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Abstract—Fourier transform spectra of 18O-enriched, 17O-enriched, and natural water vapor
recorded between 9600 and 11 400 cm~1 have been analyzed to assign the H

2
17O spectral lines.

More than 1000 transitions were finally assigned to the H
2
17O isotopic species leading to 420

precise experimental energy levels of the (0 0 3), (2 0 1), (1 2 1), (1 0 2), (3 0 0), (2 2 0) vibrational
states. Rotational, centrifugal distortion, and resonance coupling parameters have been derived
from the fit of the experimental energy levels to an effective Hamiltonian based on Padé—Borel
approximants well suited to describe the large centrifugal distortion in H

2
O. The resulting rms

deviation is 0.013 cm~1 with 97 varied parameters. ( 1999 Elsevier Science Ltd. All rights
reserved.

1 . I N T R O D U C T I O N

Water vapor plays an important role in atmospheric absorption and precise information on line
positions and line strengths of the water molecule and its main isotopic species is needed for proper
modelling of atmospheric spectra.

This paper is a continuation of the experimental and theoretical analyses of the H
2
16O, H

2
17O

and H
2
18O spectra in the near IR region. The second decades of interacting vibrational states of

H
2
18O and H

2
16O have been considered in Refs. 1 and 2, respectively, and the corresponding

spectral region (11 500—12 840 cm~1) has been analyzed, leading to the determination of an extensive
set of precise rotational energy levels for the (2 1 1), (1 3 1), (0 1 3), (1 1 2), (3 1 0), (0 3 2), (2 3 0)
vibrational states of both species. In Ref. 3 the transition moment parameters for the second decade
of H

2
16O have been determined from the fit of experimental intensities. Both energy levels and line

intensities were accurately modeled in Ref. 4 for the first decade of interacting states of H
2
18O. The

present work extends the analysis to the first decade 3l of interacting vibrational states of H
2
17O in

the 9711—11 335 cm~1 region.
The H

2
17O isotopomer has been recently investigated in the 6.2 lm region5 where (0 0 0) and

(0 1 0) rotational energy levels have been reported. The first hexad of the interacting vibrational
states in the 6600—7640 cm~1 region has been considered in Ref. 6. The present work deals with the
highest vibrational states of H

2
17O so far analyzed.

2. SPECTRUM ASSIGNMENT AND RESULTS

The 18O-enriched, 17O-enriched, and natural water vapor spectra were recorded using the
Fourier transform interferometer built by J.W. Brault at the National Solar Observatory (Kitt
Peak, AZ). The experimental procedure and data reduction have been already outlined in Refs. 7
and 8.

-To whom all correspondence should be addressed.

795



Theoretical analyses of the first decades of H
2
18O and H

2
16O4,9 were used for the analysis of the

H
2
17O spectrum and for the determination of spectroscopic parameters. Averages of the corres-

ponding H
2
18O and H

2
16O band centers and rotational parameters were taken as an initial

approximation for the H
2
17O spectroscopic parameters. Higher order centrifugal distortion con-

stants and resonance coupling parameters were fixed (in a first step) to the corresponding H
2
18O

values.
For identification purposes, experimental intensities were determined for all spectral lines from

peak absorption values (using the method proposed in Ref. 10) with uncertainties varying from 5 to
25% according to the line. The mean value of the water vapor self broadening coefficient was taken
as 0.45 cm~1 atm~1.

The process of spectral line identification was performed simultaneously with the refinement of
spectroscopic parameters from the fit of the observed energy levels. In this way reasonably precise
predictions for extending the analysis to higher J values are made. Line assignments were addition-
ally checked using observed and calculated intensities, assuming transition moment parameters for
H

2
17O equal to those of H

2
18O.4 Finally this procedure yielded 420 precise experimental energy

levels values for eight vibrational states of the decade with maximum values of the rotational
quantum numbers J"14 and K

!
"7. These levels are presented in Table 1 along with the

observed!calculated deviations, the number of lines used in the energy level determination and the
root-mean square experimental uncertainties when there was more one line reaching the same upper
level. Ground state experimental rotational energy levels from Ref. 5 were used in the calculation of
the upper states energies. The statistical uncertainty d on the observed energy levels appearing in
Table 1 does not include any absolute wavenumber calibration error (estimated to be less than
0.005 cm~1).

More than 1000 lines were assigned as H
2
17O transitions in the 9711—11335 cm~1 region. This

line list is presented in Table 2. It contains the experimental wavenumbers and calculated intensities
followed by the vibro-rotational assignments.

Rotational, centrifugal distortion and resonance coupling parameters obtained from the fit of the
energy levels are given in Table 3 along with 65% confidence intervals. Some parameters (without
error intervals) were fixed to the corresponding H

2
18O values.4 The quality of the fit is characterized

by a rms deviation of 0.013 cm~1 for 97 varied parameters.

3. THEORETICAL MODEL USED AND FITTING DETAILS

The vibration—rotation Hamiltonian is written as

H" +
vv@|!

D vTH
vv@

Sv@D, (1)

where !"M(0 0 3), (1 0 2), (2 0 1), (3 0 0), (0 2 2), (1 2 1), (2 2 0), (0 4 1), (1 4 0), (0 7 0)N. The vibrational
statue (0 7 0) is formally belonging to the second decade of resonating states but should also be
included in the calculation because it is close energy to the highest states of the first decade. The
(0 6 0) state which should formally appear as a member of the polyad ! is not included here since its
vibrational energy is rather far from the next lowest vibrational state of the decade i.e. (1 4 0). In this
condition, the (0 6 0) rotational levels (at least for the set of J or K

!
values covered in room

temperature spectra) are not perturbing the levels of the other states of the first 3l decade (see text
below). In fact the (0 6 0) levels9,11 have to be considered as perturbing the levels of the second hexad
2l#d, as (0 7 0), formally a member of the 3l#d decade, is perturbing the levels of the first decade.

Because the polyad considered here is involving the highly excited bending states (0 7 0), (1 4 0) and
(0 4 1), strong centrifugal distortion effects are to be taken into account. This is done by using the
Padé—Borel approximation method12 where the matrix elements of the H

vv
operator in the D jkT basis

are given by
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Table 1. The experimental energy levels of the first decade of H
2
17O molecule

H
2
17O spectrum between 9711 and 11 335 cm~1 797
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H
2
17O spectrum between 9711 and 11 335 cm~1 799



d"statistical observed energy error. N"number of lines used to determine the level.
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Table 2. H
2
17O absorption spectrum in the 9711—11 335 cm~1 region

H
2
17O spectrum between 9711 and 11 335 cm~1 801
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H
2
17O spectrum between 9711 and 11 335 cm~1 803
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H
2
17O spectrum between 9711 and 11 335 cm~1 805



806 C. Camy-Peyret et al



H
2
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Table 3. Band origins, rotational, centrifugal distortion and resonance coupling constants for the vibrational states of
the first decade of the H

2
17O molecule (in cm~1)

H
2
17O spectrum between 9711 and 11 335 cm~1 809
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The integrals in Eqs. (2) can be estimated in the following way:

S jkDH
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D jkT"E
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where Ei(!x)"!:=
x

e~tt~1 dt is the exponential integral.
The same evaluation takes place for the S jkDH

vv
D jk$2T matrix elements replacing c

n
by b

n
. It

should be stressed that the rotational and centrifugal distortion constants in Eqs. (3) and (4) have
their usual meaning as accepted in the literature on asymetric rotors in the A-representation.

The resonance couplings were taken into account by appropriate rotation—vibration operators
(off-diagonal operators with respect to v) for the Fermi-type, Darling—Dennison-type and other
anharmonic-type interactions.
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or for the Coriolis-type interactions:
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As for the first decades of H
2
16O and H

2
18O, a new type of resonance, the so-called HEL-

resonance11 where HEL stands for ‘highly excited local’, has been taken into account. These
resonances are coupling levels of the (2 2 0), (0 0 2), (1 2 1) vibrational states of the first decade with
levels of the highly excited bending state (0 7 0) formally belonging to the second decade.

The fitting procedure for the first decade of H
2
17O states was made much easier by using the

results previously obtained from the fit for H
2
18O.4 Parameters for the (0 4 1), (1 4 0), (0 7 0) and

(0 2 2) states, which are dark states in the present analysis, were initially fixed to the H
2
18O values.

This resulted in a more stable and rapid fitting process. It has been found that the resonance scheme
for the first decade of H

2
18O is very similar to what is observed for H

2
16O and H

2
18O. In particular,

starting at J"7, the K
!
"0 energy levels of the (1 2 1) vibrational state are perturbed by the K

!
"1

energy levels of (0 7 0). The mixing reaches a maximum of 10% for the level [8 0 8] (1 2 1), but is not
large enough to cause the weak 7l

2
band transitions to manifest. The K

!
"1 levels of the (2 2 0) state

greatly perturbed by (0 7 0) in H
2
16O and H

2
18O have not been observed for H

2
17O due to weakness

of the corresponding transitions. Similar to the H
2
18O case, the (0 6 0) vibrational state does not

affect other members of the decade, at least for the observed energy levels, and this explains why this
particular state was not considered as a member of the polyad.

As for H
2
16O and H

2
18O, numerous resonance perturbations with unobserved dark states are

complicating the fitting procedure. This explains why the (0 0 3) and (1 0 2) vibrational states which
are less perturbed by resonances, show very good observed!calculated values (a few 10~3 cm~1 as
a rule), whereas the residuals for (1 2 1), (3 0 0), (2 0 1) states show clear signs of incomplete modelling
of the resonances with the dark states.

Surprising examples of the intensity redistribution due to resonances and giving rise to observable
transitions, otherwise too weak to be observed, is provided by the [9 5 4] (0 4 1) and [10 3 7] (2 2 0)
energy levels involved in transitions borrowing their intensities from the strong 2l

1
#l

3
and

l
1
#2l

2
#l

3
perturbing partners.

Overall, the fit is rather satisfactory, and, even if the precision of the fit is one order of the
magnitude worse than the experimental precision on line positions, one should not try to increase
unwisely the number of variable parameters. Our goal was rather to achieve a fit which allows one to
get unambiguous assignments of the spectral lines and which provide satisfactory predictions of
unobserved lines.

4 . CONCLUSIONS

The H
2
17O high resolution absorption spectrum in the 9711—11335 cm~1 spectral region has

been properly analyzed using an improved theoretical model taking into account the influence of
dark states. The spectroscopic parameters obtained reproduce the observed 420 energy levels with
an average precision of 0.013 cm~1. About 30% of the experimental energy levels are derived from
single transitions. These results again demonstrate that, when the combination difference method is

H
2
17O spectrum between 9711 and 11 335 cm~1 811



inoperative the correct assignment of highly excited vibro-rotational transitions is only possible if an
adequate calculation of the line positions and intensities is available.
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Note added in proof

A recent calculation of the rovibrational levels of water has been performed by Partrige et al.13
Our experimental energy levels for H

2
17O are in good agreement with these theoretical calculations

(within 0.04—0.09 cm~1 on the average) for all considered vibrational states.
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