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An absorption spectrum of H,'%0 at 1950 K is recorded in a premixed methane/air flat flame using a
cavity-enhanced optical frequency comb-based Fourier transform spectrometer. 2417 absorption lines are
identified in the 6250-6670 cm~! region with an accuracy of about 0.01 cm~!. Absolute line intensities
are retrieved using temperature and concentration values obtained by tunable diode laser absorption
spectroscopy. Line assignments are made using a combination of empirically known energy levels and
predictions from the new POKAZATEL variational line list. 2030 of the observed lines are assigned to
2937 transitions, once blends are taken into account. 126 new energy levels of H,'0 are identified. The
assigned transitions belong to 136 bands and span rotational states up to J = 27.
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1. Introduction

Water is ubiquitous and its spectrum is important for a whole
range of terrestrial and astronomical applications. Serious attempts
have been made to characterize the spectrum of hot water both
experimentally by observation of spectra [1-17] and theoretically
by the computation of extensive line lists [18-24]. These line lists
are used to inform databases concerned with models of hot bod-
ies such as HITEMP [25] and ExoMol [26,27]. A comprehensive as-
sessment of water spectroscopy was undertaken by an IUPAC task
group [28,29] whose work is currently being updated [30].

The ubiquity of water means that understanding its spectrum at
all wavelengths and temperatures is always important. The spec-
trum of hot water is of particular interest in regions were absorp-
tion by room temperature water is weak. The present work con-
centrates on one such region as it probes the spectrum of hot wa-
ter in the conventional telecom window (1.53-1.565um) as well
as the astronomers’ H-band (1.5-1.8 um). These regions are useful
for remote sensing of hot water spectra due to the reduced atmo-
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spheric absorption. Previous high-temperature water spectra ana-
lyzed for this region [10,12,13,31-35] were recorded in emission in
flames at atmospheric pressure at moderate spectral resolution; in
addition, due to the lack of thermal stability, these spectra did not
provide usable information on the line intensities.

This paper presents a high temperature water absorption spec-
trum measured at Umed University. The spectrum is measured in
a premixed methane/air flat flame at atmospheric pressure us-
ing a cavity-enhanced optical frequency comb-based Fourier trans-
form spectrometer (FTS) [36]. The combination of an FTS with a
frequency comb allows the measurement of broadband and high
resolution molecular spectra in short acquisition times and with-
out visible influence of the instrumental line shape [37,38], while
the cavity provides high sensitivity to absorption [39]. The abil-
ity to measure the present spectrum simultaneously over a broad
bandwidth reduces systematic errors and the influence of fluctua-
tions of the environmental conditions. The spectrum is recorded at
high resolution (0.033 cm~!) in the near-infrared 6250-6670 cm~!
region, and line positions are identified with an accuracy of
0.01 cm~!. Knowledge of the temperature and water concentration,
which have previously been measured for that specific burner by
Qu et al. [40] using tunable diode laser absorption spectroscopy, as

0022-4073/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)
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well as the thermally stable conditions, allow absolute line inten-
sities to be determined.

The measured absorption spectrum is compared to the newly
computed POKAZATEL hot line list [24] augmented by the inclu-
sion of empirical energy levels [28]. This comparison allows us to
assess both the contents of the measured spectrum and the reli-
ability of the computed line list. The POKAZATEL line list is then
used to make assignments to the spectrum resulting in a signifi-
cant number of newly identified transitions and energy levels.

The following two sections of the paper describe the experi-
mental set-up and results. Section 4 presents the experimental wa-
ter line list. Comparisons with the computed line lists, particularly
the most recent one [24], are given in Section 5, followed by con-
clusions in Section 6.

2. Experimental setup

The experimental setup is described in detail in references
[36,41] and is therefore only briefly summarized here. The spec-
trometer consists of an Er:fiber femtosecond laser with a repeti-
tion rate of 250 MHz (0.0083cm™1), a 60 cm long enhancement
cavity with a finesse of around 150, and a fast-scanning Fourier
transform spectrometer (FTS). The comb is locked to the cavity us-
ing the two-point Pound-Drever-Hall method [39,42] with locking
points at 6330 and 6450 cm~!. The cavity is open to air, and a flat
flame burner [43] is placed in its center. The burner is operated
on premixed methane/air at stoichiometric ratio with a total flow
rate of 10L/min. The comb beam probes the line of sight in the
flame (flame diameter of 3.8 cm) at atmospheric pressure and at a
height above the burner (HAB) of 2.5 mm. At this HAB the temper-
ature and species are rather homogeneously distributed along the
line of sight [40,43], the average flame temperature is 1950450
K, the average water concentration is 17 +1% (both characterized
using tunable diode laser absorption spectroscopy [40]), and the
average hydroxide (OH) concentration is 0.28% [41].

The light transmitted through the cavity is coupled into an op-
tical fiber connected to the input of a fast-scanning FTS with an
auto-balancing detector that acquires a spectrum with 0.033 cm~!
resolution in 0.4 s. The optical path difference is calibrated using
a stabilized HeNe laser whose beam is co-propagating with the
comb beam in the FTS. The wavelength of the HeNe laser is cali-
brated by comparing the positions of the OH lines in the spectrum
to the line positions in the 2012 edition of the HITRAN database
[44]. The standard deviation of the relative difference between the
experimental and HITRAN OH line positions is 0.0076 cm~!. Since
HITRAN does not contain data on the pressure shift of the OH
lines, we estimate the shift to be 10% of the pressure broadening
at atmospheric pressure, i.e. 0.007 cm~!. Thus we estimate that
the frequency accuracy of the spectrum is 0.01cm~!. The high-
temperature spectrum is averaged 20 times and normalized to a
background spectrum measured when the flame is off. The base-
line is additionally corrected for slowly varying etalons fringes.

We note that the influence of broadband flame emission can be
neglected since the probability of emission into the cavity mode
is low and the cavity thus acts as an effective filter. Moreover, the
collimator for coupling the cavity transmitted light into the fiber
does not face the flame and is placed few tens of cm away from
the flame, where the intensity of emission is already very low.

3. Cavity-enhanced absorption spectrum
The normalized transmission spectrum measured in the flame

is shown in Fig. 1(a). To extract the absorption coefficient from this
spectrum, we use the model for the normalized transmission, I,

given by Foltynowicz et al. [42]

(1 —r)?exp[—a(v)L]
1+r2exp[—2a(v)L] — 2rexp[—a (v)L] cos[2¢ (V)L + @(V)] ’

(1)

where L is the interaction length between the light and the sam-
ple (i.e. the flame diameter), r is the frequency-dependent intensity
reflection coefficient of the cavity mirrors, determined experimen-
tally by cavity ringdown, « and ¢ are the molecular absorption and
dispersion coefficients, respectively, and ¢ is the round-trip phase
shift in the cavity. The round-trip intracavity phase shift is equal
to a multiple of 27 for comb lines locked to the centers of the
corresponding cavity modes. Because of the intracavity dispersion,
caused by the cavity mirror coatings as well as the gas sample in-
side the cavity, the cavity modes are not equally spaced and only
the comb lines around the locking points are exactly on resonance
with their corresponding cavity modes [42]. However, because of
the low cavity finesse, the relative comb-cavity offset is small in
the entire spectral range of the comb, and the intracavity phase
shift can be set to 2w, or zero. To extract the absorption coeffi-
cient from Eq. (1) we also neglect the molecular dispersion, since
then the equation can be solved analytically. This approximation
gives correct values for on-resonance absorption coefficients, since
molecular dispersion is equal to zero at these frequencies.

The absorption spectrum obtained using the analytical solu-
tion to Eq. (1) with molecular and cavity dispersion put to zero
is plotted in Fig. 1(b). The noise on the baseline is 5 x 107 cm~!,
which translates into a signal-to-noise ratio (SNR) of 2400 for the
strongest lines. The negative absorption values and the slight line
asymmetry at frequencies above 6550cm~! are caused by the ne-
glected comb-cavity offset, which increases away from the locking
points [42].

()=

4. Experimental water line list

The center frequencies of absorption lines are found by taking
the first derivative of the absorption spectrum [Fig. 1(b)] and find-
ing the points where it crosses zero. Most of the absorption lines
are water transitions but the spectrum contains also several OH
transitions [41]. The OH transition frequencies, identified using the
2012 edition of the HITRAN database [44], as well as water lines
less than 0.02 cm~! away from an OH line, are removed from the
list. The precision of the center frequencies is below 0.0005 cm~!
for most lines, limited by the line width of the molecular lines
(0.7 cm~1) and the SNR of up to 2400. The accuracy is limited
to 0.01 cm~! by the HeNe wavelength calibration. It should be
emphasized that positions of overlapping water lines, i.e. those
separated by less than the line width, cannot be identified using
this method. Note also that the transition frequencies are at atmo-
spheric pressure.

The experimental line intensities, S, are calculated from the
value of absorption omax corresponding to each center frequency,
using

_ COmax ’ (2)
N1 Xmax

where xmax is the peak (on-resonance) value of the Voigt profile
(in cm), and nr is water density at the temperature T (equal to
6.4 x 107 molecule/cm3 for T = 1950 K and [H,0]=17%). Since no
data exists for the pressure broadening parameter of water at these
temperatures, we assume a Lorentzian half width of 0.027 cm~!
for all lines, as it matches relatively well to the data. The Doppler
half width varies from 0.0237 to 0.0253 cm~! across the spectrum.
The experimental line list contains 2417 lines; it is plotted in Fig. 2
and given in the supplementary information. The lowest line in-
tensity that can be identified is 10-2> cm/molecule, limited by the
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Fig. 1. (a) Normalized cavity-enhanced transmission spectrum in the flame at atmospheric pressure, [H,0] = 17% and T = 1950 K. (b) The corresponding absorption spectrum.
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Fig. 2. Line intensities of water transitions at 1950 K retrieved from the measurement in the flame.

SNR in the spectrum. The uncertainty in the intensity is 6% for
the strongest lines, limited mainly by the uncertainty in the water
concentration, and increases for weaker lines because of the lower
SNR.

To illustrate the accuracy of the experimental line list, Fig. 3(a)
shows a comparison between the experimental transmission spec-
trum (black) and a spectrum simulated using Eq. (1) with the ex-
perimental line list, Voigt profiles with a Lorentzian half width of
0.027 cm~! and the intracavity round-trip phase shift put to zero
(red). The difference between the measurement and the model is
plotted in blue (vertically offset for clarity). The green vertical lines
mark the positions of OH lines. Fig. 3(b) shows a zoom of the
spectrum around one of the locking points, i.e. where the comb-
cavity offset is zero. The structure in the residuum at the frequen-
cies marked in green comes from the OH lines that are removed
from the line list. The discrepancies visible at other frequencies
are caused mainly by an incorrect Lorentzian width and by the re-
maining water lines that could not be taken into account in the
line list because of their strong overlap with other lines. The am-
plitude of the residual increases for higher wavenumbers since the
comb-cavity offset increases away from the locking points.

5. Line assignment

The spectral analysis of the experimental line list was per-
formed using the recently computed POKAZATEL hot line list

[24] with energies replaced by empirical energy levels [28]. These
empirical levels come from the recent IUPAC-sponsored study
of water spectra [29] in which the MARVEL (measured active
vibration-rotation energy levels) [45,46] procedure was used to
invert measured line frequencies to obtain empirical energy lev-
els; below, this line list is referred to as MARVEL-POKAZATEL. Us-
ing the MARVEL-POKAZATEL line list to generate a water absorp-
tion spectrum at 1950 K in the experimental wavelength range
leads to about 20,000 lines with intensities between 10-22 and
102> cm/molecule, which corresponds to the experimental inten-
sity range.

The first step in the spectral analysis involved making a so-
called trivial assignment, that is identifying lines for which both
upper and lower state energy levels as well as frequencies are
already known empirically. We assumed a match between MAR-
VEL and experimental frequencies if they differ by less than about
0.03 cm~!, which reflects the average line width at atmospheric
pressure of about 0.07 cm~! and the accuracy of hot MARVEL lev-
els which is about 0.02 cm~!. About 1900 lines were trivially as-
signed by this method with about half of them being identified
as blends, that is two or more MARVEL transitions associated with
one experimental line.

The second step in the spectral analysis was assignment of the
remaining stronger lines that were not trivially using the POKAZA-
TEL line list. The trivially-assigned lines were also considered to
be unassigned during this second step if their calculated inten-
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Fig. 3. Comparison between the measurement (black) and the spectrum calculated using the experimental line list (red). Residuum is shown in blue, vertically offset for
clarity. The frequencies of the strongest OH transitions are marked by green lines. (a) Full range. (b) Enlarged section showing the general good agreement between the data
and the model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sity was less than half of the measured one. We only considered
stronger theoretical lines with calculated intensities higher than
1023 cm/molecule. We concentrated on identifying those transi-
tions which involved upper levels with quantum numbers close to
MARVEL levels. This allowed us to estimate the expected observed
minus calculated residue for the upper level using the difference
between known MARVEL levels and levels predicted by the origi-
nal POKAZATEL line list. This method of tracking states with nearby
quantum numbers is sometimes known as the method of branches
[4,47]; it works best for the relatively rare, stronger experimen-
tal lines. Use of this method led to the assignment of about 300
further lines, providing information on 126 new energy levels. We
note that this method also implicitly provides the vibrational quan-
tum numbers for the newly assigned levels. As a result 2030 lines
out of the observed 2417 lines from the experimental line list, i.e.
almost 84%, are assigned. When blends are considered, the total
number of assigned lines is 2937. Some of the unassigned lines
may be attributable to other species present in the flame, such as
CO or CO,. For example the spectrum covers the region of the CO
second overtone. However, attempts to model CO and CO, lines in
this region did not produce clear matches.

Fig. 4 shows 10 cm~! of the measured spectrum around
6435 cm~! compared to the calculated line list and illustrates sit-
uations when multiple lines are associated with a single observed
feature. For example, the strong, broad feature at 6432.6 cm~! con-
sists of at least three actual transitions, however in the experi-
mental line list these transitions are represented by a single line
at the strongest peak at 6432.595 cm~!. We assigned 3 MARVEL
lines to this feature; these lines have a summed intensity about
65% of the measured integral intensity of the feature, meaning it
could be hiding further lines. The line at 6439.858 cm~! appears
to be isolated but in fact has a double assignment with the dif-
ference between the two MARVEL frequencies of 0.05 cm~!; these
lines model essentially the whole intensity of this feature. Single
MARVEL assignment means that any other nearby lines are at least
about an order-of-magnitude weaker.

The calculated line list contains many more weak lines than the
experimental line list. These weak lines overlap with more intense

Table 1

Summary of vibrational bands with N lines
assigned to them. Only bands for which
N=>10 are given.

band N band N

021-000 187 032-011 40
101-000 182 141-120 31
200-000 142 400-200 29
120-000 75 310-110 28
002-000 36 211-011 27
011-000 27 220-001 27
040-000 10 042-021 23
111-010 93 022-100 20
301-200 68 121-001 19
102-100 65 103-002 19
211-110 65 301-101 19
102-001 64 140-020 18
400-101 56 230-011 17
310-011 55 410-111 17
210-010 49 221-120 15
061-040 46 221-200 15
131-110 43 021-010 13
022-001 42 220-100 12
130-010 41 311-210 12
121-100 40 220-020 1

water lines and therefore cannot be identified from the experimen-
tal spectrum. However, the contribution of these weak lines does
not explain many apparent line strength discrepancies between the
two line lists. The task of predicting line intensities for water us-
ing ab initio procedures is under constant review [48] and work is
currently in progress at UCL to further improve the water dipole
surface. Progress on this will be reported elsewhere.

A full list of the experimental lines with assignments are given
in the supplementary data. This list specifies whether the line was
trivially assigned using MARVEL or is associated with a new energy
level. We note that the short spectral range and density of lines
meant that these new energy levels are not generally confirmed
by combination differences.
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Table 2
Newly determined energy levels for H,'60. Observed - calculated (o-c) values, in cm~!, are relative to POKAZATEL line list.

JKKe vivavs E/cm™! o-C KK vivavs E [ cm™! o-c JKKe vivav3  E/cm™! 0-C
14113 061 15,196.170 -0.044 835 061 13,975.084  —0.021 1679 201 14,398.683  —-0.037
15123 002 11,944.059 -0.038 937 061 14,184.268 -0.033 17 0 17 201 13,436.679  —0.104
19910 002 12,947.908 —-0.044 624 071 14,768.262 -0.013 18414 201 14,817.74 —0.064
818 004 15,233.158 —-0.02 1596 101 11,077.237 -0.145 18711 201 15,211.965 —-0.168
16215 021 9813.798 -0.028 1789 101 11,645.203 —-0.068 1092 210 11,277.802 —0.033
16215 022 13,412.179 —-0.057 189 10 101 12,258.106 -0.048 1m1o 210 11,991.199 0.063
946 031 9852.648 —-0.099 23519 101 13,720.971 -0.034 1294 210 11,831.292 -0.027
1257 031 10,861.193 0.169 26620 101 15,782.146 -0.074 12103 210 12,013.462 0.018
19713 031 13,925.583  -0.04 1569 102 14,189.387 -0.084 12121 210 12,543.449 0.067
1376 032 15,168.281 —-0.035 1487 11 12,198.087 -0.113 13103 210 12,320.932 0.011
12103 040 10,359.146 —0.046 1587 m 12,549.411 -0.138 13112 210 12,587.499 0.035
156 041 12,161.521 0.007 16 89 111 12,922.244  -0.065 13121 210 12,854.881 —-0.059
1166 041 12,401.372 —-0.056 20614 111 14,382.203  -0.028 15510 210 12,071.533 —0.053
1257 041 12,442.132 -0.024 21814 1m 15,088.616 —-0.031 16 4 13 210 12,132.162 —-0.06
1284 041 13,250.26 0.007 1349 112 14,878.042 0.042 17 4 13 210 12,698.242  —-0.004
1377 041 13,263.805  —0.121 169 8 120 11,396.542 -0.012 17 5 12 210 12,867.315 —-0.027
1477 041 13,594.493  -0.036 208 13 120 12,913.391 0.015 18217 210 12,287.241 —0.051
16214 041 13,214.275 0.081 17315 121 13,851.555 -0.026 18316 210 12,598.021 —0.041
19317 041 14,350.205 —0.006 19218 121 14,244,954 0.012 18415 210 12,871.799 —-0.078
533 051 11,980.727 —0.009 20119 121 14,622.29 -0.126 19118 210 12,646.72 —0.057
633 051 12,129.054 0.0 981 130 10,759.505  —0.006 19217 210 12,974.57 —-0.05
642 051 12,366.269  —0.082 1083 130 11,001.243 -0.029 19316 210 13,264.616 —-0.067
725 051 12,135.336 -0.024 1092 130 11,185.909 0.003 20120 210 12,624.253  —-0.056
753 051 12,805.967  —0.004 183 130 11,265.526 -0.018 20219 210 13,022.745 —-0.067
818 051 11,996.135 0.018 1285 130 11,551.968 -0.016 21021 210 12,996.448  —0.028
844 051 12,730.885  —0.023 1294 130 11,736.443 —-0.006 21120 210 13,415.475 —0.061
909 051 12,164.81 —-0.022 1385 130 11,860.261 -0.03 1697 211 16,439.527 —0.053
955 051 13,215.983 -0.035 1394 130 12,044.351 -0.024 1349 220 12,824952  -0.043
1210 051 12,914.709 —-0.02 1469 130 11,643.342 -0.05 1092 300 12,856.023 0.029
175 051 14,302.282 0.044 1487 130 12,189.994 -0.019 1385 300 13,510.443 —0.045
12111 051 13,157.177 0.015 12211 140 11,582.593 -0.011 15312 300 13,515.85 —0.053
1275 051 14,586.049  —0.016 139 141 15,061.568 -0.033 162 15 300 13,390.283 0.132
1331 051 13,756.382  —0.046 12111 200 10,531.411 —-0.094 16 4 13 300 13,856.623  —0.069
202 061 12,656.003  —0.004 1596 200 11,086.936 -0.033 16 4 13 300 13,856.632  —-0.059
220 061 12,923.88 0.007 166 10 200 10,935.016 -0.037 16512 300 14,057.023 —0.068
313 061 12,787.646 0.035 16106 200 11,651.177 -0.035 183 15 300 14,581.009 —0.093
331 061 13,245.215 0.01 16134 200 12,398.076 0.03 18712 300 15,158.842 —0.051
404 061 12,813.251 —-0.015 18 513 200 11,650.563 —-0.006 19514 300 15,399.793 -0.111
413 061 12,933.841 —-0.036 189 10 200 12,267.551 0.049 12103 310 15,298.892  —-0.026
422 061 13,095.518 0.001 1349 201 13,052.721 -0.041 14312 310 14,588.529  -0.015
432 061 13,342.05 —0.009 1579 201 14,005.593  -0.075 17314 310 15,807.947 -0.034

The spectrum contains transitions from 136 bands, of which 45
contain only a single transition. Table 1 shows a summary of the
main bands observed in this spectrum. Only about 20% of the ob-
served lines involve transitions from the vibrational ground state
with most corresponding to hot bands. Transitions involve a large
number of rotational states with J up to 27.

Table 2 presents our newly determined energy levels. Differ-
ences between these and the values predicted by the POKAZA-

TEL line list are also given. The small value of these differences
and their smooth behaviour within a given vibrational state lends
confidence to our new assignments. Note that these energy levels
are derived from measurements made at atmospheric pressure and
therefore will include small contributions due to the pressure shift.
For comparison, Zobov et al. [15] analyzed a hot emission spec-
trum recorded using an oxy-acetylene welding torch and a Fourier
transform spectrometer. In the 6250 - 6670 cm~! region consid-
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ered here that spectrum contains a similar number of lines to the
current one, albeit line positions were only determined to about
0.02 cm~1. Zobov et al. give 840 line assignments in this region
which can be compated with 2937 here. This means that more
than 70% of the line assignments given here are actually new.

6. Conclusion

A near-infrared absorption spectrum of water recorded in a
flame at 1950 K using cavity-enhanced optical frequency comb-
based Fourier transform spectrometer is shown to be a rich source
of information on water transitions. About 85% of the lines ob-
served in the spectral region 6250-6670 cm~' are assigned using
both previous information on empirical energy levels and by com-
parison with a new, variational line list. Many of the experimental
lines are assigned to multiple transitions. The majority of the as-
signed lines are actually associated with hot bands. These new data
will form part of the input for the update of MARVEL energy levels
for H, 160, which is currently in progress [30].
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