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Emission spectrum of hot HDO below 4000 cm1q
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Abstract
Fourier transform emission spectra were recorded using a mixture of H2 O and D2 O at a temperature of 1500 °C. The spectra
were recorded in three overlapping sections and cover the wavenumber range 1800–3932 cm1 . This spectrum is analyzed together
with a previously reported one spanning the 380–2190 cm1 range [Parekunnel et al., J. Mol. Spectrosc. 101 (2001) 28]. This analysis
leads to 4409 newly assigned HDO emission lines. This work particularly extends data on the (200) and (120) states of HDO for
which newly determined energy levels are presented.
Ó 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction
There have been a number of recent signiﬁcant advances in the study of the spectrum of water [1]. In
particular the use of laboratory emission spectroscopy
[2] has yielded a large number of new lines which, when
combined with absorption spectra recorded in sunspots,
has yielded a wealth of new data on hot H2 16 O [3–8].
Signiﬁcantly less attention has been paid to the
spectrum of HDO, particularly that of hot HDO.
However HDO is an important species in its own right
for reasons as diverse as the study of D/H ratios in
various locations in the Universe to tests of the failure of
the Born–Oppenheimer approximation, where the symmetry breaking eﬀect of single deuteration is expected to
be strongest [9]. Recently, in a paper henceforth referred
to as I [10], we reported the observation and assignment
of the ﬁrst emission spectrum of hot (T ¼ 1500 °C)
q
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HDO. This spectrum spanned the 380–2190 cm1 region. In the present work we report on a new HDO
emission in the 1800–3932 cm1 region. Since this spectrum overlaps our previously reported one and since the
assignment of new transitions leads to further new assignments, we report here a combined analysis of both
spectra which therefore cover the range 380–3932 cm1 .
Most of this region has been the subject of a recent
detailed study at room temperature by Toth [11].

2. Experimental details
The hot HDO spectrum was recorded in November
1997 at the University of Waterloo with a Bruker IFS
120 HR Fourier transform spectrometer. The spectrometer was operated with a KBr beamsplitter and an
InSb detector. A longwave pass ﬁlter at 4000 cm1 was
used. Forty scans were co-added at a resolution of
0.01 cm1 . A CaF2 window was used on the emission
port of the spectrometer. The water vapor was heated in
the center of a 1.2 m long, 5 cm diameter alumina tube
sealed with cooled CaF2 windows. The tube was placed
inside a furnace and heated to 1500 °C. A slow ﬂow
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Fig. 1. Sample portion of the hot HDO emission spectrum. Line assignments are for HDO transitions. Starred lines are due to D2 O.

of water vapor was maintained through the cell at a
pressure of 2.5 Torr. An equimolar mixture of H2 O and
D2 O was used to provide the vapor. The thermal emission from the cell was focused into the emission port of
the spectrometer with a parabolic mirror.
The lines were measured with the WSpectra program
of M. Carleer and have an estimated accuracy of
0:001 cm1 for strong unblended lines. The spectrum
was very dense with H2 O, HDO, and D2 O lines present.
A sample portion of the spectrum, with the line
assignments discussed below, is presented in Fig. 1.
Lines were found throughout the 1800–3932 cm1
region. Because a substantial fraction of the lines in this
spectrum are actually due to H2 O, it was calibrated
against a previously reported hot water scale in this
region [6,7]. A similar spectrum, not analyzed here,
was recorded for fairly pure D2 O which allowed us to
identify lines associated with emission of D2 O.

3. Line assignments
Our previous study, I, of hot HDO covered the 380–
2190 cm1 range. Because both the high end of this
range overlaps the present spectrum and the stretching
fundamental bands straddle the spectrum, we chose to
analyze both together. The 380–2190 cm1 region spectrum analyzed previous was merged with the present
spectrum in the 1800–2190 cm1 region to give a total of
23 200 lines. The ﬁle containing these lines is given in the
supplementary data.
The ﬁrst step in our analysis is to identify those lines
belonging to HDO emission. In our experimental linelist, 3515 lines could be identiﬁed as belong to H2 O and a
further 5357 lines as belonging to D2 O by comparison
with published hot emission spectra of H2 O and unpublished D2 O spectra. Lines were identiﬁed as H2 O or
D2 O by matching both frequency and intensity. This is
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because the line density of the spectra is such that inevitably some HDO lines coincide with lines from the
other isotopomers. Particularly for the case of D2 O
spectrum this comparison is not always clear cut since
the spectrum of D2 O actually contains HDO lines and
there are also many blended lines. In our analysis we
emphasized the HDO transitions; a signiﬁcant number
of the lines we analyzed as HDO are actually blended
with lines of H2 O or D2 O.
A similar, separate analysis was conducted for the
2190 –3932 cm1 region for which spectra of hot HDO
have not been reported previously. This region
contained a total of 8456 lines; we identiﬁed 3069 as
belonging to hot D2 O emissions and 998 lines as
belonging to hot H2 O emissions.
The next step in our analysis was to try and make
ÔtrivialÕ assignments using known HDO rotation–vibration energy levels. For this purpose the energy levels for
the various HDO vibrational states of interest here with
low J and Ka values reported by Toth [11–14] and others
[15–17] were augmented by higher levels for these states
and levels for (040) reported by us in I. Six thousand
four hundred and thirty HDO transitions were assigned
in the 380–2190 cm1 region in I; a further 716 lines in
the augmented spectrum in this region were given trivial
assignments in this region as part of this work. One
thousand eight hundred and ﬁfteen in the not previously
analyzed 2190–3932 cm1 region were assigned trivially.
To identify transitions involving previously unobserved energy levels in the system it was necessary to use
variational predictions to aid the assignment process.
There is no linelist available to us for hot HDO, but
Partridge and Schwenke [18] have computed a room
temperature linelist with states extending to energies
about 8000 cm1 above the ground state. This linelist
was transformed to a temperature of 1800 K using
Boltzmann statistics. This list was augmented with energy levels for HDO states with higher rotational excitation provided by Schwenke. These levels could be used
to help follow obvious sequences of transitions but the
lack of intensities made them unsuitable for assigning
completely new bands.
Having eliminated trivial assignments and other
isotopomers from our list of transitions, the unassigned
lines were analyzed using a computer program. Candidate
transitions were identiﬁed using the variational linelist
and then conﬁrmed, or discarded, by the presence or lack
of the appropriate combination diﬀerence transitions. In
this way we were able to identify numerous new transitions involving known vibrational states. Our new spectra
are particularly rich in transitions involving one change in
the stretching quantum numbers.
In the 380–2190 cm1 region we have assigned a
further 626 transitions involving states for which at least
one energy level was not previously known. This means
that in this region a total of 1342 newly assigned HDO
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Table 1
Summary of newly assigned HDO energy levels
State

Origin (cm1 )

a

b

(000)
(010)
(020)
(100)
(001)
(030)
(110)
(011)
(040)
(120)
(200)

0.00
1403.48
2782.01
2723.68
3707.47
4145.47
4099.96
5089.54
5420.04

119
281
253
216
186
168
178
42
48
13
14

348
154
72
96
46
74
36
32
8
11
44

5363.83

c

Total
9
2

2
19
2
2
5

1

467
435
325
312
232
242
214
74
56
24
58

a, New energy levels conﬁrmed by combination diﬀerences. b, New energy levels not conﬁrmed by combination diﬀerences. c, Energy levels which
diﬀer from previous compilations.

transitions can be added to the 6430 transitions assigned
in I. In the higher 2190–3932 cm1 region, 1252 transitions were assigned to states with new energy levels.
The ﬁle containing the experimental transitions given
in the supplementary data has lines identiﬁed as belonging to H2 O or D2 O, where appropriate, and gives
our line assignments for HDO transitions. In the newly
analyzed region, 2190–3932 cm1 , over 85% of the
transitions have been marked in this fashion. Only
about 65% of the transitions have been so marked in the
lower wavenumber region. This is because there are
signiﬁcant portions of this region for which data on the
emission of hot D2 O are not available.
Table 1 gives a breakdown of the 2439 newly assigned
energy levels for HDO. Trivial assignments were also
made to other states not listed in the table, such (021),
(101), (002), and (210), using known data [14,17]. The
tables distinguish between levels to which more than one
transition has been assigned, and which are therefore
conﬁrmed by combination diﬀerences, and those for
which only a single transition has been observed. The
latter assignments must be considered less secure. We
note that the presence of the many H2 O and D2 O lines
in the spectrum makes it diﬃcult to conﬁrm assignments
using combination diﬀerences. As noted in the table our
analysis suggests that for 42 levels the data given in
previously published tabulations is not correct.
Analysis of our new infrared emission spectrum has
allowed us to determine many new energy levels for
states involving stretching excitations, in particular
(100), (001), (110), (011), (120), and (200). These new
levels are tabulated in the electronic archive. This compilation augments that given in I which largely covered
states with bending excitation.
4. Conclusions
Emission spectra recorded in a mixture of H2 O and
D2 O have been analyzed together to give a list 31 656
lines. Of these lines, 10 839 have been assigned to tran-

sitions of HDO; the majority of the remaining lines have
been identiﬁed as belonging to emissions of H2 O or D2 O
by comparison with emission spectra of the species. The
new assignments have allowed us to build up a signiﬁcant dataset of HDO energy levels which are available
both for further spectral analysis and to provide a rigorous test of theoretical models.
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