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The absorption spectrum of the HDO molecule recorded by intracavity laser absorption spectroscopy in the 14 980–15 3
cm21 spectral region was assigned and modeled in the frame of the effective Hamiltonian approach. The spectrum (496 line
results, mainly, from transitions to the rotational sublevels of the (014) bright state. An important number of transitions
involving the (142) and (0 12 0) highly excited bending states could be identified, borrowing their intensities through
high-order resonance interactions with the (014) state. An original feature shown by the present analysis is that all th
transitions involving unperturbed energy levels of the (014) state are exclusively ofA type, while bothA- andB-type transitions
are observed when the upper states are perturbed by the resonance interactions. One hundred forty-five energy levels of
three interacting states were derived from the spectrum and fitted to the effective rotational Hamiltonian in Pade–Bor
approximants form with 29 varied parameters yielding an rms deviation of 0.038 cm21. A few energy levels are affected by
additional local resonances with perturbers which have been identified. Finally, 48 transitions of the very weak 6n1 band were
assigned and fitted as an isolated band.© 2000 Academic Press
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1. INTRODUCTION

This paper is a part of our study of the HDO near-infra
and visible rovibrational spectrum started in Ref. (1). The
ntracavity laser absorption spectroscopy (ICLAS) techn
as used to record the HDO overtone spectrum bet
3 160 and 17 100 cm21. The part of the ICLAS spectru

between 13 560 and 14 050 cm21 dominated by the 4n3 band
transitions was analyzed in Ref. (1) leading to the detaile
knowledge of the (004) state rotational energy levels struc
(Note that, contrary to the recommendations of IUPAC, we
the traditional labeling of the stretching vibration withn1 and
n3 standing for the OD and OH stretching, respectively.) In
present report, we limited our analysis to the 14 980–15
cm21 spectral region which corresponds to rovibrational t
sitions involving the (014) upper vibrational state. The up
energy region between 15 500 and 17 100 cm21 includes the
tronger (005) transition which was previously investig
2). The analysis of the (005) band showed that the (005)

is isolated, i.e., largely decoupled from the other vibrati
states.

The HDO molecule is a nonsymmetric isotopomer of H2O
with a strongly different ratio between its harmonic frequen
as compared to the parent molecule. This results in a diff
resonance polyad scheme even for low-lying vibrational st
The large difference between the OD and OH stretching
quencies (v1 5 2823.9 andv3 5 3893.40 cm21, respectively

1 On leave from the Institute of Atmospheric Optics, Russian Academ
ciences, Tomsk, 634055, Russia.
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prevents efficient Coriolis-type interaction in the HDO mo
cule and gives rise to a well-isolated sequence of the (0V3)
vibrational states up toV3 5 5. However, we have shown th
the (004) state is slightly perturbed by a local resonance
the (052) highly excited bending state (1).

Little is known about the resonance interactions betwee
HDO rovibrational states. A Hamiltonian taking explicitly in
account both Fermi and Coriolis interactions was set up
triatomic molecules ofCs symmetry and successfully appl
to treat the resonance interactions between the (100) and
states (3) and between the (110) and (030) states (4) of HDO.
The coupling scheme between the (101) and (021) state
investigated in Ref. (5), while the study of the [(210), (050
(130)] triad reveals an unusually strong high-order anharm
resonance between the (210) state and the (050) bending
(6). All these polyads appear to be the consequence o
relationv1 ' 2v2 (2v2 ' 2887.44 cm21), which correspond
to a Fermi-resonance coupling. To our knowledge, no o
treatment of the resonance coupling between higher vibra
states of HDO is available.

The (014) state under study has one additional ben
quantum excited as compared to the (004) state previ
analyzed (1), but this results in drastic changes in the reson
perturbations of the rotational sublevels: the forthcoming
tional analysis shows that all the energy levels withKa 5 0,1
are strongly perturbed. The perturbing partners of the (
state will be assigned with the help of the recent high-a
racyab initio calculations reported by Partridge and Schwe
(PS) (7).
f
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60 NAUMENKO AND CAMPARGUE
2. EXPERIMENT

The experimental apparatus for ICLAS has been previo
described (8). The technical details and a very recent review
the results obtained by ICLAS in the field of overtone sp
troscopy and optical diagnostics can be found in Ref. (9). In the
current experiment, we used a standard standing-wave
laser cavity with a 50-cm cell inserted in the long arm of
cavity. The intracavity sample cell was filled with a 1:1 m
ture of H2O and D2O at a pressure of 13 Torr (94 hPa). T
procedure is assumed to lead to a mixture of H2O:HDO:D2O in
he proportion 1:2:1. The spectra were obtained with a ge
tion time of 80ms corresponding to an equivalent absorp

path length of 12 km. A Rhodamine 590 dye solution was
to record the spectrum between 14 980 and 17 100 cm21.

The spectral resolution of the high-resolution grating s
rograph dispersing the laser spectrum is about 0.03 c21,
close to the Doppler broadening (0.05-cm21 FWHM). The
wavenumber calibration procedure consists, first, of corre
the nonlinearity of the spectrograph dispersion by usin
étalon inserted into the laser beam giving sharp fringes e
distant in frequency. The pixel-to-wavenumber depend
was then linearized for each spectrograph position and
brated absolutely by the use of two reference lines. Lines
to H2O (10) appearing superimposed on the HDO spec
were used as references except in the region below 1
cm21, where we used iodine absorption lines obtained
inserting an iodine cell on the laser beam outside the
cavity. We estimate our wavenumber calibration to be acc

FIG. 1. Comparison of the overview of the stick spectrum of HDO (
km and a total vapor pressure of 13 Torr with the stick spectrum (b) ca
Copyright © 2000 by
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to within 0.01 cm21, as will be confirmed by the ground st
combination differences (GSCD) provided by the rotatio
analysis.

ICLAS is suitable for measuring accurate absorption in
sity without any need of reference (see, e.g., Refs. (9, 11–13)).
It requires, however, a careful study of the dependence of
absorption line intensity on the generation time (8). In the
present study, we used a rough estimation of the line inten
provided by the peak depth of each line. This method lea
relatively strong deviations both for the stronger and
weaker lines which are systematically under- or overestim
respectively. In particular, for the 10% weakest lines,
automatic procedure used for the determination of the ab
tion baseline might lead, in some cases, to a 100% ove
mation of the peak depth. In spite of its limited accuracy,
information will, however, prove to be highly valuable for
spectral identification.

3. THEORETICAL TREATMENT OF THE SPECTRUM

A. The Spectrum Assignment

Overall, 742 absorption lines were measured in the 14 9
15 350 cm21 spectral region. Among them, 233 lines w
attributed to H2O (10). Figure 1 shows an overview of the st
pectrum limited to the HDO lines.
The first step of the assignment process consisted of pr

ng then2 1 4n3 band transitions. The initial set of rotation
and some quartic centrifugal distortion constants for the (

xtracted from the ICLAS spectrum recorded with an equivalent path len
lated with the parameters of Tables 3, 5, and 8.
a) e
lcu
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61ABSORPTION SPECTRUM OF HDO
state was estimated from PS’s energy levels (7), while other
high-order centrifugal distortion constants were constrain
the corresponding values of the (011) state (14). These param

ters were then refined from the fitting to the experime
nergy levels (see below) in parallel with the identifica
rocess. Estimations of the (014) state transition momen
ameters were obtained as in Ref. (15) from the fitting to the
xperimental intensities of several tens of well-isolated ab

ion lines. The synthetic spectrum calculated with the ab
arameters was used in an adaptive program for auto
ovibrational spectra identification built on the basis of
attern recognition theory (16). This program is a sort of expe
ystem which searches for GSCD in the analyzed spectrum
hooses the best variant using several types of inform
eatures as the number of lines reaching the upper leve
ccuracy of the upper energy level determination, the pro

ionality of the observed and calculated intensities, as we
he differences between observed and calculated lines
ions. The assignments of the lines as well as the experim
nergy levels are stored into database which is ren

hroughout the spectrum identification.
The final results of the assignment process detailed

elow are the following: 313 of the measured absorption
hereafter the full number of assigned lines is given inclu

double weight for blended lines with double assignm
ere attributed to transitions involving the (014) upper s
ne hundred transitions related to the (142) and (0 12 0) h
xcited upper states were found as a result of strong reso

nteractions with the (014) state. Furthermore, eight transi
ere assigned as resulting from accidental resonances be

he (014) bright state and the (302), (411), and (062) st
mong about 130 weak absorption lines left to be assigne
f them were finally attributed to the extremely weak 6n1 band
hile 13 lines not included in the HITRAN database w

dentified as being due to H2O. Finally, 72 (about 15%) wea
lines remain unassigned.

To give some idea of the absolute experimental intensiti
the assigned lines, our experimental and calculated re
intensities were normalized to the total HDO absorption in
sity given by Partridge and Schwenke (7) for pure HDO at 29
K for the same spectral region. (Note that only lines reac
rovibrational levels with an energy lower than 15 730 c21

were considered, as this energy is the upper limit of PS’s
list available to us.)

The frequencies of the HDO absorption lines are prese
in Table 1 along with their experimental and calculated in
sities, those provided in Ref. (7) when available, and the
rovibrational assignments. In a few cases, the assignm
only tentative and the corresponding line is preceded byT.

B. Energy Level Fitting

The upper state energy levels were obtained by addin
experimental rotational energy levels of the ground state17)
Copyright © 2000 by
to

al

a-

p-
e
tic
e

nd
ve
he
r-

as
si-
tal
ed

st
s
g
t)
e.
ly
nce
s

een
s.

46

of
ve
-

g

e

ed
-

is

he

o the assigned transitions. They are presented in Ta
ogether with the (obs.2 calc.) deviations, the experimen
uncertainties, and the number of lines used in the determin
of the given energy level. The deviation from PS’s predicti
given also in Table 2, are negative with a magnitude gene
less than 1 cm21 and a maximum value of 3 cm21.

Our first attempts to fit the energy levels of the (014) sta
those of an isolated state failed to show that this state is, in
strongly perturbed: all the energy levels withKa 5 0,1 starting
with J 5 0 greatly deviate (up to 1.5 cm21) from their
unperturbed positions. Furthermore, almost for each lin
volving a rotational level withKa 5 0 or 1, two additiona
lines were observed in the spectrum. The upper energy l
of these extra lines were derived with certainty from GSC
several lines. The assignment of the perturbers on the ba
PS’s predictions was difficult since, in many cases, the s
rovibrational assignment is attached to two or even three
ferent energy levels. In the case of the (014) state, for inst
two energy levels were given for each of the following ro
tional states: [000], [101], [202], and [404], and three en
levels were assigned to the [303] state. According to PS (7), the
(302), (411), (222), (142), (062), (072), and even the (0 1
vibrational states are possible perturbers. However, the
character of the perturbations indicates that the pertu
should be some highly excited bending states, since for
states, the energy of the rotational sublevels increases
rapidly with Ka, and a crossing with the (014) energy lev
can take place only for certainKa values. From these cons
erations, the first perturber was assigned rather easily t
(142) vibrational state at 15 171.20 cm21 (our estimation from
the parameters given in Ref. (2) was 15 193 cm21).

It was more difficult to fix the second resonance partne
he (014) state, since the assignment of the (062), (1 1
091), and (0 12 0) states were frequently interchanged in
redictions. A similar difficulty was found in the assignm
rocess of the perturber of the (004) state. Our analysi1)

showed that the (004) state is slightly perturbed by the (
state, while this perturber is assigned as (0 11 0) in Ref7).
The estimations of theA rotational constant and of the cent
ugal distortion constants for such highly excited states ar
accurate enough to check PS’s assignments. We proc
then, step by step, starting fromJ 5 0,1,2,Ka 5 0,1 energy
levels. We adopted the PS’s value given in Table 3 for
vibrational energy, varied only theA constant, and the
hecked that the next energy levels were correctly pred
ith the newA value. This process led us to assign the se

esonance partner of (014) to the (0 12 0) pure bending
he occurrence of such high-order resonance interactions
ppear surprising. It was, however, experimentally prove
2O and theoretically interpreted as resulting from a r

increase in the resonance coupling with the bending excit
(18–20). For the H2O species, this coupling was estimated
vary exponentially with the sum of the bending quantum n
bers of the resonating states (18).
Academic Press
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TABLE 1
Wavenumbers, Intensities, and Rotational Assignments of the HDO

Absorption Lines between 14 980 and 15 350 cm21
Copyright © 2000 by Academic Press
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TABLE 1—Continued
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TABLE 1—Continued
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65ABSORPTION SPECTRUM OF HDO
After the determination of the two main resonance part
of the (014) state, we fitted the energy levels of all th
interacting states. The effective rotational Hamiltonian
taken as

TABLE 1

Note.The experimental, calculated, and predicted (7) intensiti
total calculated and experimental intensities of the HDO ab
Ref. (7). T denotes tentative assignment.
Copyright © 2000 by
rs
e
s

H 5 O
v,v9

uv& Hvv9 ^v9u, [1]

herev andv9 are the different vibrational states of the tri

ontinued

re given in cm22/atm at 296 K and correspond to pure HDO. The
tion are normalized (see text) to the total HDO intensity predicted in
—C

es a
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TABLE 2
Rotational Energy Levels (cm21) of the [(014), (142), and (0 12 0)] Triad of HDO
Copyright © 2000 by Academic Press
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67ABSORPTION SPECTRUM OF HDO
We evaluated the diagonalH vv operators in the form of Pad
Borel approximants (21, 22). This approach is suitable in o
case as the interaction involves highly excited bending s
with large centrifugal distortion effects. Off-diagonalH vv9 op-
erators include both Fermi- and Coriolis-type terms (3)

Fvv9 5 F 0
vv9 1 F k

vv9Jz
2 1 1F j

vv9J2 1 F xy
vv9Jxy

2 [2]

Cvv9 5 Cy
vv9iJy 1 Cxz

vv9$ Jx, Jz%. [3]

Finally, by using 29 varied parameters, 145 energy levels
fitted with an rms deviation of 0.038 cm21. This value shoul
be compared to an average experimental uncertainty of

TABLE 2

Note.Asterisks denote the energy levels excluded fro
levels given in cm21. N is the number of lines sharing th
energy levels and the predictions of Ref. (7) (in cm21).
Copyright © 2000 by
es
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cm21 of the energy levels derived from the combination
ference of two or more lines.

The set of spectroscopic parameters obtained from the fi
is presented in Table 3 together with 68% confidence inter
The values of the nonvaried parameters of the (014) and
states were fixed to the corresponding values of the (011
(040) states (14), respectively. The fixed values of the para

ters of (0 12 0) state were derived from the fitting to
redicted energy levels (7) or extrapolated from the low
ending states (7). The high bending excitation of the (0 12

state as well as the absence of experimental energy leve
Ka larger than one prevents the satisfactory evaluation o
centrifugal distortion parameters. Strong resonance int

ontinued

the fitting.s denotes the experimental uncertainty of the energy
ame upper level.D is the difference between the experimental
—C

m
e s
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68 NAUMENKO AND CAMPARGUE
tions in the triad as well as the influence of other dark state
included in the fitting are also responsible for some distor
in the values and signs of the derived parameters of the
and (0 12 0) states. These parameters, especially those of
12 0) state, should be considered as effective paramete
lowing the satisfactory reproduction of the energy levels
nected to the (014) state. In the next section, we will show
this set of parameters is, however, accurate enough to tra
intensity redistribution from then2 1 4n3 band transitions t
the resonance line partners of then1 1 4n2 1 2n3 and 12n2

bands.
The fitting process showed that the resonance interac

within the triad are very strong for theKa 5 0,1 energy level
with mixing coefficients up to 50%. In some cases, the mi
coefficients were nearly equal for all three states resulting
ambiguous vibrational assignment. Some examples of str
mixed rotational levels are given in Table 4. To show
importance of the Fermi and Coriolis interactions, both e
and odd Ka contributions are given. The value of theF 0

vibrational parameter coupling the (014) and (142) stat
such that it induces an important vibrational mixing of
wavefunctions of the [000] rotationless state and consequ
a strengthening of the [101]4 [000] rotational transition of th
n1 1 4n2 1 2n3 band. This predicted transition was inde
found in the spectrum at 15 155.435 cm21 with a reasonab
agreement between calculated (3.43 1026 cm22/atm) and

bserved (5.13 1026 cm22/atm) intensities.

TAB
Spectroscopic Constants of the (014), (142),
LE 3
and (0 12 0) States of HDO (in cm21) (see text)
Copyright © 2000 by
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TABLE 4
Examples of the Resonance Mixing between the Rotational

States of the [(014), (142), (0 12 0)] Triad of HDO
Academic Press
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69ABSORPTION SPECTRUM OF HDO
It is worth noting that the (014)–(0 12 0) interaction
mostly indirect, i.e., mediated by the (142) state whic
strongly coupled to the (014) state on one side and to the
0) level on the other. Only one resonance parameter,Cy, was
varied for the (014)–(0 12 0) interaction, whereas the (0
0)–(142) interaction involves both Fermi- and Coriolis-t
couplings. Even if the Coriolis parameterCy (014)–(0 12 0) i
constrained to 0, the mixing coefficient between some
tional sublevels of these two vibrational states reaches
indicating that the direct contribution to the coupling is we

A few energy levels of the (014) and (142) states, marke
* in Table 2, appeared to be perturbed by extra local inte
tions, and so were excluded from the above fitting proce
In some cases, the interaction was strong enough to give r
several extra lines. On the basis of PS’s predictions, we
able to assign three perturbers to the rotational sublevels
(302), (411), and (062) vibrational states (see Table 2).

C. Line Intensity Considerations

In spite of their limited accuracy, our experimental inte
ties will allow us to discuss quantitatively the line-inten
redistribution. It is interesting to note that all the transiti
involving unperturbed energy levels of the (014) state
Ka $ 2 are exclusively ofA type. In the process of th
spectrum assignment, it appeared that bothA- and B-type
transitions involving perturbed energy levels withKa 5 0,1

ere found with significant intensity, well consistent with P
redictions, not only when the upper state was the vibrat
esonance partner but also for the (014) bright state itself.
nteresting effect is due to the coexistence of Fermi-
oriolis-type interactions between the vibrational states oCs

symmetry.
When the energy levels of all three vibrational states w

TAB
Examples of Intensity Redistribution between T

of the (014), (142), and (0 12
Copyright © 2000 by
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fitted together and the wavefunctions containing the diffe
resonance contributions were obtained, the intensity cal
tions were performed using the dipole moment paramete
the (014) state obtained from the fitting of unperturbedA-type
transition intensities only. Assuming zero dipole-moment
rameters for the (142) and (0 12 0) dark states, a rather
agreement between the calculated and experimental inten
was achieved for theA-type transitions of the three stat
confirming that the (142) and (0 12 0) transition intensities
borrowed from then2 1 4n3 band. At this step, the calculatio
predict an intensity transfer toward someB-type transitions

ut these transitions are calculated to be significantly we
han observed. In the final step, some dipole moment pa
ters of the (142) and (0 12 0) states as well as two param
f the (014) state responsible forB-type transitions were a

lowed to vary in order to achieve a better coincidence with
experimental values. The 12 transformed transition mo
parameters obtained from the fitting to 306 experimental
intensities with a partition function equal to 144.1 at 296 K
listed in Table 5. The numbering of the parameters (from
8) is the same as defined in Ref. (15). The average deviatio

etween the calculated and experimental intensities is 14
hich is satisfactory considering our experimental accur
igure 1 (overview) and 2 (expanded region) show the e

ent agreement between the simulated and experimental s
see also Table 1). However, some calculatedB-type transi
ions involving perturbed energy levels are still weaker tha
he experimental data (see Table 1). The good agree
chieved, on average, between the calculated and obs

ntensities supports the resonance interaction scheme de
rom the energy level analysis. An example of resona
ntensity redistribution between transitions involving three
eracting levels is provided in Table 6. For instance, the

5
sitions Involving the Interacting Energy Levels
Vibrational States of HDO
LE
ran

0)
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70 NAUMENKO AND CAMPARGUE
(4.85 3 1025 cm22/atm) of the experimental intensities ofA-
andB-type transitions involving the [404] (014), [404] (14

nd [414] (0 12 0) interacting states is very close to the
4.5 3 1025 cm22/atm) of unperturbedA-type transitions in

volving the [404] (014) bright level.

D. The 6n1 Band

In the final stage, 46 unassigned lines were attributed t
6n1 band transitions. These transitions are extremely weak
the following arguments make this assignment the most
sonable. In accordance with the predictions of Ref. (7), the
(600) vibrational state can be considered isolated for smJ

FIG. 2. Comparison of (a) the ICLAS spectrum with (b) the stick spec
f Partridge and Schwenke (7). The crosses (1) mark the H2O lines (10).

TAB
Transition Moment Parameters (in D) for the (0
Copyright © 2000 by
m

he
ut
a-

numbers, excluding [221] and [220] rovibrational levels wh
seem to be perturbed by a resonance interaction with sub
of the (062) vibrational state. As a result of the GSCD sea
several experimental energy levels with lowJ numbers wer
found in the spectrum from two or three lines. These en
lines were then used to determine the band origin which
found to be 0.74 cm21 higher than PS’s prediction. The co
parison of the observed and calculated intensities of the
sitions involved in GSCD allowed us to give a value of 2.03
1025 D for the 600m1 transition moment parameter both forA-

nd for B-type transitions, providing thus, line intensity p
dictions. In this way, we could finally determine 27 exp

m calculated with the parameters of Tables 3, 5, and 8, and (c) with the

6
, (142), and (0 12 0) Vibrational States of HDO
tru
LE
14)
Academic Press



m erg
l o
t am
t o
t PS
e orr
s e
e is
0

e co
s
f nt
l o
e ble
f me
l ,

P
a

the
1 4),
( tive
H ality
a
a trong
p -
t is of
t sity
t ist-
e evi-
d

con-
c (014)
b 142)
a very
h d in
R ted
w h a
r nces
i ing
c

es to
r sso-
c re at
t ian
a ber
o sap-
p l

TABLE 7

71ABSORPTION SPECTRUM OF HDO
ental energy levels of the (600) state, including 11 en
evels derived from a single line (see Table 7). All but two
hese energy levels were then fitted using six varied par
ers. The rotational and centrifugal distortion parameters
ained (Table 8) are very close to those derived from
nergy levels. Nonvaried parameters were fixed to the c
ponding values of the (004) level (1), while the others wer
stimated from Ref. (7). The rms deviation of the fitting
.020 cm21.
The nearly constant positive shift of 0.7 cm21 of all the

xperimental energy levels relative to PS predictions is
istent with the 0.45 cm21 positive shift observed in Ref. (23)
or the (500) state of HDO. Most of the assigned experime
ines correspond to the strongest calculated transitions. H
ver, the experimental and calculated intensities (see Ta

or the 6n1 bandA-type transitions are, on average, three ti
arger than predicted by PS (7), while for all B-type transitions

Rotational Energy Levels (cm21) o

Note.Asterisks denote the energy levels excluded from
in cm21. N is the number of lines sharing the same upper
the predictions of Ref. (7) (in cm21).

TABLE 8
Spectroscopic Constants of the (600) State

of HDO (in cm21) (see text)
Copyright © 2000 by
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S’s intensity estimations are less than 0.83 1027 cm22/atm,
nd so are not included in the resulting database.

4. CONCLUSION

The ICLAS absorption spectrum of the HDO molecule in
4 980–15 350 cm21 region has been assigned to the [(01
142), (0 12 0)] triad and modeled in the frame of the effec
amiltonian approach. The results of the recent high-qu
b initio calculations of Partridge and Schwenke (7) were used
s a guide to fix the vibrational states responsible for the s
erturbations observed in the brightn2 1 4n3 band. The iden

ification of these states was also confirmed by the analys
he intensity redistribution. An interesting example of inten
ransfer fromA- to B-type transitions induced by the coex
nce of Fermi- and Coriolis-type interactions has been
enced and successfully modeled.
An important feature revealed by the present analysis

erns the nature of the resonance coupling between the
right state and the two highly excited bending states, (
nd (0 12 0). This unexpected situation is attributed to a
igh-order anharmonic coupling. An interpretation propose
efs. (18, 20) is that strong centrifugal distortion associa
ith the bending vibrations may be responsible for suc

esonance interaction. However, the origin of the resona
nvolving highly excited bending states is still far from be
ompletely understood.
The necessity of taking into account several dark stat

eproduce satisfactorily the line positions and intensities a
iated with one bright state indicates that, practically, we a
he border of the applicability of the effective Hamilton
pproach in its conventional form. The increase of the num
f coupled states with energy may finally lead to the di
earance of good quantum numbers, except theJ rotationa

e (600) Vibrational State of HDO

fitting.s denotes the experimental uncertainties of the levels given
el.is the difference between the experimental energy levels and
f th

the
levD
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quantum number, the highly excited rovibrational levels b
characterized only by their energy values and symmetry.
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