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The HDO absorption spectrum was recorded in the 13 165–13 500 cm21 spectral region by intracavity laser absorption
spectroscopy. The spectrum (615 lines), dominated by the 2n2 1 3n3 andn1 1 3n3 bands, was assigned and modeled leading
to the derivation of 196 accurate energy levels of the (103) and (023) vibrational states. Finally, 150 of these levels we
reproduced by an effective Hamiltonian involving two vibrational dark states interacting with the (023) and (103) bright states
The rms deviation achieved by variation of 28 parameters is 0.05 cm21, compared to an averaged experimental uncertainty of
0.007 cm21, indicating the limit of validity of the effective Hamiltonian approach for HDO at high-vibrational excitation. The
predictions of previousab initio calculations of the HDO spectrum (H. Partridge and D. Schwenke,J. Chem. Phys.106,
4618–4639 (1997)) were extensively used in the assignment process. The particular spectral region under consideration
used to test and discuss the improvements of newab initio calculations recently performed on the basis of the same potential
energy surface but with an improved dipole-moment surface. The improvements concern both the energy levels and the l
intensities. In particular, the strong hybrid character of then1 1 3n3 band is very well accounted for by the newab initio
calculations. © 2000 Academic Press
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In this paper, we continue our efforts started in Refs. (1, 2)
imed at the analysis of the near-infrared and visible absor
pectrum of HDO. The isotope substitution of one of
ydrogen atoms by deuterium strongly influences the intra

ecular dynamics (3) and then changes the characteristics o
bserved spectra. In Ref. (1), the 4n3 absorption band center

at 13 853.631 cm21 was analyzed. (Note that we use in
present paper the traditional labeling of the stretching v
tions with n1 and n3 standing for the OD and OH stretchin
respectively.) It was evidenced that up tov3 5 5, the OH
stretching states, (00v3), can be treated as isolated or at le
slightly perturbed states. In Ref. (2), where then2 1 4n3

absorption band centered at 15 166.104 cm21 was investigated
strong resonance interactions between the (014), (142), a
12 0) vibrational states were revealed, leading to the obs
tion of many absorption lines belonging to then1 1 4n2 1 2n3

and the 12n2 bands which borrow their intensities from
strongn2 1 4n3 band lines partners. These unusual high-o
resonances may result from strong centrifugal distortion e
induced by the excitation of the large-amplitude bending
bration (4). An interesting example of the intensity redistri
tion from A- to B-type transitions of then2 1 4n3 band due t

1 On leave from the Institute of Atmospheric Optics, Russian Academ
ciences, Tomsk, 634055, Russia.
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the coexistence of both Fermi- and Coriolis-type interact
among the resonance triad was also evidenced (2).

In this work, the absorption spectrum of HDO in the 13 1
13 500 cm21 spectral region corresponding to the excitatio
the (103) and (023) vibrational states is analyzed both e
imentally and theoretically. This particular region will be u
to test the improvements achieved recently by one of us
in the prediction of the HDO spectrum from anab initio

otential energy and dipole momentum surfaces. The
alculations result in both more accurate line positions, d
etter convergence of the rovibrational expansion, and
ccurate line intensities, due to a better dipole-moment su
his new level of accuracy is a great asset when analyzin
xperimental spectrum.

2. EXPERIMENT

The experimental apparatus for ICLAS has been previo
described (5). The technical details and a very recent review
the results obtained by ICLAS can be found in Ref. (6). 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 14 Torr (18.4 hPa). T
procedure led to a mixture of H2O:HDO:D2O in a proportion
close to 1:2:1. The spectra were obtained with a gener
f
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298 NAUMENKO ET AL.
time of 100ms corresponding to an equivalent absorption
length of 15 km. A Styryl 8 dye solution was used to record
spectrum between 13 165 and 13 500 cm21. The relatively
strongb1S g

1(0) 4 X3S g
2(0) absorption band of atmosphe

Wavenumbers, Intensities, and Rovibration
between 13 165

Note. The experimental, calculated, and pred
correspond to pure HDO. The total calculated a
the total intensity predicted in Ref. (13). Lines blend
same experimental intensity is given for the two
from Ref. (13) correspond to each component.

a Intensity predictions of the effective Hamilto
b Intensity predictions of Ref. (13).
Copyright © 2000 by
h
e
oxygen present in the laser cavity prevents the measurem
HDO lines below 13 165 cm21.

The spectral resolution of the high-resolution grating s
trograph dispersing the laser spectrum is about 0.025 c21,

ssignments of the HDO Absorption Lines
d 13 500 cm21

d (3) intensities are given in cm22/atm at 296 K and
experimental line intensities are normalized (see text) to
by H2

16O are marked by “b.” In case of doublets, the
ponents while the calculated intensities from the EH or

model.
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TABLE 1—Continued

29913 165–13 500 cm21 REGION ABSORPTION SPECTRUM OF HDO
which is less than the Doppler broadening (0.038 c21

FWHM). The wavenumber calibration procedure is descr
in Refs. (1, 2,and6). It requires the use of two reference lin
for each elementary ICLAS spectrum of about 15 cm21 width.
Lines due to H2O (7) appearing superimposed on the H
spectrum were used as references in the 13 400–13 50021

spectral region. However, the H2O spectrum becomes t
sparse below 13 400 cm21. In consequence, in the 13 16
13 400 cm21 region, we were obliged to use as reference l

few HDO lines calculated using ground state combina
Copyright © 2000 by
d

s
n

differences (GSCD) and rotationally assigned lines meas
in the 13 400–13 500 cm21 region.

We estimate our wavenumber calibration to be accura
within 0.01 cm21 as will be confirmed by the uncertain
obtained for the energy levels determined from several tr
tions. After suppression of the H2O lines, the final data s
corresponds to 615 lines listed in Table 1 and plotted in Fig

The relative intensities of the lines were roughly estim
from the peak depth of each line. In spite of its limi
accuracy, this information will prove to be highly valuable
Academic Press
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300 NAUMENKO ET AL.
the spectral assignment process. This method leads to
tively strong deviations both for the stronger and the we
lines. These are systematically under- or overestimated, re
tively. In particular, for the 10% weakest lines, the autom
procedure used for the determination of the absorption bas
might lead, in some cases, to a 100% overestimation o
peak depth.

3. THEORETICAL ANALYSIS AND RESULTS

The initial approximation for the rotational and centrifu
distortion constants of the (103) and (023) states was de
Copyright © 2000 by
la-
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ec-
c
ine
he

l
ed

from ab initio predictions by Partridge and Schwenke8).
Transformed dipole-moment parameters were also estim
from the comparison of the calculated and observed lin
tensities and used as input data for the program exploited
automatic spectra identification (9). As the experimental e
ergy levels were derived from the experimental data, spe
scopic constants were refined from the fitting to observed
positions and intensities, in the frame of the effective Ha
tonian (EH) method providing more accurate extrapolati
The predictions of Ref. (8) were also used as a guide in
identification process. Finally 557 absorption lines were
Academic Press
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30113 165–13 500 cm21 REGION ABSORPTION SPECTRUM OF HDO
signed to then1 1 3n3 and the 2n2 1 3n3 bands transition
leaving 51 weak lines (7%) unassigned (see Table 1).
hundred ninety-seven experimental energy levels, liste
Table 2, were derived from the observed frequencies by ad
the lower state energy obtained from Ref. (10). Table 2 in-
cludes the number of lines used in the determination of
level, the corresponding experimental uncertainties, and
difference between the experimental and predicted (8) energy
levels. For smallJ values, these differences are on the orde

.08 and 0.13 cm21 for the n1 1 3n3 and 2n2 1 3n3 band
respectively, but increase up to 2.6 cm21 for J 5 12, 13 levels

Since the highly excited vibrational states of HDO are
Copyright © 2000 by
ne
in
ng

ch
he

f
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ject to strong centrifugal distortion effect, the effective ro
tional Hamiltonian in the Pade–Borel approximation (11–12)
was used in the fitting of the experimental energy levels. (
that the spectroscopic constants of this Hamiltonian hav
same meaning as those used in the traditional Watson H
tonian.) In contrast with the H2

16O molecule, which has distin
polyad structure, no clear resonance polyad scheme wa
denced in HDO. It is then difficult to fixa priori the possibl
resonance, especially at a high degree of vibrational excita
In our case, it was clear that the energy levels of both (103
(023) states are strongly perturbed forJ $ 4. The identifica
tion of the perturbers on the basis of the predictions of Re8)
Academic Press
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302 NAUMENKO ET AL.
is difficult, as the vibrational assignment provided by Ref.8)
is often ambiguous and levels with highKa values appear to b
perturbed through resonance interactions involving highly
cited bending states.

In the case of the levels with lowK a values, the energ
levels predicted by the effective Hamiltonian help to vib
tionally assign the corresponding states among a numb
predicted levels. However, the accuracy of such predic
degrades rapidly asJ and K a increase and becomes ins-
cient for an unambiguous vibrational assignment of
redicted (8) energy levels. In these circumstances,
Copyright © 2000 by
x-

-
of
s

e
e

could not identify which vibrational states are interac
with the energy levels of the (103) and (023) states forK a $
5 and J $ 6. Most of these energy levels were theref

xcluded from the fit.
Only two vibrational states, (151) and (260), were id

ified, on the basis of Ref. (8), as possible perturbers of t
nergy levels of the two states under study. The (260)
ppears to be strongly linked to the (023) state thro
oriolis-type interaction, while the (151) state is modera
ixed with the (023) state through Fermi resonance
ith (103) state by Coriolis interaction. Moderate Fer
Academic Press
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30313 165–13 500 cm21 REGION ABSORPTION SPECTRUM OF HDO
type resonance was also found to take place betwee
(103) and (023) states.

The parameters obtained from the fitting to 150 experim
energy levels of the total number of 197 levels are present
Table 3 with 65% confidence intervals. Parameters wit
confidence intervals were fixed to their initial estimated val
The rms deviation provided by variation of 28 paramete
0.05 cm21, i.e., significantly larger than the averaged exp-
mental uncertainty (0.007 cm21) of the levels derived from th
combination difference of two and more lines. The obse
distortion in the signs and values of the spectroscopic pa
Copyright © 2000 by
the

al
in

ut
s.
is
i

d
m-

eters especially for the (103) state probably arises from
influence of the dark states which could not be assigned
included in the fitting process. It is then not surprising
observe strong deviations between the levels calculated
the parameters listed in Table 3 and the experimental valu
the levels excluded from the fit. The corresponding transi
(40 in all) were, in fact, assigned using line center predict
of Ref. (8).

During the course of this analysis, a new dipole-mom
surface (DMS) for H2O became available (13). Thus new
alculations of the HDO spectrum were carried out to mak
Academic Press
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304 NAUMENKO ET AL.
best possible predictions. In these calculations, we use
same potential energy surface as used previously (8). The new
calculations differ from our previous work (8) in two aspects

FIG. 1. Comparison of the overview of the stick spectrum of then1 1 3n3 and
n2 1 3n3 bands of HDO in the 13 165–13 500 cm21 spectral region: (a) Extract

from the ICLAS spectrum. The absolute intensities were normalized to the
absorption intensity predicted in this spectral region in Ref. (13). (b) Simulated b
the effective Hamiltonian with the parameter values listed in Table 3 with the
normalization of the intensities as in (a). (c) Predicted from theab initio calcula-
tions of Ref. (13). (d) Predicted from theab initiocalculations of Ref. (8). Note tha
the intensity scale is twice as much as in (b) and (c).
Copyright © 2000 by
heFirst, we used the new more accurate DMS (13), and second
we took advantage of increased computing facilities to c
out calculations using larger rovibrational basis sets. In t
calculations we computed all eigenvalues with energies
0.11Eh above the minimum, and we based our basis func
on a self-consistent field (SCF) calculation on the lowest
tion–bending level withn1 5 n3 5 1. In the final diagonaliza-
tion, we included all functions with sums of SCF energies
to 0.19Eh above the minimum, except the maximum ene
stretching function had energy#0.15 Eh, and the maximum
energy rotation–bending function had energy#0.17 Eh. The
maximum number of functions in the final diagonalization
limited to 3000, and calculations were carried out forJ up
to 30.

The comparison of these new calculations with the ex
mental energy levels is presented in Table 2. The improve
of these new results compared to Ref. (8) is clear, especially fo
levels with highJ values. The largest deviation between
served and calculated line centers decreases from22.6 to20.3
cm21, while the new rms deviation is 0.13 cm21 compared t
0.71 cm21 for the predictions of Ref. (8). Finally using the new
calculations of Ref. (13), we could identify about 20 addition
ransitions involving highly excited levels of the (103) vib
ional state such as the [872]–[871], [871]–[872] doublet o

n1 1 3n3 band at 13 286.297 cm21. The observed line positio
are presented in Table 1 with, when available, their rotat
and vibrational assignments. Overall 350 absorption trans
were attributed to then1 1 3n3 band, while 316 of them belon
to the 2n2 1 3n3 band. It should be noted that our vibratio
assignments are frequently inverted compared to those o
(13) especially for the lines involving highKa. Six lines were
found to belong to the 4n3 band (1). Only 7% of the observe
HDO lines were left unassigned. Part of them may belon
the D2O isotope species. Some lines, marked by “b” in T
1, are probably blended by H2

16O lines in accordance with th
line lists given in Refs. (7) and (14). It is interesting to note (se
also Ref. (15)) that rather strong HDO lines in the 13 39

3 400 cm21 region were erroneously presented as uniden
H2

16O lines in the line list attached to Ref. (14).

tal

e
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30513 165–13 500 cm21 REGION ABSORPTION SPECTRUM OF HDO
The parameters of the transformed dipole moment o
(103) and (023) states were obtained using the approac
sented in Ref. (16) from the fitting to 421 experimental inte
ities of 590 values initially introduced into the fitting proce
he rms deviation achieved by variation of 25 parameter
oth A- and B-type transitions is of 9.8%, i.e., close to
xperimental accuracy of the well-resolved isolated lines.

FIG. 2. Comparison of the HDO absorption spectrum in the 13 26
3 283.8 cm21 spectral region. (a) ICLAS spectrum recorded with an equ-

lent path length of 15 km and a total vapor pressure of 14 Torr. (b) Syn
spectrum obtained from the effective Hamiltonian approach. Note that in
of the excellent agreement, a spurious cluster of lines (marked by3) is
predicted. These lines, not observed experimentally, are induced by an
sity transfer to the (260) dark state introduced in the EH model. TheJ9K9aK9c–
0K 0aK 0c rotational assignments are given for all the lines with an inte

larger than 1.33 1026 cm22/atm. The rotational assignments written in b
haracters are related to the (103) vibrational state, while the others corre
o the (023) vibrational state. (c) Calculated spectrum provided by the nab
nitio predictions from Ref. (13) in excellent agreement with the experime
pectrum. (An almost constant deviation of 0.1 cm21 to the higher frequenc

is observed in this range.) TheA andB type of the transitions is indicated f
he n1 1 3n3 to stress the change and improvement in the prediction o
intensities compared to (d). (d) Calculated spectrum provided by theab initio
predictions from Ref. (8). Note that the intensity scale is twice as much a
(b) and (c). TheA andB type of the transitions of then1 1 3n3 band is given
Copyright © 2000 by
e
re-

.
or

ill

he calculated intensities of some transitions involving
urbed highKa energy levels are significantly (up to th
times) overestimated (see Table 1) showing that the reso
scheme adopted is probably incomplete. Figures 1–3 sh
comparison between the experimental and EH synthetic
trum for the whole spectrum and two expanded regions.
overall agreement is satisfactory and the EH predictions
then reliably be used at least for an unambiguous rovibrat
assignment of most of the absorption lines.

It is interesting to note that, except for a few levels of
(260) state interacting with levels of the (023) state, the r
nance interactions with the two dark states introduced in
EH, in fact, do not induce sufficient intensity transfer from
n1 1 3n3 and 2n2 1 3n3 lines to allow the experiment
observation of extra lines. Moreover, the strongly pertu
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ite
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y
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e

FIG. 3. Same as Fig. 2 for the 13 366–13 376 cm21 spectral region. Note th
rastic improvements between the predictions of (8) and (13). For instance, th
hange in the relative intensities of the four lines close to 13 370 cm21 shows tha
he hybrid character of then1 1 3n3 band is much better reproduced by the
redictions. Note also that the line positions of the 2n2 1 3n3 band were predicte

in Ref. (8) with a shift up to 1 cm21 from the experimental values. On the ot
hand, extremely weak features predicted by the new calculations (13) are detect
ble at the experimental noise level and not reproduced by the EH simula
Academic Press
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306 NAUMENKO ET AL.
transitions correspond to highKa values and are therefo
themselves rather weak. This feature agrees with both
observation and the new predictions of Ref. (13). Only the
ransitions reaching the [202] and [633] rotational subleve
he (0 11 0) and (1 5 1) states (rovibrational assignmen
ef. (13)) are predicted to have significant intensities (u
.8 3 1027 cm22/atm). However, we could identify only o

line at 13 362.979 cm21 with an experimental intensity

Rotational Energy Levels (cm21) of the

Note.Asterisks denote the energy levels exc
tainties of the levels given in 1023 cm21. N is the n
difference between the experimental energy le
between the experimental energy levels and th
Copyright © 2000 by
he

f
of
o

6.4 3 1027 cm22/atm corresponding to the [633]–[524] tran-
ion of then1 1 5n2 1 n3 band.

Similar to Refs. (1, 2), to give an estimation of the absolu
intensities of the observed absorption lines, we normalize
relative experimental intensities on the total predicted13)
absolute intensity of the two bands. This normalization pr
dure is supported by the excellent agreement between p
tions of Ref. (8) and recent accurate experimental meas

3) and (023) Vibrational States of HDO

ed from the fitting.s denotes the experimental uncer-
ber of lines sharing the same upper level.D1 is the
s and the predictions of Ref. (8). D2 is the difference
redictions of Ref. (13).
(10

lud
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30713 165–13 500 cm21 REGION ABSORPTION SPECTRUM OF HDO
ments in the 4700–7700 cm21 spectral region (17–18)
evidenced in Ref. (19). The very good coincidence of t

xperimental (a) and newly predicted (c) intensities (see
–3) allowed us to make a reasonable normalization o
xperimental and calculated (EH) intensities over the w
pectral region. After normalization, the comparison of
xperimental line intensities with the predicted (13) values
hows that 91% of them agrees within 22% of their predi
alues.
In the lower part (d) of Figs. 1–3, the spectrum previo

redicted in Ref. (8) is also given for comparison with the n
rediction (13). Significant differences and improvements c
erning the absolute intensities are noticed (see also Tab
irst, the total absorption intensity in the considered spe
egion was reduced from 3.293 1023 (Ref. 8) to 1.303 1023

cm22/atm (Ref. 13). Second, in the high energy part,
spectrum is much better reproduced by the new calculatio
detailed analysis of this region shows that the disagree
observed in the predictions of Ref. (8) concerns mainly th
Copyright © 2000 by
s.
e

le
e

d

y

-
4).
al

A
nt

intensity of theA-type transitions of then1 1 3n3 band. Indeed
Ref. (8) predictedA-type transitions approximately more th
three times stronger than observed, whileB-type transition
were calculated with intensities two times lower than
experimental values. This effect is particularly clear on the
lines observed just above 13 370 cm21 in Fig. 3.

The totalA- andB-type intensities of then1 1 3n3 and the
2n2 1 3n3 bands calculated from our EH parameters, and
the predictions of Refs. (8) and (13), are collected in Table
The EH calculations were performed in the 13 000–13
cm21 spectral region, taking into account all the lines w
intensity larger than 1.03 1028 cm22/atm. The new prediction
(13) give nearly the same value for theA- andB-type transi
tions’ total intensities of then1 1 3n3 band in agreement bo
with the experiment and the EH results. However, the prev
calculations (8) predictedA-type integrated intensity about o
order of magnitude larger than theB-type integrated intensi
of this band. In other words, the strong hybrid chara
starting fromJ 5 0, of then1 1 3n3 band is well reproduce
Academic Press
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by the new calculations (13), while the previous ones predict
band with mostlyA-type character. The 2n2 1 3n3 band ha

a strong B-type character well accounted for by the n
calculations (13) but which was too pronounced in the previ
calculations (8). Note that the difference in the totalA- and
B-type intensities obtained in the frame of the EH method
predicted in Ref. (13) is due to the fact that the two approac
give for some lines different vibrational assignment.

The predicted spectra in the 12 000–15 800 cm21 range
rovided in Refs. (8) and (13) are compared in Fig. 4. Th
omparison shows that the absolute intensity of all the b
xcept then1 1 3n3 and 2n2 1 3n3 bands under considerati

are mostly unchanged. This indicates, in particular, tha
normalization procedure of the absolute intensities tha
used in our previous investigations of the 4n3 (1) andn2 1 4n3

(2) bands still hold with the new predictions (13). These result

Spectroscopic Constants of the (103), (023

TABLE 4
Total Intensities of A- and B-Type Transitions for the

n1 1 3n3 and the 2n2 1 3n3 Bands of HOD (in 1023 cm22/
atm) in the 13 000–13 560 cm21 Spectral Region
Copyright © 2000 by
d
s

ds

e
e

are consistent with our observations on H2O (13). There, we
saw that the two dipole-moment surfaces gave very sim
results for lower energy transitions but could differ sign
cantly for high-energy transitions.

Finally, concerning line positions, Figs. 2 and 3 show
for these particular spectral regions, the stronger devia
between the predicted and observed spectrum concer
transitions of the 2n2 1 3n3 band with the highestJ values. The
quality of the new calculations (13) is highlighted in Fig. 3 b
extremely weak features, at the limit of the experimental n
level which are fully predicted both in intensity and positi

4. CONCLUSIONS

The HDO absorption spectrum in the 13 165–13 500 c21

region was experimentally recorded and theoretically tre
for the first time, leading to the complete spectrum assign
and the derivation of 196 accurate energy levels of the (
and (023) vibrational states. The new results (13) of the accu
ate variational calculations of the HDO line positions
ntensities were intensively used in the process of the spe
ssignment as well as the calculations in the frame o
ffective Hamiltonian method. One of the interesting feat
videnced by the present analysis is the strong hybrid cha
f then1 1 3n3 band with nearly equalA- andB-type transition

intensities. Due to this circumstance, this band, in spit
being at least two times weaker than the 2n2 1 3n3 band, ha

larger number of observed transitions than the stronger
his particular spectral region has given the opportunit
ighlight the improvements of theab initio predictions recentl

151), and (062) States of HDO (in cm21)
), (
Academic Press
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30913 165–13 500 cm21 REGION ABSORPTION SPECTRUM OF HDO
performed by one of us on the basis of the same PES bu
an improved dipole-moment surface. The improvements
pared to Ref. (8) concern both the energy levels and the
intensities.

The analysis of the (103) and (023) vibrational states illust
the limit of validity of the effective Hamiltonian approach in
conventional form when applied to the highly excited state
nonrigid molecules (see also the conclusions of Ref. (2)). High-
order resonance interactions involving simultaneous intera
with several “dark” vibrational states result in unstable fit
procedure. On the other hand, the variational approach deve
in Refs. (8, 13) is based on a limited set of spectroscopic data
provides high-quality line positions and intensities predictions
wide spectral range. However, the effective Hamiltonian me

FIG. 4. Comparison of the previous (13) and new (8) predictions for th
DO spectrum in the 12 000–15 800 cm21 range. The four observed ban

were previously analyzed on the basis of their ICLAS spectra: 5n1 in Ref. (20),
n1 1 3n3 and 2n2 1 3n3 in the present work, 4n3 in Ref. (1), n1 1 4n3 in Ref.
2). Note the change in the calculated absolute intensity of then1 1 3n3 and
n2 1 3n3 bands.
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remains attractive since it is compact, well elaborated, and
not require large computer facilities.
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