection
system. Further experiments using the longer wavelength SC source was under performance,
but unfortunately the SC source stopped working and sent back to DTU for investigation and
repair. At the time of preparation of this report we have not yet received the SC source back
to perform further measurements with the FTS; however, Figure 25(b) demonstrates the
capability of the developed spectrometer to cover the entire DTU SC spectrum and provide
high quality spectra.
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5 Sensor subsystems development (WP4) results
Work package 4, led by CSEM, includes the development of the FLAIR sensor itself,
comprising the development of each subsystem, final integration and prototype testing.
Lead partner

CSEM

Contributing partners

RUN, SA, NKT, NIT, DTU, EMPA, CSEM

Small summary by CSEM

5.1 Supercontinuum sources
5.1.1 2-5 µm source

NKT had already delivered the supercontinuum source prototype#1 in early 2019. However,
some significant activities have been carried on during this reporting period.
1. NKT has been in continuous support to CSEM for help in the integration of the prototype
2. NKT repaired the prototype#1. There has been an issue with the amplified diode laser
at 1.56 µm that pumps the supercontinuum. NKT switched to another provider for this
pumping laser and improved the thermal management of the unit. The manual switch
has been removed, which allowed full operation of the system directly from the FLAIR
software interface. Some fixation brackets have been added to the frame for better
integration on the FLAIR system
3. NKT built a second prototype#2, to the same specifications as the repaired
prototype#1. This would serve as a back-up in case of failure during a measurement
campaign
4. NKT repaired prototype#1: the system has been transported by car back from the
Beromünster tests onboard the zeppelin. It was running on the car electrical system
through the cigarette lighter. At a red light, the auto-stop function of the car turned the
motor off and then on again. This produced such a large transient that could not be
filtered properly by the control electronic and caused a failure at the facet of the
nonlinear fiber. CSEM assembled prototype#2 on the system for the helicopter tests.
Prototype#1 has been ready for the beginning of the helicopter tests as a backup
source.

5.1.2 8-12 µm source

The 8-12 µm supercontinuum (SC) source is under development by DTU. We have proposed
and implemented a so-called cascading scheme to achieve long-wavelength (LW) mid-infrared
(MIR) SC generation starting from a near-infrared 1560 nm seed. Figure 27 below shows the
block diagram of the proposed and implemented architecture for the 8-12 µm SC source after
DTU restarted with FLAIR.

ZBLAN

Er-Yb MOPA

Tm

X

As2S3

As2Se3

PM1950

Figure 27: FLAIR LW-MIR SC architecture

In middle of the development stage of the SC source, October 2019, the seed started behaving
unstable and has failed and shipped back to the manufacture for maintenance. We received
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the maintained laser in December 2019 and since then we continued the development of the
source. Although the new seed is now working stably, it has new characteristics and the length
of the thulium fibre we optimised previously to get the 10 µm spectrum found out to be not
suitable for the current seed and proves a bit difficult to remake the exact spectrum as before.
After several and rigorous experiments and tests we found out a suitable length of thulium
fibre. After thulium fibre we cascade the ZBLAN fibre and measured the average power and
spectrum out of it at different pulse width and repetition rate and we found out a suitable
spectrum out of ZBLAN at 0.5 ns and 3 MHz (see Figure 28). These parameters are better
than compared to our investigation of the cascade system with the already existing in-house
made Er-Yb doped master oscillator power amplifier (MOPA), which we used to operate it at
1 ns and 2 MHz.
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Figure 28: Out spectrum of ZBLAN at 0.5ns pulse width and 3MHz repetition rate

The next phase we implemented in the cascade system is connecting the arsenic trisulfide
(As2S3) fibre and then arsenic triselenide (As2Se3) fibre. We successfully obtain the 10 µm
spectrum out of the arsenic triselenide at 0.5 ns pulse width and 3 MHz repetition rate.
However, after the source run for few 10 mins the arsenic trisulfide (As2S3) fibre at the ZBLAN
connection point is repeatedly being damaged. This proves that the peak power with the new
seed is very high compared to the previous one. In order to reduce the damage, we propose
to increase the repetition rate of the seed using an external trigger source, which we have in
house and can generate electrical signal up to 10 MHz. In the meantime, we are preparing to
implement this; DTU is closed due to COVID-19 since mid-March. We will continue the
investigation to obtain a suitable repetition rate to reduce the peak power of the amplifier to the
extent the arsenic trisulfide can handle it after DTU will be open.
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5.2 Multipass cell
5.2.1 Prototype units built

In late October 2019 Senseair delivered the first fully equipped MPC system to CSEM for their
integration into the complete FLAIR unit and system validation tests. This MPC included the
final choice of key components based on our learnings during the project, such as mirrors,
sensors, heaters, fan, gas handling, and thermos housing. Because of the rush at that time to
get the entire FLAIR assembled as one functioning unit, there were a number of preliminary
manufacturing fixes on the MPC that could not get full attention, which resulted in a MPC
demonstrator that really looked like a prototype from an aesthetics point of view. This was to
be fixed in a next and final MPC unit planned to be manufactured and delivered as soon as
CSEM had succeeded with the FLAIR integration, and we have got the first feedback
verification results.
The tests performed at CSEM verified that the MPC worked very much as intended. The optical
transmission power loss factor in the MPC was measured to be 2.18, from which number the
cavity mirror reflectance can be calculated to be R = 0.979. This is in close agreement with the
FTS measurements previously performed on component level at Senseair.

Figure 29: Set-up at CSEM to measure optical power loss in the MPC.

The learnings and feedback from CSEM to Senseair from the tests of the MPC prototype came
in early December 2019, when a few modifications were requested for the final unit. Those
changes were implemented into our final MPC design, leading to a hectic period of time, when
all parts again were manufactured from scratch. The mechanical parts were redesigned having
assembly and producibility in mind. Fittings for internal heaters, sensors and cables were
improved, as well as air tubing mechanical sub-assemblies. The final complete multi-pass cell
sub-system was delivered to CSEM for integration into FLAIR on the first week in January
2020.
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Figure 30: Multi-pass cell main parts during assembly

Optics
The new and final multi-pass cell also included one more design improvement based of the
feedback from the CSEM tests. The IR transparent Sapphire windows, coupling the laser beam
in and out of the cell, was requested to be replaced by CaF2 windows instead to facilitate optical
alignment with the rest of the system. This could be achieved by permitting the green laser
beam component to be used also available from the laser source. In Sapphire the green light
transmission is too weak and hence could not be used for alignment of the previous MPC.

Figure 31: Transmission curve for the final MPC laser input and output window apertures.

5.2.2 Test and validation

During the FLAIR integration work of the final device it became clear that something was not
correct in the optical alignment of the new multi-pass cell. The focal point at the MPC output
had moved to the degree that the external collimators could not adopt for it.
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Figure 32: Focused laser beam spot pattern on the MPC input/output mirror. Left picture from
the old prototype shows that the beam stays focused when propagate through the cell,
whereas right picture from the final MPC shows that the image size is increasing.

The unit was eventually shipped back to Senseair, who found that the 300 mm cavity distance
were off by 2 mm, which created the shift of output focal point when focusing the beam at the
input. When the distance was properly corrected, the function was restored as it should be.
Finally, CSEM were able to integrate a fully functioning MPC into the final FLAIR demonstrator.

5.2.3 Mirror moulding studies

In accordance with our plans, Senseair during this last reporting period has started the
research towards a higher MRL (Manufacturing Readiness Level) of high-performance mirror
production using moulding techniques. The aim of this research is to find replication techniques
for future high volume production of the multi-pass cell precision mirrors, in order to achieve
affordable cost for the final end product, as well as to reduce the weight a bit more of the optical
system, which is beneficial for UAV applications.
To meet this challenge a few different technology tracks will be explored, one of which is to
use injection moulding in PPS polymer, rather than using transfer moulded highly mineral filled
Epoxy as mirror bulk material. The latter technology is what we today have in successful mirror
production of our current alco-sensing products. However, there are some problems identified
that makes existing technology non perfect for FLAIR. One is the poor surface roughness,
which makes those mirrors work well only at wavelengths larger than 4 µm. The other one is
the extremely low viscosity of the polymer during the transfer moulding process, which sets
extreme precision requirements on the production of the moulding tools. This makes these
tools almost an order of magnitude more expensive to realize than the common injection
moulding tools. Literature studies and preliminary tests of different alternative polymers
indicate that PPS is the strongest candidates for our FLAIR application. The surface quality is
excellent, and the adhesion of the metal surface applied after injection moulding to turn the
polymer piece into a highly reflective mirror is proven good. Different stress tests with
temperature and humidity cycling has been performed, plus exposures to different corrosive
gases, which proves that PPS is a promising candidate for producing mirrors to be used in
future FLAIR products.
The drawback of using injection moulding for mirror production, compared to our existing
transfer moulding technique, is to realise the exact form and stability over the full operating
temperature range of the replicas. The mineral filled epoxy is an extremely rock-solid material
which from that point of view is perfect. Our replacement candidate PPS is one of the hardest
injection moulded material available that can generate good surface quality pieces, but it does
have some annoying shrinkage during the moulding process that is a challenge to handle when
an exact predetermined geometric form shall be replicated to function as a high quality mirror.
To cope with this problem, we together with the subcontracted tooling manufacturer made a
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test design for the two mirror tools required by current FLAIR system. Those tools will create
mirror replicas that we will metallize and compare with our existing FLAIR glass mirrors.

Figure 33: FLAIR multi-pass cell mirror produced by injection moulding with PPS. Bottom part
shows the backside structure trying to reduce negative shrinkage effects by allowing thin
mirror design.

5.3 Gas Handling System
5.3.1 Multipass cell gas handling system
Senseair has been working on design, production and implementation of the FLAIR
demonstrator gas handling system as an integrated part of the multi-pass cell housing. This
change of our original plan was to realize a thermally stabilized optical absorption environment,
that would guarantee maximum measurement performance by a mechanically stable monitor
system, that in addition in the future could be produced cost efficient in larger series as a
finished instrument. In the schematic picture below illustrating the gas handling system, the
molecular absorption take place in the physical space where a transverse flow along the entire
length of the cell takes place, indicated by the eight red arrows.
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Figure 34: Sample air tubes, heater system and heater positions (red tubes) in the air flow,
schematically in the upper illustration and physical appearance in the lower.

Heating of the internal enclosure
The entire gas handling system is housed inside the MPC thermos housing. 2 fans with heaters
are used to thermally stabilize the MPC interior by circulating the heated air inside the closed
housing. Air inlet and Circulation heaters can reach set-points (40 °C) in 20-30 minutes from
room temperature (about 22 °C). The set-points can be adjusted remotely at any time through
serial communication with the on-board controller.
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Figure 35: Thermos enclosure inner air circulation for temperature stabilisation of MPC

Figure 36: Kanthal wired micanite air circulation heaters

Figure 37: Implementation of air circulation heaters and two enclosure fans for temperature
stabilisation of MPC
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Heating of incoming air
Two sample air inlet heaters have been placed in the pipe system inside of aluminum pipe
portions after the first binary air split. They are made of micanite, 3D printed support structures
with kanthal wires as resistive heaters.

Figure 38: Kanthal wired micanite air heater design, and implementation in Al tubes

Heat exchanger
To reduce the power demand, an air heat exchanger has also been developed. It is a counter
flow air exchanger, having an aluminium plate in the middle for heat transfer from the heated
exhaust air to the incoming cold sample air. The heat exchanger became a separate sub-unit,
where the controller PCB also was placed to achieve a compact overall design. In addition, 3
separate NTC sensors were placed on it for diagnostic purpose.
To get a dense 3D design, a mould was printed for making silicone gaskets to achieve a large
flat surface on the seal.
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Figure 39: 3D printed air heat exchanger assembly, with gaskets, and alumina sheet for thermal
energy transfer

Figure 40: Sample air heat exchanger – a photo on the final assembly

System air pump
The MPC system is made for connecting a pump to the MPC outlet gas connector. For
convenience and speed control flexibility, and to reach the target flow > 1 litre/second, we have
chosen a 12 V rotary pump with PWM control. Mechanical interface connectors were designed
and fabricated to fit from outside to the MPC outlet gas connector by a 20 mm inner diameter
soft tubing. This tube connection is to avoid pump vibrations entering the FLAIR optical
arrangement, which otherwise would risk reducing the system performance. The
recommended tube length is 1 meter minimum. 3D printed tubes connectors are made for both
inlet and outlet of the pump, allowing for the sample air to be drained, for instance to the outside
of a cockpit, in case of an exhaust plume monitoring mission from a helicopter.
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Table 5-2. Air fan specifications

Figure 41: MPC external pump equipped with tube adapters for gas inlet and outlet

For this model rotation begins at PWM above 11%, but according to the manufacturer we
should not use PWM lower than 20%! Therefore, PWM limits are introduced in the MPC
controller FW.

Figure 42: Diagram showing fan power versus PWM

MPC System control
The MPC controller board was developed for operating the air fan at the requested speed,
reading all MPC sensor data, and regulate the heating power required for each internal heater
to keep the operating temperature set-point. In order to conveniently communicate from the
outside world with the on-board microcontroller, to monitor, verify and control all functions, a
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LabView software was developed. This software was for the first time applied by CSEM when
they tested the MPC prototype delivered in October 2019, who in their internal report from
December 4th verified that this software, as well as the MPC test object, functioned well in most
respects, but some additions where required.

5.3.2 Laboratory tests on the MPC gas handling system

A commercially available ventilator (model: San Ace B97 operating at 12 V) was decisively
selected as air circulation pump for the gas handling system. The maximum airflow capacity is
~30 liter/second at rated current of 6.2 A, resulting in a low power consumption of 74.4 W.
When considering the gas cell volume of ~1.5 liter, this air pump can efficiently circulate the
ambient air through the cell. Two small pipes with outer diameter of 25 mm and wall thickness
of 1.75 mm are connected to the front and rear side of the MPC as gas inlet and outlet ports,
respectively. Then, the ventilator was installed onto the pipe on the front side, as shown in See
Figure 43. Since the ventilator acts as evacuator, this port was assigned as gas outlet. It means
that the ambient is supposed to be sucked into the MPC from the other pipe on the rear side
of the MPC.

MPC
prototype-2

anemometer
ventilation fan

Figure 43: Airflow measurement on MPC prototype-2

The airflow was measured independently at both inlet and outlet ports. An anemometer (model:
testo 410-1) was first attached to the inlet pipe to measure the airflow rate, entering into the
MPC. Then the anemometer was moved to the outlet port to measure independently the airflow
rate, exiting from at the MPC. The airflow was then measured as a function of the applied
current to the ventilator, as shown in Figure 44. The airflow rate at the inlet could reach >1.5
liter/second at 2.05 A. Notice that the set current was limited to 2.05 A because of the practical
limit of the current driver that was used for this test. The rated current of the ventilator is 6.2 A
and the final design of FLAIR sensor system would be capable of supplying 6.2 A at maximum.
However, when taking account of the fact that the MPC volume is ~1.5 liter, it proves that the
performance of this gas handling system can be capable of monitoring the gas concentration
in real-time.
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Figure 44: Airflow measurement at inlet and outlet of the MPC prototype-2

However, it is interesting to mention that the airflow rate at the outlet was measured to be
~1.4 times larger than that at the inlet, which may lead to a depressurization inside the MPC.
As a matter of fact, it was originally designed as it is, in order to take advantage of spectral
narrowing down of gas absorption spectrum at lower pressure. The pressure inside the MPC
was then continuously measured by an embedded pressure sensor while the ventilator was
switched on and off. As expected, the measured pressure showed a good agreement to the
ventilation operation condition, as shown in Figure 45. The pressure was decreased from
964 mbar to 959 mbar, showing a pressure drop of 5 mbar. However, such a small amount of
pressure drop won’t be sufficient to reduce the pressure broadening of the gas absorption
spectrum.

Figure 45: Measurement of pressure inside MPC at ventilator OFF- and ON-state

5.4 2D spectrometer and imaging optics

After the successful demonstration of breadboard-based FLAIR sensor system in the
laboratory (see deliverable D4.6 - 2D spectrometer and imaging optics), it has been integrated
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to a compact prototype. The CAD design and actual integrated system of FLAIR prototype is
illustrated in Figure 46(left) and (right), respectively.

Figure 46: Prototype. (left) CAD design and (right) integration

5.4.1 UAV compatible setup

Figure 48 illustrates the schematic diagram of the UAV compatible setup for FLAIR sensing
system. The spectrometer and imaging optics are placed on top of the MPC while all
electronics are deployed on both sides of the MPC housing. The output fiber connector of the
NKT supercontinuum light source is connected to a reflective collimator (RC04FC-P01 from
Thorlabs), so that the light turns to be collimated with a beam diameter of ~8 mm (e-2 width).
In turn the intensity of the collimated light is externally modulated at 127 Hz using a mechanical
chopper for the lock-in amplification system. The modulated light is directed to an off-axis
parabolic mirror (OAP) with off-set angle 90°, simply by passing through two successive flat
mirrors. This OPA plays two major roles. First, it converts the direction of the light from
horizontal to vertical thanks to its off-set angle; thereby, the beam goes down to the MPC. The
vertical direction light is then changed to horizontal by using a flat mirror at 45o, so that the light
enters into the cell. Second, the effective focal length (EFL) 177.7 mm of this OPA matches
the distance between this OAP and the front mirror inside the MPC; hence, focusing the light
at the surface of the front mirror as it is designed. This way the incident light diverges towards
the rear mirror inside the MPC, which refocuses the diverged light at the front mirror. Therefore,
~32 times of multiple back and forth reflection leads to an optical pass length of ~10 m, which
enhances significantly the Beer-Lambert gas absorption.

Figure 47: View of the spectrometer breadboard setup during the first alignment test with help
of a visible fiber coupled laser.
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The light emerging from the MPC returns to the spectrometer using another set of the
combination of identical second flat mirror and second OAP. The collimated beam after
reflecting from the OAP is directed to the diffraction grating with 450 grooves/mm (GR132545031 from Thorlabs). The first order diffraction is then collected by a third OAP with EFL
272.2 mm and is focused at the cylindrical lens. This way the focused light is expanded on the
2D array of the NIT camera, in order to be imaged with high contrast.
1

NKT SC

2

chopper

3

flat mirror

4

flat mirror

5

OAP, EFL 177.7mm

6

flat mirror at 45°

7

MPC

8

flat mirror at 45°

9

OAP, EFL 177.7mm

10

diffraction grating

11
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12
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13

cylindrical lens

14
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Figure 48: Schematic diagram of UAV compatible spectrometer and imaging optics

Figure 49: View of the final version of the spectrometer aligned on top of FLAIR system.
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5.4.2 Laboratory gas handling system

The laboratory gas handling system is nearly same as the previous one that is used in
deliverables report D4.6. 2, except two main differences. First, since a 10-m-long optical pass
length gas cell (MPC) is integrated a low concentration CH4 bottle at 50 ppm was utilized to
evaluate the minimum detectable concentration of the sensing system. Second, an integrated
ventilation fan was used as air vacuum pump to circulate the ambient air through the MPC.
Since the MPC volume is ~1.5 liter, the minimum capacity of the ventilation fan was designed
to be ~1.3 liter/sec. Due to the limited capability of laboratory, the maximum mass flow control
(MFC) for the test gas was only 0.83 lilter/minute (or 0.014 liter/second). However, this gas
handling system could allow us to evaluate the preliminary performance of the prototype.
1.2 bar or
0.83 l/min
MFC

2 l/sec at 1atm

100% flow

Ventilation fan

Evacuating gas
to outside

Flow control
0-100%

N2

N2 + CH4 (0.005%)

MFC

NKT
SC source

MPC
(10m optical pass length)

Single grating-based
spectrometer

Spectroscopy

Figure 50: Schematic diagram of controlling the CH4 concentration inside the gas cell

5.4.3 Performance of integrated sensing system

Prior to the methane (CH4) filling into the MPC, the MPC was purged by nitrogen (N2), simply
by opening only the N2 bottle for 3 minutes. This way any presence of the water vapor
absorption peaks in the cell was expected to be sufficiently removed. In turn, the prototype
measurement was continuously performed over 16 seconds while the methane flowing into the
cell was started at time = 7 seconds and ended at time = 12 second. The measurement
conditions were as follows:
• Camera acquisition, 1000 fps
• Measurement time, 1 second
• Lock-in modulation, 127 Hz
• Methane concentration, 50 ppmv
• Methane flow rate, 0.831 liter/minute
• Air circulation pump, ~1.3 liter/second
The first 5 measurements in the absence of methane was averaged to be used as reference
(See Figure 51(left)), while Figure 51(middle) is an exemplary demodulated image when the
gas cell started to be filled in methane. At first glance, the two images look obviously similar
due to the gas concentration. However, after the signal processing (more details in deliverables
report D4.8), the gas absorption feature with a high signal-to-noise ratio (SNR) was clearly
observed in the normalized transmission spectral profile, as shown in Figure 51(right).

732968-FLAIR-D1.11-Periodic_technical_report_4

Page 48 of 71

Periodic Technical Report 4
FLAIR - FLying ultrA-broadband single-shot InfraRed
Sensor

Figure 51: Demodulated 128x128 pixels images with and without methane

The measured spectral window corresponds to 4th & 5th & 6th absorption lines below the strong
Q-branch frequency in wavenumber, as shown in Figure 52(left). In fact, this window was
intentionally selected for the spectrum calibration purpose, since more absorption lines can
provide a better accuracy for the calibration in terms of the spectral resolution and range.
Figure 52(right) illustrates the result of the calibration. The measured absorbance spectrum
was precisely fitted to the reference spectrum that is theoretically calculated from HITRAN
database. This way, the spectral resolution and the one-shot spectral range of the FLAIR gas
sensing system was unambiguously evaluated to be 1.8 cm-1 and 35cm-1 (from 2940 cm-1 to
2975cm-1), respectively. One-shot measurement refers to a measurement for a fixed angle of
the diffraction grating. Since the grating is placed on a rotational stage operated by a motor,
simply by adjusting the grating angle the spectral window of measurement can be readily
shifted towards upper or lower frequency while the spectral resolution remains nearly intact.

Figure 52: Absorbance spectrum comparison between measurement and reference from HITRAN

Figure 53 shows the general view of the outputting results for the feasibility test of the FLAIR
prototype. Figure 53(left) depicts a 3D map of absorbance spectrum in time (in order words,
spectrochronogram), which represents the temporal evolution of the measured methane
absorbance spectrum at each measurement time (i.e., 1 second for this test). Then, each
spectrum was fitted to a reference via non-negative least square regression; hence, computing
in real-time the concentration of the methane inside the gas cell, as shown in Figure 53(right).
The measurement result has a good agreement with the operation conditions of the gas flow.
The monitored methane concentration started to rapidly increase at time = 7 seconds when
the gas bottle was opened. Then, the concentration reached a peak at time = 12 seconds
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before it started to decrease, which was temporally well synchronized to the closure of the gas
bottle.

Figure 53: Results on the real-time methane monitoring by FLAIR sensor system

The gas bottle that was used for the test contains a 50 ppm of methane while the rest is filled
in nitrogen. However, the maximum concentration retrieved from the measurement was only
~10 ppm. This mismatching can be partially attributed to the gas handling system, since it was
not able to evacuate the cell (down to vacuum) and there might be some dead volume inside
the cell. Another possible reason would rely on the low mass flow of the gas. In general, the
amount of gas filling in the cell is exponentially proportional to the time, so that ~10 minutes of
filling time would be required to completely fill in the gas cell. Following this rule, it can be
estimated that only 15% of the cell volume was filled at time = 12 seconds, which corresponds
to 7.5 ppm, close to the measurement value of ~10 ppm.
Prototype-2 was built by SenseAir and delivered to CSEM in the end of October 2019, to test
all functionalities in optics and electronics at CSEM. According to the test results, SenseAir
modified a part of optics and electronics to optimize the performance of the final version of
MPC prototype-3, which was delivered to CSEM in the beginning of January 2020. Then, the
spectrometer and imaging optics were finally integrated to the prototype-3.

5.5 PbSe Camera

During this period, NIT continued supporting CSEM for the integration of the camera in the
control software (described in section 5.7).
The long-term measurement done at CSEM and the EMPA showed that the noise on the
measured spectra was not white but had a pattern that evolved with temperature fluctuations
(day-night cycle). The cause has been traced back to temperature fluctuation of the camera
sensor, and its associated noise properties.
CSEM installed a TEC element (between the top of the camera and the heat radiator. This has
been done between the zeppelin tests at Beromünster and the helicopter campaign in
Denmark.
The temperature of the TEC could be monitored and adjusted from the FLAIR board computer,
and was usually set at 22 °C to minimize the power consumption. The system performed really
well during the helicopter tests, and could maintain the sensor temperature despite important
changes in the environmental temperature experienced by the FLAIR system: this was caused
mainly by the sunshine through the window of the helicopter that evolved with helicopter
position and the presence of clouds. The most extreme condition was when the system was
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restarted after the lunch/refuel break. The temperature reached more than 40 °C in the system.
After a few minutes, it could be stabilized again at around 22 °C.

Figure 54: A TEC (visible between the camera enclosure and the heat radiator) and its controller
have been installed to stabilize the temperature of the NIT sensor to 22 °C

5.6 Data processing algorithm
5.6.1 Algorithm to compute the gas concentration

This algorithm was implemented for the single diffraction grating-based spectrometer.
Comparing to the previous algorithm that was developed for VIPA-based spectrometer, this
algorithm is much simpler since the wavelength distribution on the 2D array of camera
becomes a multiple duplicate in vertical axis of the image. The main difference relies on the
principle to extract the transmission spectral profile. Figure 55 depicts the block diagram of the
data processing algorithm.
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Figure 55: Block diagram of the algorithm for single diffraction grating-based spectrometer.

The procedure of the signal processing is as follows:
• Lock-in demodulation: Since the light intensity is modulated at a desired frequency, the
information of the gas absorption turns to be imposed at this modulation frequency. This
way the system noise out of this modulation frequency can be entirely eliminated, so as to
significantly enhance the SNR.
o A package of images is passed through the demodulation process.
o Then, a single demodulated image (128x128 pixels) is provided, as shown in Figure
56.
 The profile along x-axis represents the transmission spectrum.
 The profile at each raw is just duplicate to the other.
• Extraction of transmission spectrum: It is to extract the transmission spectrum profile
from the demodulated image.
o In Figure 56, the profile along x-axis represents the transmission spectrum.
 The profile at each raw is just duplicate to the other.
o So, the transmission spectrum is extracted simply by averaging all 128 profiles.
 The profile along x-axis represents the transmission spectrum.
o Figure 57(left) shows the normalized transmission profiles with and without CH4 gas.
o Reference transmission spectrum is measured when the gas cell is empty.
• Absorbance spectrum: The logarithmic ration of the reference transmission spectrum to
the measured absorbance profile is calculated as absorbance spectrum.
o Figure 57(right) shows an exemplary of absorbance spectrum when the gas cell is filled
with CH4 4268 ppm.
• Gas concentration: Using non-negative least square (NNLS) curve fitting method, the
measured absorbance spectrum is fitted to a reference absorbance spectrum; hence,
computing the concentration of target gases. More details will be referred to deliverables
report D3.5.
o The reference absorbance spectrum is theoretically created, based on the spectral
resolution and spectral range of the actual spectrometer.
o Figure 57(right) shows an exemplary of absorbance spectrum when the gas cell is filled
with CH4 4268 ppm.
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Figure 56: Demodulated images as reference and at CH4 4286 ppm

Figure 57: (left) Normalized transmission spectrum of the N2 purged system as reference (blue)
and with nominal 4286 ppm of methane (orange). (right) Absorbance spectrum of methane at a
nominal concentration of 4286 ppm.

5.7 Control electronics
5.7.1 Control interface

The FLAIR sensor is an assembly of different subcomponents, each requiring its own power
supply and additional electrical signals (Figure 58). A typical example is the supercontinuum
source which needs protection against power surge and requires an external trigger signal. In
addition, these subcomponents are linked together and must be operated harmoniously.
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Figure 58: Subcomponents requiring electrical power on the FLAIR prototype

A dedicated software has been developed for this purpose and installed on a fanless miniature
industrial PC. It allows to switch on/off the different sub-systems and ensure smooth operation
between the constituents of the system. The user interface (see section 5.7.2) is extremely
simple, as the system is to be operated as standalone, yet offer sufficient flexibility to the user
to adapt to changing environmental conditions. Most of the parameters are stored in INI files
(e.g. NIT detector parameters, SC bias current, etc). the remaining parameters (e.g. MPC
temperature, MPC flow rate) are accessible on the front panel.

5.7.2 GUI software
5.7.2.1 Architecture for the entire data processing algorithm

Figure 59 depicts the architecture of the entire data processing algorithm of FLAIR sensor
system, which shows the detailed tasks of two processing blocks. Executable LabVIEW and
Python program is embedded into a PC (Windows10-based). The NIT camera as 2D array
detector is communicated to the PC through the standard TCP-IP protocol, whilst the
communication between LabVIEW and Python programs is realized through TCP socket.

Figure 59: Architecture of the entire data processing algorithm of FLAIR sensor system
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FLAIR sensor system is aimed at real-time air pollution monitoring system, so basically, it
requires a fast measurement, i.e., 1 Hz measurement rate. To enhance the signal-to-noise
ratio (SNR) in the measured absorbance spectrum, the acquisition speed of the camera that
is related to the lock-in amplification is set to a high value (typ., 1000 fps). Then, 1000 images
must be transferred from one port (LabVIEW) to another port (Python) for the signal
processing. However, it must be noticed that the package of 1000 images corresponds to about
32 MB, which acts as practical limitation for the measurement speed, unless the processing
power of the embedded PC is tolerant. For this reason, a powerful PC (HYSTOU H2-i5-7200U,
having 3.1 GHz Processor & 16 GB DDR4 RAM) was selected for FLAIR system and the
parallel operation of the two independent processing block was eligible.

5.7.2.2 Graphical User Interface

Figure 60 illustrates the graphical user interface (GUI) of FLAIR sensor system. when the GUI
is launched, the user has the individual access to each part of the sensing system such as
laser, camera, multi-pass cell and moving motor to rotate the diffraction grating angle.
• Laser power
o By clicking the ‘Laser Power’ button, the laser system can be turned ON, except the
laser itself.
o To turn ON the laser, another switch much be ON.
• Camera
o By clicking the ‘Camera Power’ button, the camera system can be turned ON.
o But, to acquire images and to process the images, the processing switch must be ON.
• MPC (multi-pass cell)
o By clicking the ‘MPC Power’ button, the MPC system can be turned ON.
o Multiple sensors such as temperature, pressure and humidity embedded inside the
MPC will run automatically.
 The sensor data will be logged, independently from the ‘Processing’ switch.
o The temperature of the inlet heater and ambient air heater can be set as desired.
o The air circulation pump speed can be also set as desired.
• Motor Grating
o By clicking the ‘Motor Grating’ button, the MPC system can be turned ON.
o The angle of the motor can be set as desired, in order to change the spectral window
of monitoring.

Figure 60: GUI of FLAIR sensor system
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5.7.3 Power distribution board

The power distribution board has been finalized and tested by CSEM. Some minor issues
where identified and could be corrected directly on the first prototypes (see Figure 61). Two
board have been assembled, one serving as a backup.

Figure 61: Power supply board#2, top view (left) and back view (right).

The system takes any voltage between 9 VDC and 32 VDC and outputs the required voltage
and current to the various subsystems.
A clever switching mechanism has been developed to allow switching the system from different
power sources (wall transformer, portable battery, car cigarette lighter, helicopter power, etc)
without interruption.
More details are available in the dedicated public document D4.9 – Electronic control system.

5.8 Prototype preliminary testing in representative conditions

After the laboratory tests described in the previous sections, several tests have been
performed in representative conditions. The first has been to make the system measure air
sampled from the exterior of the laboratory during a full weekend. This served at testing the
robustness and reliability of FLAIR for standalone operations. As lesson learned, we observed
that FLAIR detection limit for methane in real conditions is at the same level as the natural
occurrence.
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Figure 62: The system has left the laboratory and is running on a single battery!

The following week, FLAIR has been taken out of the lab, and operated on a single Li-ion
battery. After sampling ambient air, with decided to try the exhaust of a motorbike engine
(Figure 63). A broad absorption signal, probably linked to hot residues of hydrocarbons, could
be observed on the user interface.

Figure 63: Out-of-lab measurements on the exhaust of the Harley Davidson motorbike of the
mechanical designer of FLAIR

The next step was to try FLAIR in a moving vehicle. Figure 64 shows how it has been
transferred to the trunk of the car of the lead-engineer. As vibrations from uneven road
structures could potentially perturb the measurement stability, we attached 4 Sorbothane feet
below the aluminium frame supporting the system.
The wireless link between the system and the operator could also be validated during this test.
The right panel of Figure 64 shows the laptop of the operator who is logged to the board
computer of the FLAIR system through a 4G network card. There has been no loss of contact
during this test.
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Figure 64: Out-of-lab measurements tests in a moving vehicle. The 4G network wireless link from
the operator’s computer to the FLAIR board computer is working seamlessly (right)

A GPS tracking system has been integrated to FLAIR. It allowed to record the road taken, as
well as the speed of the car, and other parameters, like vibrations and accelerations. The
measurements of water and methane could be performed without interruption, and no adverse
effect of acceleration or vibration could be observed on this robustly designed, yet lightweight
prototype.

Figure 65: GPS measurements, including the speed of the car, during this first drive test.
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Figure 66: Route taken by FLAIR during its first journey outside the lab (left) and record of the
measured concentration of CH4 and H2O showing no interruption.

Those preliminary measurements have been made with the purpose to test the transportability
and the basic functionality of the system, and check the parameters recorded by the GPS unit.
The concentrations measured during the journey (Figure 66– right) are largely off, probably
due to large temperature variation from place in the shade, to the trunk of the car left in the
sun. The temperature sensitivity issue has been corrected with the installation of a TEC on top
of the camera (see section5.5).
After those tests, the system has been transferred to EMPA for further calibration and longterm monitoring. The system has been transported by car and has been running seamlessly
during all the way on mixed roads and highways. The 4G datalink between FLAIR and the
operator’s laptop proven robust even at 120 km/h speeds.
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6 Airborne platform adaptation and sensor integration
(WP5)
Work package 5, led by CSEM, includes the fitting of the FLAIR sensor to the airborne
platform.
Lead partner

CSEM

Contributing partners

SA, NKT, NIT, CSEM

In the original planning, the FLAIR system had to be placed onboard a UAV. This put
constraints on the weight distribution among the available bays, and on the size of the
subcomponent. It was also planned to modify the envelope of the UAV for forced air intake
through the MPC.
After TEKEVER left the project, CSEM had to reassess the sensor integration within the
airborne platform. The platform providers were both sub-contractors of the consortium, and
they had less flexibility than a consortium member to adapt the structure of their flying vessel.
CSEM decided to design a system as compact as possible, that could be carried as a single
unit in and out of the transport system (car, zeppelin, or helicopter). The result can be seen on
Figure 46.

6.1 Adaptation for in-car operation

CSEM did the first mobile tests in the trunk of a car. The system was fixed on a square
aluminium frame with handles to facilitate carrying it in and out of the car. As vibrations from
uneven road structures could potentially perturb the measurement stability, we attached 4
Sorbothane feet below the aluminium frame. In the example shown in Figure 67, some foam
pads have been added to improve the lateral stability, as we drove 160 km on mixed roads
and highway to bring the system form CSEM’s premises to EMPA in Dübendorf.

Figure 67: Picture showing the FLAIR system operating from the trunk of a car.

The system has been running without interruption during the 2 hours drive and no misalignment
of vibration effects could be observed.
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A total of 3 long car trips have been performed with the system on and running: from CSEM to
EMPA Dübendorf (160 km), from EMPA to the Beromünster airfield (86 km), and from the
airfield back to CSEM (123 km). The system was powered through the car cigarette lighter,
and on an external Li-ion battery during breaks. More details on the versatile
The only hitch has been due to the auto-stop system of the rental car at a red traffic light during
the last trip, which produced a burst of light from the pump laser that lead to a melting of the
ZBLAN fiber facet, thus damaging the SC source (see section 5.1.1).

6.2 Adaptations for zeppelin flights

The zeppelin, in fact a thermal airship that generates buoyancy by heating air in a large
envelope, relies on a propeller driven by a 2-stroke engine for propulsion. The FLAIR system,
assembled on the same aluminium frame as described in section 6.1, is suspended by 4 straps
to the cabin structure above the passenger seat (Figure 68). The straps have the advantage
to dampen the vibration of the engine.

Figure 68: Close view of the cabin underneath the envelope of the thermal airship.

The air in the envelope is heated by 2 propane burners, and the release valve is just in front
of the cabin. To avoid possible contamination in the measurement, the air intake of the
multipass cell has been placed well in front of the cabin. It consists of a 10 m long, 20 mm
inner diameter PTFE tube with 1mm thick walls placed within a corrugated flexible tube (in blue
on the picture) to avoid overbending it. The pumping and filtering system has been placed at
the inlet of the tube, as shown on Figure 69 and Figure 76.
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Figure 69: View of the airship nearing the methane source. The pumping and filtering system is
visible hanging in front of and below the cabin.

6.3 Adaptations for helicopter

As for the Beromünster tests, it was not possible to modify the structure of the helicopter.
Contrary to what was planned, it was also not allowed to fix the ventilator/filter unit in front of
the helicopter due to flight regulations.

Figure 70: FLAIR is installed on one of the rear passenger seats. On the left side, the pumping
system is visible in the air intake tube. The exhaust tube is the one starting on the right side of
FLAIR.

FLAIR has been installed at the location of one of the passenger seats (Figure 70). The
pumping system has been placed in the middle of the air intake tube. It sucks the air from
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outside the helicopter and pushes it through the multipass cell. Another tube serves to expel
the air out of the helicopter cabin.
Figure 71 shows how the different air intake and exhaust tubes are passed through a dedicated
aperture in the front windshield of the helicopter. Explicit, a company mandated by the Danish
government to monitor the quality of the exhaust plumes emitted by the ships in the Kattegat
channel, and who agreed to share a week-long measurement campaign with FLAIR, was
testing a commercial methane detector. The air intake have been placed near each other to
be able to compare the measurement results. (Spoiler alert: Both system did record the same
methane profile on the 15 flybys of LNG powered ships)

Figure 71: Picture of the front of the helicopter. The air intake and exhaust for FLAIR are labelled.
And additional CH4 sensor from EXPLICIT has its air intake close to FLAIR for measurement
data comparisons.

A portable standalone particle sensor provided by EMPA is barely visible through the
windshield. Its air intake tube is also passing through the same aperture.
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7 Validation and demonstration (WP6)
Work package 6, led by EMPA, includes the validation of the FLAIR integrated system and
flight tests, test evaluation and recommendations.
Lead partner

EMPA

Contributing partners

RUN, SA, NKT, NIT, CSEM

The main objective of work package 6 is the evaluation of the performance of the FLAIR
instrument and the proof that the developed instrument can be autonomously operated on a
flying platform for measuring elevated methane concentrations. The results of this activity has
been reported in 3 deliverables: D6.1 – Prototype testing and integration, D6.2 – First
demonstration measurements, and D6.3 – Second demonstration measurements. The
following is a summary of those 3 documents.

7.1 Prototype testing at EMPA

FLAIR has been transported by car from CSEM in Neuchâtel to EMPA in Dübendorf
(Switzerland). It was powered on during all the way by the car cigarette lighter, up to the parking
spot at EMPA (Figure 67) where the power was switched to a Li-ion battery (without shutting
down the system). It was then moved to the measuring laboratory, where it was connected to
a wall outlet.
First, the instrument was tested by measuring known methane concentrations and comparing
the results with a reference instrument (Picarro G2301). These measurements allowed the
calibration of the FLAIR instrument and the determination of the detection limit.

Figure 72: Comparison of measured CH4 concentrations with the FLAIR instrument (black), the
reference instrument (Picarro G2301, blue) and the corrected signal of the FLAIR instrument
(red)
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Figure 72 shows the result of this calibration. The team has been puzzled as how to explain
the consistent 1.66 factor discrepancy between the values measured by FLAIR; and the set
points (confirmed by a parallel measurement on the Picarro system).
For this experiment, the pumping system has been placed at the exhaust of the FLAIR system
and was sucking the air out of the multipass cell. It was later discovered with the help of
SENSEAIR that 2 additional threaded holes had been machined on the front of the multipass
cell mirror support. For experiments where the pumping system has been placed after the
MPC, this means that a portion of the air from the environment could enter the system and
dilute the gas mixture. The holes have been sealed before the Beromünster tests.
Second, the FLAIR instrument measured ambient air co-located with the Picarro reference
instrument at the air quality monitoring station on the Empa premises in Dübendorf. These test
measurements allowed the investigation of the drift behaviour of the instrument when operated
unattended during several days. It performed well in resolving the water vapour concentration,
however, the methane concentration was just at the limit of detection of the system and could
not be reliably recovered (Figure 73).

Figure 73: Sample of a fitted spectrum along with the fitted spectra, residual and the removed
baseline

This measurement campaign allowed to spot the issue with the dependence of the non-white
noise structure which evolves with the temperature, and lead to installation of a TEC to stabilize
the camera temperature to 22 °C, as explained in section 5.5.

7.2 First demonstration measurement – zeppelin flight
This section reports on the capabilities of the FLAIR system when deployed and flying on a hot
air zeppelin and measuring methane released from an artificial source. The field test was
performed at the airfield in Beromünster (Switzerland) and next to the atmospheric research
station, where methane is measured routinely at different heights of the Beromünster tall tower
(up to 212 m). The tests started at 4:00 in the morning with the deployment of the zeppelin.
FLAIR had been installed on the frame of the cabin the previous evening, but the pumping
system needed to be installed during the inflation of the envelope (Figure 74).
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Figure 74: Preparing the flight campaign. A) Preparation of the zeppelin. B) Fastening of the
pumping unit in front of the cabin. C) Remotely checking the behavior of FLAIR (flying in the
background). D) EMPA's team proofing the methane release apparatus.

Figure 75 shows a graphical summary of the experiment. The zeppelin did several flybys near
the methane release tower, then went to the Beromünster tower and back, and finally did some
more loops near the release tower. A zoom has been made on the altitude of the zeppelin near
the end of the field test, as indicated by arrows on the corresponding panels.
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Figure 75: (a) Trajectory and altitudes of the zeppelin route,(b) trajectory with regard to the tower
and methane source, (c) trajectory and altitudes of the last 2 measurements, (d) altitude vs time,
(e) zoom into the successful leak detection, and (f) measured methane concentration during the
successful flyby.

During on the flyby, the zeppelin has been flying low enough above the release tower that it
could detect a clear signal of methane, in the 100 ppm level. The concentration in the gas
bottle is a mixture of 4% CH4 in N2, but upon exiting the gas pipe, the methane gets diluted in
the atmosphere.

Figure 76: Close view of the zeppelin flying just above the gas release tower. The pumping and
filter system is clearly visible, hanging from the zeppelin hull.

7.3 Second demonstration measurement – helicopter campaign

This second field test was performed in Denmark in collaboration with Explicit ApS on a
helicopter operated by Charlie9 Helicopters ApS. The flights took place during 3 days and
allowed the observation of 123 ships cruising the Kattegat channel between Denmark and
Sweden. Comparison with established technology used by Explicit was successful, and 3 ships
with strongly elevated methane emissions were observed. Generally, the enhanced methane
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concentrations were attributed to liquid natural gas (LNG) engines. This second field campaign
confirmed that the FLAIR instrument can successfully be operated on challenging airborne
platforms, such as a helicopter over open sea.

Figure 77: FLAIR team posing proudly on both sides of the FLAIR system after the successful
measurement campaign

The helicopter is equipped with different sensors (see Figure 71):
• FLAIR sensor, monitoring CH4 and H2O at 1 Hz measurement rate
• Explicit sensor, monitoring CH4 (LGD Compact-A CH4 from axetris) at 2 Hz
measurement rate, CO2, NOx, SOx, particles, etc
• EMPA particle sensor (Naneos partector2), monitoring aerosols concentration and size
For safety reasons, it was not possible to use the filtered air intake system designed for FLAIR
and tested at the Beromünster site. We had to improvise and used the configuration shown on
Figure 71, with the fan placed along the tubing before the air intake of the multipass cell.
As an example, Figure 78 depicts the flight route of the Charlie9 helicopter and the positions
of vessels under monitoring during the third day of the campaign.
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Figure 78: Helicopter flight route and the positions of vessels on 2020.07.23

One of the 55 vessels had its engine running on LNG. The interrogation on this vessel was
started at 14:30 and the helicopter passed through the plume 5 times consecutively. The
measured methane profiles between FLAIR sensing system and the commercial sensor from
Axetris showed an excellent agreement, as shown in Figure 79. Figure 80 shows a close view
for better comparison between the methane concentration measured by both systems. The
resemblance is even more striking when compared to the 7 seconds time-averaged signal of
the Axetris system, which also gives an indication on the gas handling speed of MPC in FLAIR
sensing system.

Figure 79: Measured methane profile comparison between FLAIR and Reference (2020-07-23)
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Figure 80: Excellent agreement of the methane concentration measurement between FLAIR and
the 7seconds rolling averaged Axetris systems.
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8 Other
8.1 Dissemination activities

The consortium planned several dissemination activities, mainly during technical conferences
and workshops.
Table 3: List of the planned conferences where FLAIR will be presented.
2020/2021 Conferences

JAN FEB MAR APR MAY JUN

Nurnberg Sensor meeting
E2 Vancouver Sensor meeting
10-15
May
4-8
May

CLEO US
EGU Vienna
MICS Prague
MirSense Wroclaw

23-25
Mar

22-25
Jun
20-26
Jun

JUL AUG SEP OCT NOV DEC JAN FEB MAR
Postponed
2021
On-line

On-line
Postponed
delayed

20-22
Apr

Flair conference France
Photonic West

delayed
6-11
sept

16-20
nov
16-18
nov
postponed
7-11
Mar

However, most of those venues had to be cancelled, postponed or transferred on-line, where
the interaction with the public is less evident.
The consortium is also preparing a follow-up to the “The Dog and the Eagle” movie (available
on Youtube or on the project web page). As a matter of fact, a cameraman from a filming
company mandated by SENSEAIR have been filming the Beromünster field test (Figure 74 B)
and the installation of the system on the helicopter.
Detailed information on the dissemination activities are available on the deliverables covering
WP7.
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