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Abstract

We demonstrate non-intrusive, in situ detection of ammonia (NH3) in reactive hot gas flows at
atmospheric pressure using mid-infrared degenerate four-wave mixing (IR-DFWM). IR-DFWM
excitation scans were performed in the vo+vs and vi+v, vibrational bands of NH3z around 2.3 um
for gas flow temperatures of 296, 550 and 820 K. Simulations based on spectroscopic parameters
from the HITRAN database have been compared with the measurements in order to identify the
spectral lines, and an absorption spectrum at 296 K has also been measured to compare with the
IR-DFWM spectra. The signal-to-noise ratio of the IR-DFWM measurement was found to be
higher than that of the absorption measurement. Some spectral lines in the measured IR-DFWM
and absorption spectra had no matching lines in the HITRAN simulation. The detection limit of
NH3 diluted in N2 with IR-DFWM in this spectral range was estimated at 296, 550 and 820 K to
be 1.36, 4.87 and 7.06x10% molecules/cm?®. The dependence of the NH3 IR-DFWM signal on the
quenching properties of the buffer gas flow was investigated by comparing the signals for gas
flows of N2, Ar and CO> with small admixtures of NHs. It was found that the signal dependence
on buffer gas was large at room temperature but decreased at elevated temperatures. These results
show the potential of IR-DFWM for detection of NHz in combustion environments.
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Introduction

Ammonia (NHz) is a key species for the fertilizer industry and for catalytic and non-catalytic
reduction of nitric oxides (NOx) in combustion processes.!! In recent years, biomass has gained
much interest as a renewable alternative to fossil fuels.[>3] NHs is often generated during biomass
pyrolysis and gasification.[*®! The widespread use and occurrence of NHs in combination with its
toxicity and corrosive nature introduces the need of NH3 detection and monitoring.

Laser-based diagnostic techniques enable non-invasive in situ measurements of combustion-
relevant parameters.l®! The increasing role of NH3 in biomass combustion means it is of high
interest to develop techniques for detection of NHs in combustion situations. The electronic
resonances for NHsz are located in the vacuum-ultraviolet, making it difficult to measure NHs
using conventional laser techniques.? Photofragmentation of NHs and subsequent NH
fluorescence detection has been applied as a means to circumvent this problem.®! Another option
is to probe the electronic resonances using two-photon processes, which has been demonstrated
with laser-induced fluorescence,®'® polarization spectroscopy™ and four-wave mixing
techniques.*23 NH; has also been detected by probing ro-vibrational resonances in the infrared.
Previous laser measurements of NHsz have been achieved using line-of-sight absorption
techniques around 10 pm.[*4%% Highly sensitive NHs detection around 1.5 pm has been
demonstrated using diode-laser absorption spectroscopy® and fiber laser intracavity absorption



spectroscopy.l*! Laser-induced grating spectroscopy for detection of NHs has been demonstrated
using COz lasers around 10 pum.™l

Degenerate four-wave mixing (DFWM) is a sensitive, non-intrusive and coherent laser technique
that has been widely applied to combustion situations with wavelengths in the ultraviolet
(UV)lvisible region.[51%211 An analytical expression for the DFWM signal was first derived by
Abrams and Lind in 1978.122%1 Since then, the theory and application of DFWM for detection of
trace species has been widely studied,**24251 and the results have been reviewed by Kiefer and
Ewart.[26]

Recently, mid-infrared DFWM (IR-DFWM) has emerged as a sensitive laser technique for
detection of infrared active molecules and radicals that lack easily accessible transitions.
Compared to the UV/visible spectral region, few DFWM measurements have been performed
with mid-infrared lasers, due to relatively low availability of high power lasers and sensitive, low
noise detectors. Detection of e.g. HF,12"l NO,,1®l jet-cooled C2H2?°! and CHABY with IR-DFWM
has been demonstrated. Sun et al. have designed a stable alignment of IR-DFWM in the forward
phase-matching geometry and demonstrated the setup for detection of HCI and CH2!*! and for
measurements of flame temperatures using H2O line intensity ratio.*? Sahlberg et al. recently
demonstrated detection of CHsCl with IR-DFWME! using a similar setup. Hogstedt et al. have
demonstrated the use of a novel, low noise upconversion detector for sensitive IR-DFWM
measurements of CoH,.[34

The purpose of this paper is to investigate the potential of IR-DFWM as a tool for non-intrusive,
in situ spatially resolved detection of NHz by probing the vo+vz and vi+v. vibrational bands
around 4500 cm™ for applications to biomass combustion. For this purpose, the IR-DFWM
spectrum of NHs diluted in atmospheric gas flows was measured at 296, 550 and 820 K, to
determine how the spectral structure and the detection limit change with temperature. The
measurements indicate the possibility of IR-DFWM as a sensitive tool both for combustion
diagnostics and for spectroscopic investigations in the mid-infrared spectral region.

Experiment

A schematic of the experimental setup is shown in Fig. 1. The laser system has been described in
more detail elsewherel®! and thus only a brief description is provided here. The infrared laser
light was provided by a laser system consisting of an injection-seeded Nd:YAG laser (Spectra
Physics, PRO 290-10), a dye laser (Sirah, PRSC-D-18) and a frequency mixing unit. The dye
laser was pumped by the frequency doubled output (532 nm) of the Nd:YAG laser and the
tunable dye laser output around 722 nm was frequency mixed in an LiNbOs crystal with part of
the residual 1064 nm output from the Nd:YAG laser, resulting in mid-infrared laser pulses. This
laser beam was further amplified in a second LiNbO3z crystal pumped with another part of the
residual 1064 nm beam. The crystals were angle-adjusted to optimize the conversion efficiency
during the dye laser wide-range wavenumber scans. The final tunable mid-infrared laser light had
a pulse energy around 5 mJ and a pulse duration of 3-4 ns. The wavenumber during the scan is
measured in the dye laser control program, and the wavenumber accuracy of our scans was
estimated to be +0.1 cm™. The line width of the final IR laser output has been measured to be
0.025 cm™.1%8 The IR laser beam was guided through a telescope arrangement (L1, L2) to obtain
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a beam size of approximately 2 mm. A CaF, window (BS) was placed in the beam path, where
the reflection was sent to a power meter in order to monitor the laser power.
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Figure 1. Schematic view of the experimental setup. BP, BOXCARS plates; D, InSb detector; TC,
thermocouple; PM, power metre; BS, beam splitter; DM, dichroic mirror; L1, CaF; lens, f = 500
mm; L2, CaF lens, f =-200 mm; L3, CaF: lens, f = 300 mm; L4, CaF: lens, f = 100 mm.

The infrared laser beam was overlapped with a He-Ne laser beam (DM) to facilitate the optical
alignment. The laser beam was split into four parallel beams using a set of specially coated
BOXCARS plates (BP). A detailed description of the BOXCARS plates can be found
elsewhere.l®Y Three of these beams were focused by an f = 300 mm CaF: lens (L3) into the probe
volume in the middle of the gas tube, where the IR-DFWM signal was generated along the
pathway of the fourth beam. The pulse energy of each beam was ~1 mJ, which corresponds to
~1.2 MW/mm? in the probe volume with the current setup. The IR-DFWM signal beam was
collimated by another f = 300 mm CaF> lens (L3) and spatially filtered and focused (L4) onto an
InSb liquid nitrogen cooled infrared detector (D, Judson technologies, J10D-M204-R04M-60).
The probe volume was estimated to be 0.4x0.4x6 mm?. The IR-DFWM spectrum was obtained
by tuning the dye laser wavelength and hence, scanning the IR laser wavelength over the NHs
absorption lines. The spectra were recorded without accumulation of the data points.

A continuous gas flow consisting of a buffer gas (N2, Ar or CO,) with small admixtures of NH3
was flowed through an open T-shaped heating gas tube, which has been described in a previous
work.3 The tube is made of fused silica which is surrounded by an electrical heating wire and
insulation. A thermocouple was inserted through the top of the gas tube in order to measure the
gas temperature close to the probe volume. The temperature in the probe volume was assumed to
be uniform and the same as what the thermocouple measured. Variable NH3 concentrations in the
gas flow were achieved by adjusting the relative flows of buffer gas and NHs using Bronkhorst
mass flow controllers. The total gas flow through the tube was ~2-5 liters/min.

An absorption measurement of NHs was conducted in a 50-cm long gas cell with CaF, windows
mounted at the Brewster angle at both ends of the gas cell. A continuous flow, consisting of 2 %
NHz diluted in N2, passed through the gas cell at 296 K and atmospheric pressure. The IR laser
output was split into two laser beams where one beam was sent through the gas cell and the other
was sent through open air, and each of the beams was then directed to an InSb liquid nitrogen
cooled detector. The absorption was obtained from the ratio of the signal from the two detectors.
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Several neutral density filters were used to reduce the laser energy in order to avoid saturation
effects in the measured absorption spectrum.

NHs mid-infrared spectral bands and water interference

NHz is an oblate symmetric top molecule. In the mid-infrared spectral region, NHz has several
relatively strong spectral lines belonging to fundamental as well as combination and overtone
vibrational bands. Figure 2 shows the line strengths of NH3 absorption lines in the spectral region
3000-5300 cm™. The line intensities are taken from the HITRAN database.*! The lines around
3400 cm™ belong to the v1, vz and 2va bands, the lines around 5000 cm™ belong to the vi+vs and
vs+vs combination bands, and the lines around 4500 cm™ belong to the vz+vs and vi+vs
combination bands. The line strengths of the NHs transitions in the entire spectral region
displayed in Fig. 2 are rather similar. The present investigation employs the vo+vs and vi+vz
bands around 4500 cm™. The rotational levels in the v2+vs and vi+v, bands are described using
the quantum numbers J and K, and s or a indicating the inversion symmetry. For example, the
line notation RR3(4)s indicates a transition with 4K=1, 4J=1, K”=3 and J”’=4, with inversion
symmetry s.
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Figure 2. The HITRAN line strengths of NH3 transitions at 296 K in the mid-infrared spectral
region. Assignments for the different bands are included in the figure.

Water has strong absorption lines in the mid-infrared spectral region, so any application of IR
spectroscopy in combustion situations needs to consider the interference from H.O spectral lines
at flame temperatures. Figure 3 shows the line strengths of water lines at 296 K and 1500 K,
taken from the HITRANE™ and HITEMPE®! databases. It is clear that a great advantage of NH3
detection in the vo+vz and vi+vz2 bands is that in this case the interference from H2O spectral lines
is much weaker than in the other bands shown in Fig. 2, both at room temperature and at flame
temperatures.
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Figure 3. The line strengths of H2O transitions from the HITRAN and HITEMP databases at (a)
296 K and (b) 1500 K.

Results and Discussion

The graphs in Fig. 4 show a comparison of the measured and simulated IR-DFWM and
absorption spectra of the vo+vsz and vi+v, bands of NHs. Figure 4a shows the measured absorption
spectrum of 2 % NHjs diluted in N2 over a path length of 50 cm. The red curve shows a simulated
absorption spectrum, calculated using the Beer-Lambert law

A=1-— e—O'(V)NL

(1)

where N is the number density and L is the absorption path length. The absorption cross section o
as a function of wavenumber v was calculated using the following relation

o) = ) Sig)

)

where Sj is the line strength taken from the HITRAN database and g(v) is the line shape function,
which was approximated by a Lorentzian function with a line width given by the collision line
width specified in the HITRAN database.
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Figure 4. A comparison of the measured (blue) and simulated (red) (a) absorption spectrum of
NH3 at 296 K for an NHs concentration of 2% and a path length of 50 cm, (b) mid-infrared
degenerate four-wave mixing (IR-DFWM) spectrum at 296 K, 0.99% NHz (c) IR-DFWM
spectrum at 550 K, 1.97% NHs and (d) IR-DFWM spectrum at 820 K, 2.93% NHs. The intensities
of the simulated IR-DFWM spectra were adjusted to the best fit to the measurements.
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The recorded absorption spectrum compares quite well with the simulation over most of the
spectrum. As a linear technique, the absorption spectrum is easy to simulate and it is
straightforward to relate the recorded absorption to species concentration. It is valuable to have a
recorded absorption spectrum to compare with the IR-DFWM measurements, as the latter is
sometimes more difficult to simulate for complicated molecular spectra.*3l Note that pulsed
lasers are generally not optimal for absorption measurements, due to laser energy shot-to-shot
fluctuations which complicates the data analysis. For example, the broad structure around 4590
cm? in the measured absorption spectrum, which does not have a match in the simulation,
probably originates from background noise due to laser fluctuations.

Figures 4b-d show the measured IR-DFWM spectra of NHz diluted in N at 296, 550 and 820 K,
compared with simulations of the IR-DFWM signal at the same temperatures. The DFWM signal
for saturating laser intensities was simulated using the empirical relation*?!

Ippwm & N?*a(v)?

(3)

where N is the number density of the gas. The relation for saturating DFWM was used in the
simulations since this gave the best agreement with the experiment. The absorption cross section
o(v) was calculated as shown in Eg. 2, but the line shape function g(v) was approximated by a
Voigt profile, with parameters chosen to match the measured line shapes at each temperature. In
the figures, the simulation from Eg. 3 was multiplied with a calibration constant to achieve the
best fit to the measured line intensities. Line notations for selected lines in the spectra are
included in Supplementary Information, along with text files containing the raw data for the
spectra.

Comparing the absorption and IR-DFWM spectra at 296 K in Fig. 4 a-b, it is clear that the IR-
DFWM spectrum has better sensitivity and higher signal-to-noise ratio than the absorption
spectrum. The strong lines in the center of the spectral range are enhanced in IR-DFWM while
the weak lines located in the wings of spectrum appear even weaker because of the quadratic
dependency on o. For the most part, the measured IR-DFWM spectra in Fig. 4b-d agree quite
well with the simulations. Small deviations of the measured and simulated line intensity for
individual lines are likely to be caused by the unstable mode structure of the laser, which can
cause fluctuations in the signals.?**?1 However, there are larger differences which cannot be
explained by noise in the signals. At all three temperatures, the measured spectra in the interval
4390-4400 cm™* show several strong lines without corresponding lines in the simulation. Also, at
550 and 820 K in Fig. 4c-d, there is an unforeseen strong spectral line at about 4577.5 cm™. In the
following sections, this will be discussed in more detail.

4390-4440 cm™

Figure 5 shows the measured IR-DFWM spectrum at 296 K in the interval 4390-4440 cm™.
There are six relatively strong spectral lines (numbered 1-6 in the figure) which do not match any
transition in the simulation. The lines are present at all temperatures and are much stronger than
any of the lines in the simulation. Figure 6 shows the measured and simulated absorption



spectrum in the same interval. The six lines mentioned above are present in both experimental
spectra, absorption and IR-DFWM. Careful examination of the IR-DFWM and the absorption
spectra and comparison with the HITRAN data shows that all the HITRAN weak transitions are
present as separate signals around the extra lines, and thus cannot be responsible for these signals.
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Figure 5. A comparison of the measured (blue) and simulated (red) mid-infrared degenerate
four-wave mixing (IR-DFWM) spectrum at 296 K in the interval 4390-4440 cm™. The numbers
1-6 indicate six strong spectral lines without corresponding lines in the simulation. The
intensities of the simulated spectra were adjusted to the best fit to the measurements.
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Figure 6. A comparison of the measured (blue) and simulated (red) absorption spectrum at 296 K
in the interval 4390-4440 cm™. The numbers 1-6 indicate the six spectral lines without
corresponding lines in the simulation.

The first high-resolution study of the vo+vz and vi+v2 bands of NH3z was performed in 1958 by
Benedict et al.l*¥, using a 15,000 lines-per-inch grating spectrometer with a resolution of 0.08
cm™. They observed a large number of spectral lines in this spectral region and managed to
assign these lines to transitions within the v2+vs and vi+vz bands. The extra lines 1-6 observed in
Fig. 5 are also present in the spectra they published, and surrounded by transitions that match the
HITRAN database and our measurements. Lines 1-3 were identified as the RQo(5)s, RQo(3)s and
RQo(1)s lines of the v, + v3 band, while lines 4-6 were shown in the spectra but not assigned. The
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fact that the extra lines have been observed before supports our conclusion that these are NH3
lines, and not lines from any contaminant species present in our setup.

The data for NHs in the HITRAN 2012 database®” is based on an extensive recalculation,
performed by Down et al.,[*? of the data in the HITRAN 2008 database.!*®! They updated the line
assignments with a new set of quantum numbers that better described the levels, and changed or
removed transitions that were incorrectly labelled. For the vz+vs and vi+vz, the changes
performed were relatively small. The data for the vo+vs and vi+v, bands in the HITRAN 2008
database originates from high resolution Fourier Transform measurements performed by Urban et
al.*l This study identified a large number of transitions from the vo+vs and vi+v2 bands in NHs,
but the six extra lines in Fig. 5 and 6 were not mentioned in their analysis. They also assigned
some lines to the v>+2vs4 band, but the analysis was not complete due to the low signal-to-noise
ratio for the weaker lines. Insufficient line intensities also made it impossible to make assignment
of the lines to the 3v+vs, 4v2 and 5v2 bands. Failure to include all transitions in the database
could explain why the extra spectral lines in our measurements are not present in the simulation,
although it is unlikely that these weak bands are responsible for the strong spectral lines observed
in Fig. 5 and 6.

The relative intensity of the lines does not match between the IR-DFWM spectrum and the
absorption spectrum. As mentioned before, pulsed lasers are not ideal for absorption
measurements. Background noise from the laser energy shot-to-shot fluctuations means it is hard
to trust the absolute values of the measured peak absorption. Also, it has been shown before that
the IR-DFWM simulation of closely spaced lines is complicated and requires detailed knowledge
of the coherent addition of signals belonging to different transitions,*>471 and that the IR-DFWM
intensity does not always match with the absorption intensity of closely spaced transitions.l*! In
the measurements by Benedict et al.,*!! the absorption strength of all six lines was similar,
although their measurements were performed at low pressures, which makes a direct comparison
to our measurements difficult.

4480-4520 cm

Figure 7 shows the measured IR-DFWM spectrum at 550 K in the spectral region 4480-4520 cm”
! In this spectral range, the agreement between measurement and simulation is relatively good.
As mentioned before, any difference between the measured and simulated line intensity is
probably due to the unstable mode structure of the IR laser system. This is also why the line
shapes of the IR-DFWM spectral lines are not perfect Lorentzian profiles. Any difference
between the center wavenumber of the measured and simulated IR-DFWM lines is within the IR
laser wavelength precision.
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intensities of the simulated spectra were adjusted to the best fit to the measurements. The arrows
indicate the lines used for the detection limit and buffer gas dependence measurements.

4550-4600 cm*

At 820 K, and to a lesser degree at 550 K, hot lines that were absent at room temperature start to
appear in the measured IR-DFWM spectra. Figure 8 shows the spectrum at 820 K in the interval
4550-4600 cm™. The numbers 1-8 indicate selected lines in the measurement that have no
corresponding lines in the simulation. Line number 6 at 4577.5 cm™ is very close to the RRs(10)a
line of the v,+vs band at 4577.66 cm™, but has a much higher line intensity.
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Figure 8. Comparison of the measured (blue) and simulated (red) mid-infrared degenerate four-
wave mixing (IR-DFWM) spectrum at 820 K in the interval 4550-4600 cm™. The numbers 1-8
indicate eight spectral lines that have no corresponding lines in the simulation. The weak
simulated line at 4577.66 cm™ is the RRg(10)a line from the v.+vs band. The intensities of the
simulated spectra were adjusted to the best fit to the measurements.
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The HITRAN database contains limited information about NHz hot bands in this spectral region.
Therefore, it is likely that lines 1-8 belong to some hot bands of NHz which have too low
intensity to be identified in room temperature spectra, but gain intensity as the higher levels get
populated at elevated temperatures. The presence of many closely spaced transitions in line 6
could explain why the signal for this line is so strong compared to the other hot lines. It is also
possible that the NHz3 is decomposing in the hot environment, and that the extra lines originate
from some other species in the flow. However, the hot lines start to appear in the spectrum
already at 550 K, at which temperature the decomposition of NHs should be completely
negligible.[*3%°] Even at 820 K, the gas flows used in these experiments are high enough that the
pyrolysis can be assumed to be negligible for the time the NH3 gas spends in the heating tube.

Text files containing the raw data for the IR-DFWM spectra at each temperature are available in
Supplementary Information.

NH3 detection limit

To test the detection limit of these measurements, the IR-DFWM signal dependence on the NH3
concentration diluted in N2 gas flows was investigated. Five consecutive IR-DFWM scans were
performed over the strongest line in the spectrum for a number of NHs concentrations at each
temperature. At room temperature the scan was performed over the RR3(3)a line from the vo+vs
band at 4484.1 cm™. Figure 9 shows the IR-DFWM line-integrated signal intensity as a function
of NHs concentration at 296 K. The line-integrated signal intensity is defined as the area under
the recorded IR-DFWM line. The inset is the IR-DFWM signal for 1151 ppm of NHs, showing
both the ®R3(3)a line and the weaker neighboring RR3(4)s line at 4484.7 cm™. At 550 and 820 K,
the concentration dependence scan was instead performed over the RRg(6)s line of the vo+vs band
at 4498.1 cm™. These lines are indicated with arrows in Figure 7. The detection limits at each
temperature were estimated by extrapolating the fitted quadratic curve down to a value where the
signal-to-noise ratio is 1, and the resulting detection limits are shown in Table 1.
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Figure 9. The line integrated mid-infrared degenerate four-wave mixing (IR-DFWM) signal
intensity dependence on the concentration of NHs diluted in N2 at 296 K for the RR3(3)a line from
the vo+v3 band at 4484.1 cm™. Each point on the curve is an average of five measurements, and
the error bars represent the standard deviation. The inset shows the scan over the RRs(3)a line
and the weaker RR3(4)s line at 1151 ppm NHj3 concentration.

11



Buffer gas dependence

The dependence of the IR-DFWM signal on the buffer gas environment was investigated by
performing a series of measurements for NHs diluted in three different buffer gases (Ar, COz or
N>) at 296, 550 and 820 K. Figure 10 shows the line-integrated IR-DFWM signal intensity of the
RR3(3)a line of the v2+vs band for NH3 diluted in Ar, CO, or N2. The NH3 concentration in the gas
flows was 0.99, 1.97 and 2.93 % at 296, 550 and 820 K, respectively. The signals are an average
of five measurements and the error bars indicate the standard deviation of the five measurements.
At each temperature, all three signals are normalized to the signal recorded in Ar. It is clear that
the signal is strongly dependent on the buffer gas, but the dependence decreases with increasing
temperature. Collisional quenching as well as rotational and vibrational energy transfer
contributes to the IR-DFWM dependence on the buffer gas. The dependence decreases at higher
temperatures due to lower collision rates. At room temperature, the signal in Ar is ~16 times
stronger than the signal in CO2, while at 820 K the signal in Ar is only ~2.5 times larger than the
signal in CO». This suggests that collision factors should not have a significant effect on IR-
DFWM measurements in atmospheric pressure flames. This is in agreement with previous
DFWM measurements in flames, where the derived flame temperatures from OH spectra were
found to be almost independent on collisional correction factors.[%!
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Figure 10. A comparison of the relative mid-infrared degenerate four-wave mixing signal of NH3
diluted in Ar, CO2 or N, for (a) 296, (b) 550 and (c) 820 K. The signals in each graph are
normalised to the signal in the Ar buffer gas. The three plots show the line-integrated signals for
an average of five measurements, and the error bars represent the standard deviation of the
measurements.

Previous theoretical and experimental studies predict that the DFWM signal for saturating laser
intensities should be relatively insensitive to collisional quenching, while unsaturated signals
have a stronger pressure dependence.[?>%152 These theoretical studies assumed non-saturating
probe beams and the phase-conjugate geometry. Therefore, the results may not be directly
applicable to our measurement situation, where we have equal pump and probe intensities and the
forward pump geometry.®®l The recorded IR-DFWM spectra in Fig. 4 are well simulated by a o*-
dependence, which suggests the laser energies in these experiments were close to saturation.[>
Saturation is more easily achieved at elevated temperatures, which could explain why the
collision dependence is smaller at higher temperatures. A detailed study of saturation influence
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on collision effects in IR-DFWM is beyond the scope of this work. Further work is required to
study this in more detail.

Table 1: The estimated detection limit for NHs diluted in N2 atmospheric pressure gas flows at
each temperature.

Temperature Detection limit Detection limit
/K /ppm /(molecules/cm?)
296 550 1.4x10%
550 3700 4.9x10%°
820 7900 7.1x10%
Summary

We have demonstrated successful detection of NHs with IR-DFWM in the v.+vz and vi+vz
vibrational bands around 2.3 pum for 296, 550 and 820 K. A comparison between the measured
IR-DFWM spectrum of NHz and a simulation from the HITRAN database shows a good
agreement in line position and intensity for most parts of the spectrum. A large disagreement is
found in the interval 4390-4440 cm™, where there are six relatively strong spectral lines in the
measured IR-DFWM spectrum of NH3 without any match in the simulation. These extra lines
were observed in previous measurements of the NHs absorption spectrum in this spectral
region,[** but are not included in later studiest*?44 or in the HITRAN database.[*"! Further work
is required to determine the origin of the discrepancies. At elevated temperatures there is also a
strong spectral line at 4577.5 cm™ and several weaker lines without a match in the HITRAN
database. To our knowledge, there have been no measurements of the hot NHz spectrum in this
spectral region before. Therefore, the HITRAN database contains limited information about the
hot bands of NHs. This demonstrates the potential of IR-DFWM as a spectroscopic tool for
investigation of mid-IR spectral lines at both room and elevated temperatures.

The IR-DFWM signal intensity at room temperature was found to depend strongly on the buffer
gas, being ~16 times higher in Ar compared with CO,. This dependence decreased at elevated
temperatures, and at 820 K the signal in Ar was only ~2.5 times larger than that in CO2. This
seems to indicate that flame measurements of NHs with IR-DFWM are rather insensitive to
collision factors, which opens the possibility for quantitative concentration measurements.

Detection limits at 296, 550 and 820 K in N2 gas flows were estimated to be of 1.36, 4.87 and
7.06x10® molecules/cm®, respectively. These detection limits could be greatly improved by
utilizing the more sensitive upconversion detector,® which has been demonstrated before to give
at least 10 times improvement in detection limit for IR-DFWM measurements.*4 The
concentration of NHs released during combustion of biomass varies with the fuel.®®! For many
applications, the detection limits achieved here should be sufficient for in situ diagnostics in
biomass combustion.%®57] Detection of NHs in this spectral region appears to be relatively free
from water interference and interference from other species which could be present in biomass
combustion environments. These measurements show that IR-DFWM has great potential for
sensitive, in situ detection of NHz in biomass combustion with high spectral resolution.
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Text files containing the raw data for the IR-DFWM spectra at each temperature, and line
notations for selected spectral lines in the figures, are available in Supplementary Information.
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