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Pure rotational spectra of 16O isotopic species of H2O, HDO, and D2O were measured with a high-resolution
Fourier-transform spectrometer in order to obtain better calibration line positions for high-resolution spec-
troscopy. The number of assigned lines for HDO was ,380 and for H2O it was ,310 between 170 and
500 cm21. For D2O, ,220 lines in the 110–420-cm21 region were assigned. The calibration was performed
with the highly accurate n2 band of carbonyl sulfide.  1995 Optical Society of America
1. INTRODUCTION

The extent of the pure rotational spectrum of water vapor
is large, and water vapor lines are almost always present
in far-infrared measurements. This makes it feasible
to use water vapor in the calibration procedure of far-
infrared spectra. However, there is one problem in using
H2O lines for calibration. Water vapor is everywhere in
the spectrometer: this causes a small dispersion effect in
Fourier spectrometers and H2O lines are often too strong.
In our earlier works with water we found that H2O line
shapes are a bit asymmetric when the phase of a spec-
trum has been adjusted with absorption lines of a linear
molecule by using the method described in Ref. 1. When
peak positions in the wave-number scale are calculated,
assuming that the lines are symmetrical, there will be er-
rors in H2O line positions. We started this work with an
idea that by using D2O or HDO lines in calibration one
can avoid this problem because these molecules will not
be present in a spectrometer tank. However, by carefully
examining this measurement, we have found the same
kind of differences by comparing symmetries of the line
shapes in the D2O and the HDO spectra with those of
the carbonyl sulfide (OCS) n2 band. So it seems that the
reason for different symmetries cannot be caused by the
dispersion effect. It may be typical for a water spectrum.
In this paper we cannot give an answer to this question,
but we have estimated error limits that are due this effect
and, knowing these limits, we can use measured lines for
calibration purposes.

A high-resolution Fourier-transform spectrum of pure
rotation of natural water was measured by Kauppinen
et al. in 1978. Later Johns3 made a more accurate mea-
surement with higher resolution by using isotopically
enriched samples, but the spectra were extended for
H2O to 350 cm21 and for D2O to 220 cm21 only. Kaup-
pinen et al. used certain selected water vapor lines to
calibrate their spectra. Johns used, in addition to wa-
ter vapor lines, some lines of diatomic molecules. All
the calibration lines used by Johns were below 200 cm21.
Guelachvili and Narahari Rao4 have included two sections
of pure rotational spectra of H2O in their Handbook of In-
frared Standards. According to the references given in
0740-3224/95/101813-26$06.00 
Ref. 4, the first section is essentially included in the paper
by Johns.3 The second section (lines of H2

16O between
500 and 720 cm21) was recorded by J. Kauppinen and
V.-M. Horneman in Oulu and is published in Ref. 4 only.

When accomplishing our recent work5 on HCCI we ob-
served that, especially in the region above 300 cm21, line
positions of the water vapor spectrum were not known ac-
curately enough to be used in the calibration of modern
high-resolution spectrometers. Also, the accurate deter-
mination of the band center of the n2 band of OCS near
520 cm21 (see Ref. 6) gives a good possibility of transfer-
ring the calibration from the higher wave-number side to
the water spectrum. In previous water works, the cali-
bration was based on either calculated water-vapor peak
positions or on lines in the lower wave-number part of
the spectrum.

In an ideal Fourier spectrometer, the calibration of
the wave-number scale can be illustrated by a rubber
band with one end (the origin) fixed and the other end
stretched to give the proper length. Mathematically this
is expressed by the determination of the constant k in

n  knc , (1)

where nc is the calculated wave number and n is the ac-
tual wave number. According to this procedure, wave
numbers above the calibration lines are extrapolations,
whereas wave numbers below the calibration lines are
interpolations. Thus it should be more accurate to se-
lect calibration lines that are above the sample spectrum
rather than below it.

When this work was started we also planned to per-
form least-squares fits to derive accurate values for the
molecular constants of D2O and HDO. Recently Toth7 – 9

made this calculation by using the spectra of the
(010)–(000) bands together with rotational spectra in the
literature. Our data set is rather limited (only a part of
the rotational spectrum is used), and if we use it alone,
we hardly get a better set of molecular constants than
those given in the literature. We believe that making a
thorough fitting would be a matter of a separate work.
Our measurements are more accurate than previous ones,
especially in the wave-number region between 300 and
500 cm21. Therefore it is worth publishing the results
1995 Optical Society of America
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without fitting. By doing so we are offering somebody
the possibility of making the refitting. At this moment
we are not planning to do it ourselves.

2. EXPERIMENTAL DETAILS
A Fourier spectrometer, IFS 120 HR, made by Bruker,
was used for the measurements. A White-type cell
that gives an absorption path length of 3.2 m was filled
with a mixture of H2O, D2O, and HDO to a total pres-
sure of 50 Pa (0.35 Torr), and then 50 Pa (0.35 Torr) of
OCS was added for calibration. It is difficult to give
the exact partial pressures of the isotopomers H2

16O,
D2

16O, and HD 16O because there is always some resid-
ual amount of natural water present in the cell. The
cell with white polyethylene windows was at room
temperature (295 K). Experimental conditions were
kept constant, and a total number of 370 scans were
recorded to get the signal-to-noise ratio as high as pos-
sible. When a bolometer detector is used, a measur-
ing period of ,2 weeks is needed. Parts of the H2O
lines in our spectrum are too strong, but this was not
taken to be a serious problem because the emphasis
was on D2O and HDO lines. The lower wave-number
limit was set to ,100 cm21 by the 3.5-mm Mylar beam
splitter that was used. The upper limit, ,600 cm21,
was due to the bolometer cold filter. Lines above the
Q branch of the n2 band of OCS were not taken into
consideration.

Interferograms were collected in six packages, which
were transformed separately into spectra, and then the
sum spectrum was calculated and calibrated by the use
of the lines of OCS. In the calibration more than 100
lines were used to determine the calibration constant
k in Eq. (1). The signal-to-noise ratio in the best part
of the spectrum was ,100 with a spectral resolution of
,0.0025 cm21. Two small sections of the spectra are
shown in Fig. 1. The isotopic species responsible for each
line is shown, but no detailed assignments are given. A
second spectrum with a different ratio between the pres-
sures of H2O and D2O was measured to verify the isotopic
assignments.

3. LINE ASSIGNMENTS
The energy levels tabulated by Toth7 – 9 were used to cal-
culate the wave numbers for the allowed transitions. Se-
lection rules used for the C2n species were10

DJ  0, 61; DKa  61, 63, . . . ;

DKc  61, 63, . . . . (2)

For HDO an additional class of transitions is possible
according to

DJ  0, 61; DKa  0, 62, . . . ;

DKc  61, 63, . . . . (3)

Although the species that contain the isotopes 18O and
17O are not considered in this work, the wave numbers for
the allowed transitions were calculated for D2

18O, HD18O,
and HD17O from the energy levels given by Toth8,9 and for
H2
18O and H2

17O given in Ref. 11. These data were used
only to verify the assignments, and no tables for observed
peak positions are given.

Standard Bruker’s procedures were used to calculate
the peak positions in the experimental spectrum, and a
computer program was written to pick the peaks that cor-
responded to allowed transitions. Only a few lines were
left unassigned in the spectrum. These were expected to
belong mainly to the rotational transition in the excited
vibrational states.

4. RESULTS AND DISCUSSION
Peak positions of the observed transitions of H2

16O,
HD16O, and D2

16O are given in Tables 1, 2, and 3, re-
spectively. Also given are the assignments, the values
for the calculated transitions, and the differences between
the observed and the calculated values. The values mea-
sured by Johns,3 or in some cases those of Kauppinen
et al.,2 with the differences between the present values,
are given for comparison.

For H2
16O and HD16O, Tables 1 and 2 cover the re-

gion from 170 to 520 cm21. The lines below 170 cm21

are not tabulated because our results did not differ sig-
nificantly from the results of Johns.3 The situation is
the same with the H2

16O lines above 500 cm21, which are
given in Ref. 4. For D2

16O the observations of Johns3

end near 200 cm21, and to provide reasonable overlap-
ping, Table 3 was extended as low as 110 cm21. More
than 80 new transitions were assigned to D2

16O, mostly
above 220 cm21. For HDO the amount of new lines was
even higher, ,300. This is due to the fact that the sam-
ple cell used by Johns3 was only 15 cm long, and he did
not even try to record weak lines.

Figure 2 illustrates the compatibility of the observed
line positions (O) and those calculated (C) from the en-
ergy levels given by Toth.7 The average of the O 2 C
values is not 0. When data that differed by more than
0.001 cm21 were rejected, the average of 236 observations
was 0.00011 cm21 and the rms value was 0.00027 cm21.
As can be seen from Fig. 2 the deviation from 0 tends to

Fig. 1. Two sections of the experimental spectra. Experimen-
tal conditions: absorption path length, 3.2 m; sample pressure,
50 Pa (0.35 Torr) for a mixture of H2O, D2O, and HDO and
50 Pa (0.35 Torr) of OCS; room temperature, 295 K. Isotopic
species that produced the various absorption lines are shown. O
without a superscript means 16O and 010 means the rotational
transition in the excited vibrational state n2  1.
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Table 1. Absorption Peaks (in Reciprocal Centimeters) Assigned to
the Pure Rotational Transitionsa of H2

16O Between 170 and 520 cm21

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 1. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)



R. Paso and V.-M. Horneman Vol. 12, No. 10 /October 1995 /J. Opt. Soc. Am. B 1817
Table 1. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 1. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 1. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 1. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 1. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 1. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

aThe first six columns give the assignment of the transition. Calc is the value of the transition (in reciprocal centimeters) calculated from the energy
levels given by Toth.7 – 9 Obs. stands for the observed peak position. The observed value is missing if the line was too strong in the spectrum. O 2 C
represents the difference (observed 2 calculated) 3 106 cm. Lit stands for the decimal part of the observed values obtained by Johns3 and those above
350 cm21 obtained by Kauppinen et al.2 The last column, O 2 L, gives the difference (observed 2 literature3 values) 3 106 cm.
Table 2. Absorption Peaks (in Reciprocal Centimeters) Assigned to the
Pure Rotational Transitionsa of HDO Between 170 and 520 cm21

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 2. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 2. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)



R. Paso and V.-M. Horneman Vol. 12, No. 10 /October 1995 /J. Opt. Soc. Am. B 1825
Table 2. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 2. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 2. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)



1828 J. Opt. Soc. Am. B/Vol. 12, No. 10 /October 1995 R. Paso and V.-M. Horneman
Table 2. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 2. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 2. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 2. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

aSee the footnote of Table 1 for the definitions of the columns. The literature values marked with an asterisk (*) are taken from Ref. 1.
Table 3. Absorption Peaks (in Reciprocal Centimeters) Assigned to
Pure Rotational Transitions a of D2

16O Between 110 and 420 cm21

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 3. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 3. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 3. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 3. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

(Table continued)
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Table 3. Continued

J 0 Ka
0 Kc

0 J 00 Ka
00 Kc

00 Calc Obs O 2 C Lit O 2 L

aSee the footnote of Table 1 for the definitions of the columns.
increase when the wave number increases. At 500 cm21

the average value is approximately20.000017 cm21.
The result that the averageO 2 C value is negative
and not 0 is statistically significant because the stan-
dard error was ,0.00017 cm21. The uncertainties of the
energy levels given by Toth7 increase when J and espe-
cially Ka increase. The corresponding increase in the
O 2 C values could be observed, but it seemed not to be
so remarkable that it could exclusively explain the large
scattering of the O 2 C values in Fig. 2.

In Fig. 3, line positions of this paper (O) are compared
with the values obtained in the literature (L) by Johns.3

The scattering of the O 2 L values is of the same order
as that in Fig. 2. The average value of 62 observations
was 20.00020 cm21, and the rms value was 0.00034 cm21.
At higher wave numbers the differences between our line
positions and those of Johns became greater. With a lin-
ear least-squares fit, a value 20.00046 cm21 was obtained
at 330 cm21.

Between 350 and 500 cm21 there are, in the literature,
the line positions given by Kauppinen et al.2 only. When
comparing the line positions of the present work with
those of Kauppinen et al.2 we observe that the scattering
of the O 2 L values is much greater. This is due to the
lower resolution in Ref. (2). The rms value was found
to be ,0.0019 cm21, but the average deviation was not
greater than that in Fig. 3.

The accuracy of the calibration procedure was studied
by Horneman et al.,12 who used the n1 and 2n2 bands of
OCS as examples. According to their results (see Fig. 1
of Ref. 12) the internal consistency of the lines within
a single absorption band of a linear molecule is much
better than 0.0001 cm21. The maximum deviations in
Fig. 1 of Ref. 12 were approximately 100 3 1026 cm21,
and in Figs. 2 and 3 of this paper they are approximately
1000 3 1026 cm21. A pure calibration factor is not ad-
equate to explain the scattering of the points in Figs. 2
and 3. Dispersion effects mentioned in Section 1 may
produce part of the variation in the case of H2O because
the error depends on the absorption strength of the line.
However, if plots similar to those of Fig. 2 are made for
D2O and HDO, similar figures are obtained, and so it
seems that the dispersion effect is not the main problem
with H2O. This can also be estimated in another way.
During the measurements the total pressure in the spec-
trometer tank is ,0.02 Torr and the tank is continuously
pumped. If we assume that the gas leaking to the tank
contains the component gases of air in a normal ratio,
then no more than 10% of the leak is water, and the ratio
between the absorption in the cell and in the moving mir-
ror arm is ,1000. This is much greater than the signal-
to-noise ratio in our measurements, so we believe that
the absorption in the moving mirror arm is not a serious
problem.

The average difference between our line positions and
those of Johns3 is smaller in lower wave numbers, where
the calibration lines used by Johns were made, and in-
creases to higher wave numbers, where the calibration
of our measurements were made. This can be partially
explained with line-shape differences between the water
and the OCS lines, as we show below in this section. But
this also indicates that the extrapolation in calibration in
Johns’ work has caused some errors to line positions.

To estimate accuracy of the wave numbers in the OCS
2n2 work,12 the Bruker method for calculating peak posi-
tions was compared with the center-of-gravity method,6

Fig. 2. Differences between the observed (O) and the calculated
(C) wave numbers of the absorption peaks of H2

16O as functions
of wave number. The observed line positions are from this work,
and the calculated line positions were derived from the energy
levels given by Toth.7
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Fig. 3. Differences between the observed line positions of this
work (O) and the observed literature values (L) taken from Ref. 3
of H2

16O as functions of wave number.

which has been used previously in our accurate mea-
surements for standard purposes, for example, in those
produced for the Handbook of Infrared Standards.4 The
Bruker method was found to be at least as accurate
as the other one. That is why we can also use the
standard Bruker method safely in this work. We can
also use the estimate jDnj  dnyq (signal to noise) of
the center-of-gravity method6 as the error limit in cal-
culating peak positions. In the formula, dn  FWHH
(full width at half-height) of the line and q is a fac-
tor that depends on the line shape [2.8 for the Lor-
Sinc (sinc convoluted by a Lorenzian) line shape], which
is in this connection a sufficiently good estimate for the
line shape in the high-resolution spectrum). For well-
separated single lines with an absorption of ,50%, the
signal-to-noise ratio is 50, dn  0.0025 cm21, and the er-
ror limit is jDnj , 18 3 1026 cm21.

In this work, the phase error in the spectrum was esti-
mated by the calculation of symmetries of the measured
line shapes. The symmetries of ,340 lines were ana-
lyzed. An interesting effect, which we have also noticed
in our earlier H2O measurements, was found with these
calculations. The symmetry of H2O lines in the same
wave-number region is a little bit different from the sym-
metry of the OCS lines. Having no other explanation
of this, we used to think that this is caused by the dis-
persion effect that is due to H2O vapor, which is always
present in the spectrometer tank. But in one measure-
ment, D2O, HDO, and H2O lines had the same symmetry
but differed from the OCS lines in the same wave-number
region and for equally strong peaks. At this time we
have no explanation for this difference. This would be
worth another investigation. Nevertheless we can take
this difference in line symmetries as a phase error and es-
timate the corresponding error in line positions with the
method described in the dissertation of Horneman.6 By
simulation we could find the error in line positions caused
by the different phases in the OCS and the water (H2O,
D2O, HDO) lines, which increased in wave numbers as
Dn  n 3 0.188 3 1026 cm21. So we can say that this
error is smaller than 47 3 1026 cm21 in the region below
250 cm21 and smaller than 94 3 1026 cm21 in the region
below 500 cm21.

We have not found any detailed broadband investiga-
tions of the pressure shifts of the pure rotational lines of
water vapor. Recently Markov13 made a study of a sin-
gle line in the far infrared. According to his results, the
pressure self-shift is ,0.000012 cm21yTorr. The results
obtained from the vibration–rotation spectra in the in-
frared are of the same order in magnitude.14 – 17 Accord-
ing to the results of these papers, it seems that the pres-
sure shifts in this paper is smaller than 4 3 1026 cm21,
which is clearly below the accuracy limit caused by the
signal-to-noise ratio and the resolution in this measure-
ment.

The calibration of the OCS n2 band has been checked18

with the help of the accurate 2n2 band,12 so the absolute
accuracy of the calibration OCS band is believed to be
better than 11 3 1026. Taken all together, the most im-
portant errors in this case are those caused by the differ-
ent line-shape symmetries between the calibration source
and the water lines, the error in calculating peak posi-
tions, the error in the calibration source, and the possible
error caused by the pressure shift. By adding all these
effective errors in the way described by Horneman,6 we
can say that the absolute accuracy of the well-separated
single lines is better than 134 3 1026 cm21 in the wave-
number region below 500 cm21. In the lower region be-
low 250 cm21, accuracy is better than 78 3 1026 cm21.
Of course one must remember that in a water spectrum
there are many too strong and overlapped lines for which
the accuracy is not so good. Its is worth noting that
the error is biggest unexpectedly in the region of the
calibration spectrum. The reason for this is the differ-
ent symmetry of line shapes between the calibration and
the water spectrum.

As a conclusion, we believe that the peak positions
of Tables 1–3 of this paper are more accurate than the
previous values given in the literature, especially those
between 300 and 500 cm21, because the calibration condi-
tions, signal-to-noise ratios, and the resolutions were bet-
ter in our work. With the line-shape analysis described
above, we have been able to estimate the absolute accu-
racy of the measured lines rather reliably. On the other
hand, when water is used for calibration, the calibration
should not be based on one or two lines. A sufficiently
large amount of lines should be taken in order to average
out the random variation.
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