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The high-resolution absorption spectrum of the D2O molecule was recorded with the Fourier-transform intracavity laser
absorption spectrometer in the region 12 570–12 820 cm−1 where the band 4ν1 + ν3 is located. Transitions belonging to the
4ν1 + ν3 band, and the bands 3ν1 + 2ν3 and 3ν1 + 2ν2 + ν3, of which the up states are strongly interacted with that of the
4ν1 + ν3, were assigned in the recorded spectrum. Up state energy levels were fitted to derive effective spectroscopic parameters,
which reproduce majority of the assigned transitions within the experimental accuracy. C© 2002 Elsevier Science (USA)
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1. INTRODUCTION

The high-resolution spectroscopy of water molecule and its
isotopes is of theoretical and practical interests. Although the
very accurate ab initio study can give a good prediction of the
energy levels and transition intensities (1, 2), which is very help-
ful in the spectral assignment (3), the effective Hamiltonian (EH)
analysis by fitting the energy levels obtained from the experi-
mental transitions is still very effective to model the rovibrational
interactions in the molecule. As a rule, a successful EH analy-
sis can reproduce most of the experimental energy levels within
the experimental uncertainty, and the comparison between the
results of EH and ab initio calculations can be instructive in
understanding the intramolecular dynamics. However, when the
vibrational quantum number v increases, some difficulties arise
in the EH analysis. For the water molecule, which is a light asym-
metric top, many high-order interactions exist in the vibrational
polyads, and they mix up so many vibration states that one can
hardly include all of them in the EH analysis. And more basi-
cally, because the EH analysis is based on the fitting procedure
of the experimental transitions or energy levels derived from
them, more experimental data are need since the volume of the
interacting states increases with v. But in the contrast, available
experimental data are usually even less since the intensities of
the transitions decrease rapidly. Thus a high-sensitivity record-
ing of the spectrum is critical in the study of the highly exited
vibrational states of water.
1 To whom correspondence should be addressed.
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Among various spectroscopic methods, intracavity laser ab-
sorption spectroscopy (ICLAS) is ultrasensitive and has been
widely used. The detailed description of ICLAS and references
to early contributions can be found elsewhere (4). The equivalent
absorption pathlength in ICLAS is

Leq = c · tg · l/L , [1]

where c is the speed of light and l/L is the ratio of the
length of the intracavity sample cell with respect to the total
length of the laser cavity. We have claimed that to introduce
the Fourier-transform method in the ICLAS measurement, FT-
ICLAS, would promise some attractive advantages versus or-
dinary grating spectrometer based ICLAS (5). FT-ICLAS will
be efficient and reliable, since it can provide an accurately cal-
ibrated spectrum in a wide region instead of some small pieces
which should be calibrated separately. It can provide a resolution
up to 10−3 cm−1 which can be comparable with the separation
between the longitude modes in the broadband laser. And as a
result of the multichannel property of the FT measurement, it can
also effectively reduce the seeding noise of the multimode laser.

The present contribution, is devoted to the study of the rota-
tional structure of the energy levels for the D2O molecule in the
4ν1 + ν3 region employing the FT-ICLAS technique. It is the
continuation of our earlier studies of the fine rotational struc-
tures of the deuterated species of H2O in the infrared region,
Refs. (6, 7) and references there in. A brief description of the
experiment is given in Section 2, theoretical EH model can be
found in Section 3, and the results and discussions are presented
in Section 4.
0022-2852/02 $35.00
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FIG. 1. Configuration of FT-ICLAS; see text or Ref. (5) for details.
2. EXPERIMENTAL DETAILS

The details of the FT-ICLAS setup built in Hefei can be found
elsewhere (5, 8). Here we just give a brief description. Fig. 1
depicts the experimental configuration. A Bruker IFS 120HR
Fourier-transform spectrometer is used to record the laser emis-
sion from a homemade 1.9-m-long standing wave Ti : Sapphire
laser which is pumped by a Coherent Innova 400 Argon ion
laser. A 0.8-m-long sample cell is placed inside the Ti : Sapp-
hire laser cavity. A rectangular wave signal, generated by a func-
tion generator and synchronized with the sampling pulse of the
FT interferometer, was used to drive an acoustic-optics modula-
tor (AOM) to chop the pumping laser. The generation time, tg ,
is defined as the delay of the sampling pulse of the FT interfer-
ometer with respect to the AOM chopping pulse.

The Bruker IFS 120HR interferometer was equipped with
a quartz beam-splitter and a Si-diode detector. Electrical fil-
ters were applied to improve the signal noise ratio, thus the tg

value should be considered as a “effective” one and depends
on the width of the emission laser pulse and also the electri-
cal filters applied (5). The unapodized resolution 0.05 cm−1

(1/MOPD(Maximal Optical Path Difference)) is comparable
with the Doppler width 0.036 cm−1 of D2O at this region. Box-
car apodization function and Mertz phase correction were used
in Fourier transformation.

The spectrum was recorded at room temperature. No attempt
had been carried out to exclude the atmospheric absorption by
the residual air inside the Ti : Sapphire laser cavity. The sample
of D2O was purchased from PeKing Chemical Industry, Ltd.
(China). The stated abundance of deuterium is 99.8%. D2O gas
C© 2002 Elsevier
was filled in the sample cell at 9 Torr. Some lines of HDO in
this region were also found in the spectrum because we did not
perform a long time deuterating of the sample cell. The pulse
width of the laser emission was about 150 µs which would lead
to a maximal equivalent absorption length of 19 kilometers if
the Eq. 1 is evaluated.

By tuning the Ti : Sapphire laser, several spectra with different
centers were obtained and the whole spectrum in the region of
12 570–12 820 cm−1 was obtained by combining all these spec-
tra together after the baseline correction. The spectrum calibra-
tion was carried out with the H2O lines in this region which
is tabulated in the HITRAN96 database. They have also been
recorded by Toth [9]. The precision of the position of the un-
blended lines is estimated to be better than 0.01 cm−1. The accu-
racy was also confirmed by the combination differences analysis
(see in Section 4) where the typical deviation is 0.004 cm−1. For
illustration, Fig. 2 shows two small parts of the spectrum.

3. HAMILTONIAN MODEL AND INITIAL APPROXIMATION
FOR THE PARAMETERS

The 4ν1 + ν3 band of the D2O molecule, being a part of the
so-called v = 5 (v = v1 + v2/2 + v3) polyad, suffers strong res-
onance perturbations from other vibrational states in this polyad.
On this reason we used the following Hamiltonian model in the
analysis,

H eff. =
∑
vv′

|v〉〈v′|H vv′
, [2]
Science (USA)



FT-ICLAS STUDY OF D2O 4ν1 + ν3 BAND 91
FIG. 2. FT-ICLAS spectrum of D2O in the region 12 660–12 670 and 12 780–12 790 cm−1. Assignments of D2O are given; lines marked by “D” and “H”
belong to HDO and H2O, respectively. See text for experimental details.
where the diagonal operators H vv are the usual Watson’s rota-
tional operators (10),
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Operators H vv′
(v �= v′) describe resonance interactions. Since

D2O is an asymmetric top molecule, the symmetry of which
is isomorphic to the C2v symmetry group, its vibrational wave
functions (v1v2v3) with even values of quantum number v3 have
the symmetry A1, and others have the symmetry B2. As the
C© 2002 Elsevier S
consequence, two types of resonance operators H vv′
(v �= v′)

may be presented in the Hamiltonian (2):

(a) Fermi type resonance interactions which connect vibra-
tional states of the same symmetry are described by the operators
H vv′

F ,

H vv′
F = Fvv′

0 + Fvv′
K J 2

z + Fvv′
J J 2 + · · · + Fvv′

xy J 2
xy

+ Fvv′
xyK

[
J 2

xy, J 2
z

]
+ + Fvv′

xy J J 2
xy J 2

+ Fvv′
xy J K J 2

[
J 2

xy, J 2
z

]
+ + Fvv′

xy J J J 2
xy J 4 + · · · ; [4]

(b) Coriolis type interactions which connect states of differ-
ent symmetries are described by the operators H vv′

C ,

H vv′
C = Cvv′

y i Jy + Cvv′
yK

[
i Jy, J 2

z
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y J K
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z

]
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xz J [Jx , Jz]+ J 2 + Cvv′

xz J K J 2
[
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z

]
+

+ · · · + Cvv′
yxy[i Jy, Jxy]+ + · · · . [5]
cience (USA)



92 HU ET AL.
TABLE 1
Band Centers of D2O

a In units of cm−1.

In Eqs. [3]–[5] the following notations are used: J 2
xy = J 2

x − J 2
y ,

and J 2 = ∑
α J 2

α .
It should be mentioned that, although the v = 5 polyad con-

sists of 21 vibrational states; (500), (401), (302), (203), (104),
 1 3
TABLE 2
Spectroscopic Parameters of the (401), (302), (321), (420), (142), and (043) Vibrational States of the D2O Molecule (in cm−1)a

a Values in parentheses are thye 1σ statistical confidence intervals. Parameters presented without confidence intervals were fixed and not fitted (see text, for
details).
C© 2002 Elsevier
(005), (420), (321), (222), (123), (024), (340), (241), (142),
(043), (260), (161), (062), (180), (081), and (0100), practi-
cally only the 4ν1 + ν3 band appears in the experimental spec-
trum. For this reason two questions arise under the present
study:

(1) How to correctly estimate the initial values of the para-
meters of the Hamiltonian [2]–[5]?

(2) How many interacting states should be taken into account
in that Hamiltonian?

Both of these problems can be solved in the same way as in our
previous contribution (7). Namely, to estimate the initial values
of the vibrational energies of the v = 5 polyad, we first fitted the
vibrational energies of the lower polyads of the D2O molecule.
In this case, the band centers listed in Table 1 were applied in the
fit to derive the harmonic frequencies, anharmonic parameters,
and pure vibrational resonance interaction coefficients. Then
these parameters was used to estimate the band centers of the
v = 5 polyad. These estimated band centers, which are also pre-
sented in Table 2, would be taken as the initial values used in the
fit of the rovibrational energies derived from the experimental
data.

The rotational parameters Av , Bv , and Cv of the (v10v3)
and (v 2v ) vibrational states were estimated by the simple
Science (USA)
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formula

Pv1v2v3 = P0v20 + v1(P100 − P000) + v3(P001 − P000), [6]

where P denotes any of the parameters Av , Bv , or Cv; the values
of the parameters of the (000), (100), (001), and (020) vibra-
tional states were taken from Refs. (11) and (12). As further
analysis had shown, the states (043) and (142) should be taken
into account in the Hamiltonian as well. The initial values of the
rotational parameters of these two states were roughly estimated
on the basis of interpolation of corresponding parameters of the
(000), (010), (020), and (030) vibrational states and following
corrections in accordance with Eq. [6].

All the values of the centrifugal distortion coefficients of the
(v10v3) and (v12v3) vibrational states were taken to be equal
to the values of corresponding coefficients of the (000) and
(020) states in Ref. (12), respectively. As to the values of cen-
trifugal distortion coefficients of the (043) and (142) states,
they were estimated from the interpolation of corresponding
coefficients of the (000), (010), and (020) vibrational states.
All the initial values of Coriolis-type parameters were set to
zero.

4. ANALYSIS AND DISCUSSION

The observed transitions were assigned using the ground state
combination differences method, and the ground state rotational
energies were calculated on the basis of the parameters from
TABLE 3
Parameters of Resonance Interactions between Some States of the v = 5 Polyad of D2Oa

a Values in parentheses are the 1σ statistical confidence intervals.
C© 2002 Elsevier S
(12). As a result of the analysis, we assigned 183 transitions
with J max. = 12 and K max.

a = 5 to the 4ν1 + ν3 band. A list of the
experimental energy levels of this vibrational state is presented
in Table 4. Since the (401) state is strongly perturbed by other
states of the v = 5 polyad, 10 and 4 transitions were assigned to
the 3ν1 + 2ν3 and 3ν1 + 2ν2 + ν3 bands, respectively. They are
also presented in Table 5.

Because the total number of the vibrational states of the v = 5
polyad (namely, 21) is considerably larger than the number of
bands appeared in the spectrum, only those vibrational states
which have direct influence on the “appeared” rovibrational lev-
els were taken into account in Hamiltonian [3]. As the anal-
ysis has shown, six vibrational states should be considered in
the present study: (401), (302), (321), (420), (142), and (043).
However, the last three bands do not appear in the spectrum but
accidentally perturb individual rovibrational transitions belong-
ing to the first three bands.

The parameters obtained from the fit are presented in Tables 2
and 3 together with their 1σ statistical confidence intervals.
Those parameters presented in Table 2 without confidence in-
tervals were fixed to their values estimated by the way discussed
above. To illustrate the ability of derived parameters to repro-
duce the initial experimental data, the difference between the
experimental data and the calculated values, which are derived
from the parameters listed in Tables 2 and 3, are presented in
Table 4 and also in Table 5. One can see that majority of the
experimental energies/transitions were reproduced within the
experimental uncertainties.
cience (USA)
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TABLE 4
Obtained Experimental Rovibrational Term Values for the (401) Vibrational State of the D2O Molecule (in cm−1)a

a � is the experimental uncertainty of the energy value, equal to one standard deviation in units of 10−3 cm−1; δ is the difference Eexp. − Ecalc., also in units
of 10−3 cm−1; � is not quoted when the energy value was obtained from only one transition.

TABLE 5
The Rovibrational Transitions Assigned to the 3ν1 + 2ν3 and 3ν1 + 2ν2 +ν3 Bands of D2O

a The δ is the difference between experimental and calculated values of line position.
C© 2002 Elsevier Science (USA)
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