Journal of Molecular Spectroscofdp9, 59-72 (2000) ®
Article ID jmsp.1999.7982, available online at http://www.idealibrary.conl n{%l
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The absorption spectrum of the HDO molecule recorded by intracavity laser absorption spectroscopy in the 14 98015 350
cm ! spectral region was assigned and modeled in the frame of the effective Hamiltonian approach. The spectrum (496 lines)
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 the
transitions involving unperturbed energy levels of the (014) state are exclusiviltypé, while bothA- andB-type transitions
are observed when the upper states are perturbed by the resonance interactions. One hundred forty-five energy levels of the
three interacting states were derived from the spectrum and fitted to the effective rotational Hamiltonian in Pade—Borel
approximants form with 29 varied parameters yielding an rms deviation of 0.038 énfew energy levels are affected by
additional local resonances with perturbers which have been identified. Finally, 48 transitions of the veryweaidérere
assigned and fitted as an isolated barczooo Academic Press

1. INTRODUCTION prevents efficient Coriolis-type interaction in the HDO mole-
. ) ) cule and gives rise to a well-isolated sequence of thé/¢D0
This paper is a part of our study of the HDO near-infrareiy,rational states up tws = 5. However, we have shown that

and visible rovibrational spectrum started in Ref).(The 5 (004) state is slightly perturbed by a local resonance wi
intracavity laser absorption spectroscopy (ICLAS) teChnIQl{ﬁe (052) highly excited bending stat®).(

\1\,3??[ Glésed dtoﬂrel%c())rd %heTEDO ?vefrttc;]ne Iéﬁi(gmm btetweeq_ittle is known about the resonance interactions between tt
an cm. the part of the SPECUM K5 rovibrational states. A Hamiltonian taking explicitly into

between 13 560 and 14 050 chdominated by the #4 band : A !
account both Fermi and Coriolis interactions was set up ft

transitions was analyzed in Refl)(leading to the detailed | . . i

: triatomic molecules o, symmetry and successfully applied
knowledge of the (004) state rotational energy levels structure. . ) ,
(Note that, contrary to the recommendations of IUPAC, we ug%treat the resonance interactions between the (100) and (0:
the traditional labeling of the stretching vibration with and states §) and between the (110) and (030) stadsof HDO.
v; standing for the OD and OH stretching,

respectively.) In thTehe coupling scheme between the (101) and (021) states w
present report, we limited our analysis to the 14 980—15 3&pyestigated in Ref.5), while the study of the [(210), (050),

cm* spectral region which corresponds to rovibrational trad30)] triad reveals an unusually strong high-order anharmon
sitions involving the (014) upper vibrational state. The upp&gSenance between the (210) state and the (050) bending s
energy region between 15500 and 17 100 tincludes the (6). All these polyads appear to be the consequence of tl
stronger (005) transition which was previously investigatdg§lation:, ~ 2w, (2w, ~ 2887.44 cm’), which corresponds
(2). The analysis of the (005) band showed that the (005) le\il @ Fermi-resonance coupling. To our knowledge, no oth
is isolated, i.e., largely decoupled from the other vibrationéieatment of the resonance coupling between higher vibratior
states. states of HDO is available.

The HDO molecule is a nonsymmetric isotopomer gfoH  The (014) state under study has one additional bendir
with a strongly different ratio between its harmonic frequenciggiantum excited as compared to the (004) state previous
as compared to the parent molecule. This results in a differ@malyzed {), but this results in drastic changes in the resonanc
resonance polyad scheme even for low-lying vibrational statgerturbations of the rotational sublevels: the forthcoming rotz
The large difference between the OD and OH stretching freenal analysis shows that all the energy levels vikth= 0,1
quencies @, = 2823.9 andn; = 3893.40 cm*, respectively) are strongly perturbed. The perturbing partners of the (01

state will be assigned with the help of the recent high-accl

L On leave from the Institute of Atmospheric Optics, Russian Academy §RCY @b initio calculations reported by Partridge and Schwenk
Sciences, Tomsk, 634055, Russia. (PS) ().
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FIG. 1. Comparison of the overview of the stick spectrum of HDO (a) extracted from the ICLAS spectrum recorded with an equivalent path length
km and a total vapor pressure of 13 Torr with the stick spectrum (b) calculated with the parameters of Tables 3, 5, and 8.

2. EXPERIMENT to within 0.01 cm*, as will be confirmed by the ground state
combination differences (GSCD) provided by the rotatione
The experimental apparatus for ICLAS has been previousiyialysis.
described§). The technical details and a very recent review of |CLAS is suitable for measuring accurate absorption inter
the results obtained by ICLAS in the field of overtone spegity without any need of reference (see, e.g., R&s1{-13).
troscopy and optical diagnostics can be found in R#f.I6 the It requires, however, a careful study of the dependence of ea
current experiment, we used a standard standing-wave @ysorption line intensity on the generation tin®). (In the
laser cavity with a 50-cm cell inserted in the long arm of thgresent study, we used a rough estimation of the line intensiti
cavity. The intracavity sample cell was filled with a 1:1 mixprovided by the peak depth of each line. This method leads
ture of H,O and DO at a pressure of 13 Torr (94 hPa). Thiselatively strong deviations both for the stronger and th
procedure is assumed to lead to a mixture gDHHDO:D,0O in  weaker lines which are systematically under- or overestimate
the proportion 1:2:1. The spectra were obtained with a genegspectively. In particular, for the 10% weakest lines, th
ation time of 80us corresponding to an equivalent absorptioautomatic procedure used for the determination of the absor
path length of 12 km. A Rhodamine 590 dye solution was usédn baseline might lead, in some cases, to a 100% overes
to record the spectrum between 14 980 and 17 100'cm  mation of the peak depth. In spite of its limited accuracy, thi
The spectral resolution of the high-resolution grating speiiformation will, however, prove to be highly valuable for the
trograph dispersing the laser spectrum is about 0.03'cmspectral identification.
close to the Doppler broadening (0.05-cmFWHM). The
wavenumber calibration procedure consists, first, of correcting3 THEORETICAL TREATMENT OF THE SPECTRUM
the nonlinearity of the spectrograph dispersion by using an™
ét_alon iqserted into the Iaser_ beam giving sharp fringes eqlﬂj The Spectrum Assignment
distant in frequency. The pixel-to-wavenumber dependence
was then linearized for each spectrograph position and cali-Overall, 742 absorption lines were measured in the 14 98(
brated absolutely by the use of two reference lines. Lines dii& 350 cm* spectral region. Among them, 233 lines were
to H,O (10) appearing superimposed on the HDO spectruaitributed to HO (10). Figure 1 shows an overview of the stick
were used as references except in the region below 15Xp&ctrum limited to the HDO lines.
cm ', where we used iodine absorption lines obtained by The first step of the assignment process consisted of predi
inserting an iodine cell on the laser beam outside the laseg thev, + 4v; band transitions. The initial set of rotational
cavity. We estimate our wavenumber calibration to be accuraed some quartic centrifugal distortion constants for the (01
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ABSORPTION SPECTRUM OF HDO 61

state was estimated from PS’s energy lev&ls (hile other to the assigned transitions. They are presented in Table
high-order centrifugal distortion constants were constrainedtmgether with the (obs— calc.) deviations, the experimental
the corresponding values of the (011) stdtd)( These param- uncertainties, and the number of lines used in the determinati
eters were then refined from the fitting to the experimentaf the given energy level. The deviation from PS’s predictions
energy levels (see below) in parallel with the identificatiogiven also in Table 2, are negative with a magnitude general
process. Estimations of the (014) state transition moment pess than 1 cm' and a maximum value of 3 crh
rameters were obtained as in Ref5) from the fitting to the  Our first attempts to fit the energy levels of the (014) state ¢
experimental intensities of several tens of well-isolated absotthose of an isolated state failed to show that this state is, in fa
tion lines. The synthetic spectrum calculated with the abog&rongly perturbed: all the energy levels wikh = 0,1 starting
parameters was used in an adaptive program for automatith J = 0 greatly deviate (up to 1.5 cf) from their
rovibrational spectra identification built on the basis of thenperturbed positions. Furthermore, almost for each line ir
pattern recognition theoryL 6). This program is a sort of expertvolving a rotational level withK, = 0 or 1, two additional
system which searches for GSCD in the analyzed spectrum dinés were observed in the spectrum. The upper energy leve
chooses the best variant using several types of informatiwethese extra lines were derived with certainty from GSCD ¢
features as the number of lines reaching the upper level, geveral lines. The assignment of the perturbers on the basis
accuracy of the upper energy level determination, the prop&S’s predictions was difficult since, in many cases, the san
tionality of the observed and calculated intensities, as well esvibrational assignment is attached to two or even three di
the differences between observed and calculated lines pderent energy levels. In the case of the (014) state, for instanc
tions. The assignments of the lines as well as the experimeritab energy levels were given for each of the following rota
energy levels are stored into database which is renewtahal states: [000], [101], [202], and [404], and three energ
throughout the spectrum identification. levels were assigned to the [303] state. According toRSltie
The final results of the assignment process detailed j{802), (411), (222), (142), (062), (072), and even the (0 12 (
below are the following: 313 of the measured absorption linetbrational states are possible perturbers. However, the loc
(hereafter the full number of assigned lines is given includircharacter of the perturbations indicates that the perturbe
a double weight for blended lines with double assignmerghould be some highly excited bending states, since for su
were attributed to transitions involving the (014) upper statstates, the energy of the rotational sublevels increases ve
One hundred transitions related to the (142) and (0 12 0) highpidly with K,, and a crossing with the (014) energy levels
excited upper states were found as a result of strong resonacae take place only for certaid, values. From these consid-
interactions with the (014) state. Furthermore, eight transitioagations, the first perturber was assigned rather easily to t
were assigned as resulting from accidental resonances betw@d&®) vibrational state at 15 171.20 chour estimation from
the (014) bright state and the (302), (411), and (062) statéise parameters given in ReR)(was 15 193 crit).
Among about 130 weak absorption lines left to be assigned, 4dt was more difficult to fix the second resonance partner c
of them were finally attributed to the extremely weak 6and, the (014) state, since the assignment of the (062), (1 10 (
while 13 lines not included in the HITRAN database wer@91), and (0 12 0) states were frequently interchanged in PS
identified as being due to J@. Finally, 72 (about 15%) weak predictions. A similar difficulty was found in the assignment
lines remain unassigned. process of the perturber of the (004) state. Our analylis (
To give some idea of the absolute experimental intensitiessifowed that the (004) state is slightly perturbed by the (05:
the assigned lines, our experimental and calculated relatstate, while this perturber is assigned as (0 11 0) in R@&f. (
intensities were normalized to the total HDO absorption intefihe estimations of tha rotational constant and of the centrif-
sity given by Partridge and Schwenkg for pure HDO at 296 ugal distortion constants for such highly excited states are n
K for the same spectral region. (Note that only lines reachimgcurate enough to check PS’s assignments. We procee
rovibrational levels with an energy lower than 15 730 ¢m then, step by step, starting froln= 0,1,2,K, = 0,1 energy
were considered, as this energy is the upper limit of PS’s litevels. We adopted the PS’s value given in Table 3 for th
list available to us.) vibrational energy, varied only thé constant, and then
The frequencies of the HDO absorption lines are presenteltecked that the next energy levels were correctly predicte
in Table 1 along with their experimental and calculated intemvith the newA value. This process led us to assign the secor
sities, those provided in Ref7) when available, and their resonance partner of (014) to the (0 12 0) pure bending sta
rovibrational assignments. In a few cases, the assignmeniTfe occurrence of such high-order resonance interactions m
only tentative and the corresponding line is preceded by appear surprising. It was, however, experimentally proved fc
H,O and theoretically interpreted as resulting from a rapi
increase in the resonance coupling with the bending excitatic
(18-2Q. For the HO species, this coupling was estimated tc
The upper state energy levels were obtained by adding tery exponentially with the sum of the bending quantum nurnr
experimental rotational energy levels of the ground sth® ( bers of the resonating stateks).

B. Energy Level Fitting

Copyright © 2000 by Academic Press



62

NAUMENKO AND CAMPARGUE

TABLE 1
Wavenumbers, Intensities, and Rotational Assignments of the HDO
Absorption Lines between 14 980 and 15 350 cm™

Observed Intensity Upper | Lower | Vib. Observed Intensity Upper | Lower | Vib.
Wavenumber (cm™/atm) JK. K | JKo K. | State Wavenumber (em™/atm) JK. K. | JKi K, | State
(em™) Obs. | Cale. | Ref(7) (em™) Obs. | Cale. |Ref(7)
14981.792 6.9E-7 15032.240 39E-6 4.2E-6 42E-6 63 4 735 014
14982.275 1.0E-6 S.7E.7 84 4 945 014 15033.365 6.9E-7 6.7E-7 2.2E-7 101 202 600
14982.866 84E-7 5.1E-7 10010 11111 142 15035.112 5.0E-7 S5.1E-7 15E-7 111 212 600
14983.242 1.5E-6 9.3E-7 936 1037 014 15035.695 6.1E-7 3.3E-7 918 937 014
14986.675 6.1E-7 6.7E-7 23E-7 312 413 600 15036.229 9.4E-7 9.3E-7 §.0E-7 707 818 014
14986.829 4.3E-7 4.2E-7 1.5E-7 321 422 600 15036.922 6.1E-6 5.9E-6 5.8E-6 707 808 014
14989.495 1.0E-6 1.3E-6 927 1028 014 15037.202 6.9E-6 7.2E-6 7.0E-6 717 818 014
14990.068 1.7E-6 1.8E-6 928 1029 014 15037.898 1.3E-6 1.2E-6 1.2E-6 717 808 014
14991960 1.5E-6 1.8E-6 918 1019 014 15038903 4.5E-7 1.6E-7 973 972 014
14993.256 1.6E-6 7.6E-7 65 2 753 014 15038.903 4.5E-7 1.6E-7 972 973 014
14993.256 1.6E-6 7.6E-7 651 752 014 15039.073 7.6E-7
14995.843 6.5E-7 15039.855 7.7E-7 3.1E-7 8§72 871 014
14996.069 3.6E-7 15039.855 7.7E-7 3.1E-7 87 1 872 014
14997.118 7.7E-7 4.2E-7 82 6 937 142 15040.314 5.5E-7
14997.208 B8.0E-7 8.0E-7 2.6E-7 303 404 600 15040.755 1.7E-6 5.9E-7 771 770 014
14997.864 13E-6 1.4E-6 83 6 937 014 15040.755 1.7E-6 5.9E-7 770 771 014
14998.288 13E-6 1.0E-6 909 10110 014 15041.537 6.3E-7
14998.482 3.0E-6 1.5E-6 74 4 845 014 15041.774 2.1E-6 19E-6 2.0E-6 707 808 42
14998.482 3.0E-6 2.0E-6 909 10010 014 15042.096 6.8E-6 6.3E-6 6.5E-6 624 725 014
14998.599 2.6E-6 1.5E-6 743 844 014 15044.398 7.1E-7
14998.599 2.6E-6 2.1E-6 919 10110 014 15044.806 7.2E-6 6.7E-6 6.9E-6 625 726 014
14998.793 1.3E-6 12E-6 919 10010 014 15045.061 6.7E-7
14999.278 1.6E-6 1.7E-6 835 936 014 15045.703 5.4E-7 4.6E-7 817 836 014
15000.301 8.5E-7 7.6E-7 2.2E-7 313 414 600 15046.059 3.9E-7
15001.321 8.0E-7 15046.467 43E-7 4.0E-7 6.2E-7 615 726 142
15001.953 S5.1E-7 14E-7 88 1 880 014 15048.065 7.2E-6 8.0E-6 8.5E-6 6135 716 014
15001.953 5.1E-7 14E-7 880 881 014 15048.402 4.4E-6 1.9E-6 2.0E-6 441 542 014
15003.657 6.7E-7 5.5E-7 909 10110 142 15048.402 4.4E-6 19E-6 2.0E-6 440 541 014
15003.802 5.3E-7 S.1E-7 909 10010 142 15048.468 5.6E-6 S5.5E-6 5.6E-6 532 633 014
15005.404 4.0E-7 4.0E-7 919 10010 142 15048.810 3.6E-7 2.6E-7 422 423 600
15006.320 S.8E-7 2.1E-7 515 532 0120 15048.933 53E-6 S5.5E-6 5.7E-6 533 634 014
15006.397 5.0E-7 15050204 4.6E-7 4.0E-7 1.3E-7 000 101 600
15006.484 S.3E-7 5.5E-7 202 313 600 15050465 6.7E-7 4.6E-7 14E-7 322 321 600
15006.484 S53E-7 S.1E-7 313 404 600 15051.347 4.5E-7 2.7E-7 1.3E-7 413 432 014
15007.750 2.7E-6 2.4E-6 82 6 927 014 15051.570 5.5E-7
15009.080 3.0E-6 3.1E-6 827 928 014 15051.646 4.6E-7
15009.486 S.1E-7 3.3E-7 9.9E-8 220 321 600 15051921 58E-7 S5.9E-7 26E-7 716 735 014
15010907 3.6E-7 3.4E-7 9.8E-8 221 322 600 15053.177 2.6E-6 4.0E-6 2.3E-6 606 707 142
15011.573 3.9E-6 3.2E-6 817 918 014 15053.282 5.5E-7 4.6E-7 15E-7 321 322 600
15012.608 7.7E-7 4.2E-7 312 321 600 15054.464 7.2E-7 55E-7 2.7E-7 615 634 014
15013.905 5.2E-7 6.7E-8 10010 1019 142 15055219 4.5E-6 59E-7 3.5E-7 606 717 014
15014111 93E-7 4.1E-7 735 836 062 15055.459 6.8E-6 1.1E-5 1.1E-5 616 717 014
15014.704 1.1E-6 717 836 411 15056.506 6.3E-6 8.0E-6 99E-6 60 6 707 014
15015223 4.7E-6 21E-6 2.1E-6 643 744 014 15056.746 3.3E-6 9.3E-7 19E-7 616 707 014
15015223 4.7E-6 2.1E-6 2.1E-6 642 743 014 15056.987 4.8E-7 8.4E-7 23E-7 221 220 600
15015.494 3.7E-6 29E-6 2.8E-6 73 4 835 014 15057.171 4.2E-7
15015.541 3.3E-6 29E-6 24E-6 735 836 014 15057.597 6.6E-7 8.4E-7 23E-7 220 221 600
15016.004 4.4E-7 15057.734 4.6E-7
15017.269 7.4E-7 5.5E-7 40 4 413 600 15058.037 3.7E-7
15017.564 5.9E-7 15058.780 8.3E-6 8.8E-6 95E-6 523 624 014
15017.776 15E-6 1.0E-6 1.1E-6 808 919 014 15059.003 6.1E-7 5.5E-7 3.1E-7 707 726 014
15018.137 4.1E-6 3.8E-6 3.8E-6 80 8 909 014 15059.744 3.7E-7
15018.279 4.8E-6 42E-6 4.1E-6 818 919 014 15060.746 4.5E-7 5.5E-7 1.7E-7 111 110 600
15018.646 1.8E-6 13E-6 12E-6 818 909 014 15061.294 4.8E-7
15021.012 S5.0E-7 15061.861 8.8E-6 9.3E-6 1.0E-5 524 625 014
15021412 9.0E-7 S.1E-7 101 212 600 15063.331 1.3E-6 12E-6 9.5E-7 616 717 142
15022.129 4.8E-7 2.0E-7 1019 1038 014 15063.848 5.6E-7 13E-7 12E-7 707 726 142
15023.227 6.6E-7 59E-7 3.9E-7 808 919 142 15065.055 1.0E-5 1.1E-5 1.2E-5 514 615 014
15023.574 13E-6 9.7E-7 6.5E-7 80 8 909 142 15065.194 6.4E-6 S59E-6 6.2E-6 431 532 014
15025.156 4.3E-6 4.0E-6 4.0E-6 725 826 014 15065.496 6.2E-6 5.9E-6 6.3E-6 432 533 014
15025.590 6.2E-7 5.1E-7 3.4E-7 818 919 142 15065.644 8.8E-7 5.5E-7 1.6E-7 110 111 600
15025958 4.8E-7 3.7E-7 19E-7 818 909 142 15066.269 S.8E-7
15026312 7.1E-7 15067.023 6.7E-7
15027.297 6.1E-6 4.6E-6 5.0E-6 726 827 014 15069.422 7.0E-7 1.6E-7 1.1E-7 505 616 014
15029.284 4.5E-7 4.6E-7 1.5E-7 110 211 600 15069.422 7.0E-7 2.6E-7 1.1E-7 616 707 0120
15030.288 4.8E-6 S5.1E-6 54E-6 716 817 014 15070.441 S5.5E-7
15030.867 3.9E-7 1.0E-7 41 4 431 142 15070.963 S5.5E-7 -
15031.862 7.2E-6 23E-6 24E-6 542 643 014 15071.500 7.6E-7 2.9E-7 96 4 963 014
15031.862 7.2E-6 24E-6 24E-6 541 642 014 15071.500 7.6E-7 2.9E-7 963 964 014
15031.862 7.2E-6 42E-6 4.2E-6 633 734 014 15071.738 6.7E-6 63E-6 29E-6 505 606 014
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TABLE 1—Continued

Observed Intensity Upper | Lower | Vib. Observed Intensity Upper | Lower | Vib.
Wavenumber (cm'z/a[m) JK. K. | JK, K, | State Wavenumber (crr_l‘z/atm) JK, K. | JKy K, | State

(cm™) Obs. | Calc. | Ref(7) (cm™) Obs. | Cale. |Ref(7)

15072.114 39E-6 4.6E-6 2.7E-6 515 616 0120 15103.702 6.2E-7 2.4E-7 43 1 330 600
15072.524 1.2E-6 5.9E-7 86 3 862 014 15103.878 2.6E-6 1.IE-6 12E-6 303 414 142
15072.524 12E-6 59E-7 862 863 014 15104.052 9.1E-6 9.3E-6 9.8E-6 303 404 014
15072.862 1.2E-5 9.7E-6 13E-5 515 616 014 15104.186 1.4E-6 3.2E-7 7.8E-7 312 413 0120
15072.862 1.2E-5 4.4E-6 523 606 302 15105.820 1.4E-5 1.7E-5 2.0E-5 313 414 014
15073.525 2.4E-6 1.1E-6 762 761 014 15106.737 8.0E-6 7.6E-6 9.2E-6 313 404 0120
15073.525 2.4E-6 1.1E-6 761 762 014 15107.055 6.1E-7 6.3E-7 1.7E-7 423 322 600
15074.434 5.8E-6 2.0E-6 66 1 660 014 15107.877 2.6E-7 8.0E-8 1148 1147 014
15074.434 5.8E-6 2.0E-6 660 661 014 15108.671 6.0E-7 6.7E-7 505 414 600
15074.434 58E-6 5.1E-6 6.8E-6 515 606 0120 15108.782 5.4E-7 59E-7 1.6E-7 422 321 600
15074.774 4.5E-7 7.2E-7 3.4E-7 60 6 625 014 15108.913 S5.4E-7 1.1E-6 3.0E-7 40 4 303 600
15074.999 49E-7 59E-7 13E-7 616 625 014 15109.547 8.7E-6 8.4E-6 9.4E-6 220 321 014
15075.166 2.8E-6 4.2E-6 24E-6 515 606 014 15110.095 4.4E-6 4.6E-6 4.9E-6 303 404 142
15075.583 1.0E-5 1.1E-5 12E-§ 422 523 014 15110.474 83E-7 7.2E-7 313 202 600
15076.469 5.8E-7 63E-7 42E-7 717 716 014 15110.648 88E-6 8.4E-6 9.4E-6 221 322 014
15077.857 7.1E-7 7.6E-7 3.6E-7 514 615 142 15112.118 6.5E-7

15077939 1.5E-6 14E-6 1.2E-6 505 616 142 15113.191 8.3E-7 9.7E-7 2.6E-7 515 414 600
15078.397 1.1E-5 1.1E-5 12E-5 423 524 014 15113.663 4.0E-7 6.3E-7 1.6E-7 524 423 600
15079.522 49E-7 42E-7 13E-7 101 000 600 15114:146 1.1E-5 1.2E-5 1.1E-5 211 312 014
15079.692 4.6E-7 15114.800 8.3E-7 1.8E-7 1047 1046 014
15080.258 1.1E-6 S59E-7 8.7E-7 505 606 142 15114.800 83E-7 2.1E-7 1.7E-7 202 313 142
15080.473 4.6E-7 15114902 8.5E-7 2.6E-7 431 422 600
15081.594 1.2E-5 [14E-5 1.6E-5 413 514 014 15114902 8.5E-7 1.0E-6 2.7E-7 505 404 600
15081.788 S59E-6 4.6E-6 4.9E-6 330 431 014 15115.498 1.4E-6 14E-6 S15 514 0120
15081918 54E-6 4.6E-6 49E-6 331 432 014 15115.879 5.6E-6 3.5E-6 6.8E-6 211 312 0120
15082.879 5.3E-7 5.5E-7 422 413 600 15116250 1.5E-6 6.3E-7 1.2E-6 515 514 014
15083.605 6.1E-7 S5.1E-7 5.0E-7 515 616 142 15117.018 8.6E-7 42E-7 19E-7 212 313 0120
15084.445 4.5E-7 5.5E-7 1.5E-7 505 524 014 15117.121 13E-6 1.1E-6 82E-7 726 725 014
15084.747 3.9E-7 15117.400 1.2E-6 8.0E-7 6.4E-7 313 414 142
15084.991 2.8E-7 22E-7 1.4E-7 111 220 014 15119.677 1.1E-5 12E-5 13E-5 202 303 014
15086.354 6.4E-7 12E-6 7.8E-7 40 4 515 014 15121.153 13E-5 1.6E-S 1.9E-5 212 313 014
15087.853 5.5E-6 1.1E-6 515 524 014 15121.809 1.3E-6 1.1E-6 84 5 844 014
15087.853 5.5E-6 S5.1E-6 4.7E-6 414 505 0120 15122.333 4.6E-7

15088.825 3.5E-7 5.6E-7 1.6E-7 212 111 600 15122.637 S.7E-7 6.7E-7 1.6E-7 707 606 600
15089.281 1.0E-5 14E-5 1.5E-5 414 515 014 15123.103 6.3E-7 9.3E-8 211 222 0120
15090.266 84E-6 1.1E-5 1.3E-5 40 4 505 014 15123.416 2.0E-6 2.1E-6 74 4 743 014
15091.378 9.3E-7 8.0E-7 23E-7 202 101 600 15123.842 74E-6 72E-6 8.0E-6 202 303 142
15091.550 2.9E-6 3.0E-6 4.1E-6 40 4 515 142 15124.611 4.6E-6 3.9E-6 3.4E-6 643 642 014
15092200 5.8E-7 S9E-7 5.6E-7 413 514 142 15124934 3.7E-6 3.9E-6 3.4E-6 642 643 014
15092200 5.8E-7 5.1E-7 321 312 600 15125336 1.2E-6 1.1E-6 84 4 845 014
15092.586 8.7E-6 1.1E-5 13E-5 321 422 014 15125512 8.1E-6 6.7E-6 6.3E-6 542 541 014
15092.762 52E-7 3.6E-7 1.7E-7 41 4 423 0120 15125571 7.8E-6 6.7E-6 6.3E-6 541 542 014
15092.998 5.8E-7 15125.781 1.1E-6 1.2E-7 826 743 014
15093.218 1.6E-6 27E-6 22E-6 41 4 505 014 15126.090 2.2E-6 1.6E-6 19E-6 212 303 0120
15093.363 S5.8E-7 15126315 1.5E-5 12E-5 1.1E-5 441 440 014
15094.637 8.6E-6 1.1E-5 13E-5 322 423 014 15126315 1.5E-5 1.2E-5 1.1E-5 44 0 441 014
15095.468 1.8E-6 15E-6 1.7E-6 40 4 505 142 15126.673 7.6E-7 1.4E-7 826 835 142
15096.583 4.6E-7 15126.845 5.8E-7

15097.724 4.1E-7 15127.280 7.8E-7 S5.1E-7 945 946 014
15097.978 1.1E-5 16E-5 1.8E-5 312 413 014 15127.412 9.3E-7 8.0E-7 836 835 014
15098.817 3.6E-7 3.7E-7 2.4E-7 303 322 014 15128.416 1.1E-6 8.4E-7 3.9E-7 211 312 142
15099.070 6.0E-7 5.9E-7 827 826 014 15128.504 1.2E-6 1.2E-6 4.7E-7 110 211 0120
15099.162 6.5E-7 4.6E-7 955 954 014 15130.202 4.3E-7 2.0E-7 8.6E-8 212 03 014
15099.692 4.8E-7 4.6E-7 954 955 014 15130.964 3.9E-7

15099.856 54E-7 59E-7 404 313 600 15131.382 99E-6 9.7E-6 12E-5 110 211 014
15100.185 9.9E-7 9.3E-7 854 853 014 15131.667 2.5E-6 1.9E-6 1.7E-6 625 624 014
15100.349 1.0E-6 93E-7 853 854 014 15131.873 3.2E-7 19E-7 1.1E-7 514 431 014
15100.494 54E-7 63E-7 4.2E-7 313 414 0120 15132.168 2.1E-6 1.7E-6 2.0E-6 414 413 014
15100.688 7.7E-7 7.6E-7 6.4E-7 41 4 515 142 15132.439 3.4E-7 15E-7 80 8 725 014
15100.961 1.9E-7 15133.550 9.3E-7 6.7E-7 5.4E-7 212 313 142
15101.167 29E-6 1.7E-6 753 752 014 15133.761 52E-7 24E-7 735 734 062
15101.167 29E-6 1.7E-6 752 753 014 15134371 S5.7E-7 717 734 411
15101.492 4.1E-7 22E-7 25E-7 313 322 0120 15135.093 1.1E-5 1.lE-5 12E-5 101 202 014
15101.696 3.4E-7 15135.231 1.3E-6 19E-6 1.2E-6 735 734 014
15102.102 58E-6 3.2E-6 652 651 014 15136.175 1.1E-5 1.1E-5 1.3E-5 111 212 014
15102.102 5.8E-6 3.2E-6 651 652 014 15136.722 6.8E-7 5.1E-7 220 111 600
15102994 93E-6 5.5E-6 4.9E-6 551 550 014 15139.461 3.5E-6 3.6E-6 3.0E-6 63 4 633 014
15102.994 93E-6 S.5E-6 49E-6 550 551 014 15139.822 7.1E-6 6.3E-6 7.2E-6 101 202 142
15103.461 59E-7 84E-7 23E-7 312 21t 600 15141.358 5.8E-7 S5.1E-7 322 211 600
15103.589 5.3E-7  24E-7 432 331 600 15142.037 6.1E-6 6.3E-6  S5.9E-6 533 532 014
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TABLE 1—Continued

Observed Intensity Upper | Lower | Vib. Observed Intensity Upper | Lower | Vib.
Wavenumber (cm'Z/atm) JK. K. | JK, K, | State Wavenumber (cm'z/atm) JK.K. | JK, K, | State

(em™) Obs. | Cale. | Ref(7) (cm™) Obs. | Cale. | Ref(7)

15142756 4.6E-6 3.8E-6 3.5E-6 524 523 014 15202.129 29E-6 1.7E-6 23E-6 303 212 142
15143.495 99E-6 1.1E-5 1.1E-3 432 431 014 15202.751 1.0E-5 [1.1E-5 1.1E-§ 322 221 014
15143.814 7.5E-7 2.6E-7 59E-7 303 312 142 15203.454 4.5E-6 28E-6 2.7E-6 542 441 014
15144.123 1.0E-5 1.1E-5 1.1E-5 431 432 014 15203.454 4.5E-6 28E-6 2.7E-6 541 440 014
15144363 1.6E-5 19E-5 19E-5 331 330 014 15204.082 1.4E-5 1.8E-5 20E-§ 313 212 014
15144.461 1.8E-5 19E-5 19E-5 330 331 014 15205.157 19E-5 1.0E-5 1.1E-5 321 220 014
15144.461 1.8E-5 63E-6 5.9E-6 532 533 014 15206.132 6.1E-6 S59E-6 6.1E-6 432 331 014
15144692 58E-7 S.1E-7 3.0E-7 I10 211 142 15206.549 6.3E-6 S59E-6 6.1E-6 431 330 014
15145.758 4.1E-6 3.2E-6 3.3E-6 313 312 014 15207.400 4.6E-7

15146.004 6.0E-7 4.6E-7 423 312 600 15208.039 1.1E-5 1.1E-5 1.1E-§ 303 202 014
15146.298 3.5E-6 3.5E-6 3.0E-6 633 634 014 15210.035 2.3E-6 13E-6 753 652 014
15146.972 3.9E-7 15210.035 23E-6 13E-6 752 651 014
15149.104 9.0E-7 4.6E-7 3.4E-7 111 212 142 15210.720 9.1E-6 9.3E-6 1.1E-5 313 202 0120
15150207 6.8E-6 6.7E-6 6.7E-6 423 422 014 15210940 5.1E-7 2.8E-7 96 4 863 014
15150.389 1.8E-6 1.7E-6 14E-6 73 4 735 014 15210.940 5.1E-7 2.8E-7 96 3 862 014
15150.596 8.0E-6 6.3E-6 7.1E-6 000 101 014 15212.370 S5.4E-7 S5.1E-7 32E-7 211 110 142
15151.228 7.3E-7 2.8E-7 2.5E-7 212 211 0120 15213.369 1.1E-6 14E-6 1.0E-6 615 616 014
15151.459 5.5E-7 15214.093 4.6E-6 5.1E-6 4.5E-6 303 202 142
15151.726 S5.0E-7 15214.778 19E-5 19E-5 21E-5 312 211 014
15154.620 1.1E-5 12E-5 12E-5 322 321 014 15214778 19E-5 2.0E-5 2.1E-5 41 4 313 014
15155373 7.1E-6 59E-6 6.7E-6 212 211 014 15215.658 9.5E-7 S.1E-7 615 606 014
15155434 5.1E-6 3.4E-6 3.9E-6 000 101 142 15215658 9.5E-7 1.1E-6 72E-7 313 212 142
15156.785 1.6E-5 21E-5 23E-5 221 220 014 15216.037 4.9E-7 39E-8 6.5E-7 313 202 014
15157.032 6.9E-7 8.4E-7 835 836 014 15216.646 1.1E-5 1.5E-5 1.6E-5 423 322 014
15157.254 2.8E-7 7.2E-7 23E.7 111 110 0120 15217.029 3.6E-6 3.0E-6 3.7E-6 40 4 313 142
15157.699 1.6E-5 2.1E-5 23E-5 220 221 014 15217300 2.2E-7

15159.033 1.1E-5 12E-5 1.2E-5 321 322 014 15218.312 3.7E-6 3.6E-6 3.3E-6 643 542 014
15161.803 13E-5 12E-5 14E-5 111 110 014 15218.483 7.9E-6 72E-6 6.2E-6 41 4 303 0120
15162.538 7.4E-6 63E-6 6.6E-6 422 423 014 15218.543 49E-6 3.6E-6 3.3E-6 642 541 014
15164861 1.1E-6 12E-6 S5.5E-7 110 It1 0120 15220339 6.5E-7 6.3E-7 4.8E-7 322 303 014
15165330 5.2E-7 4.2E-7 817 734 014 15220.885 1.4E-5 15E-5 1.8E-5 40 4 303 014
15167.770 1.2E-5 12E-5 14E-5 110 111 014 15220931 1.1E-5 84E-6 82E-6 533 432 014
15168.696 3.8E-6 3.6E-6 3.4E-6 523 524 014 15221.877 9.7E-7 1.0E-6 74E-7 423 404 014
15172.287 3.5E-7 6.3E-7 330 221 600 15222.455 1.0E-5 84E-6 8.1E-6 532 431 014
15172.486 5.6E-6 4.6E-6 4.5E-6 211 212 014 15222.505 14E-5 1.5E-5 1.5E-5 422 321 014
15174.218 2.5E-6 2.0E-6 2.8E-6 211 212 0120 15223.657 7.1E-7

15174.756 6.4E-7 59E-7 3.8E-7 111 110 142 15223.815 14E-6 24E-6 7.5E-7 41 4 303 014
15175.554 3.9E-7 15224.033 3.5E-7

15177342 2.5E-6 2.0E-6 1.8E-6 62 4 625 014 15224343 57E-6 9.3E-6 19E-6 515 414 0120
15177.633 5.0E-7 8.0E-8 973 872 014 15224.760 2.1E-6 13E-6 82E-7 524 505 014
15177.633 5.0E-7 8.0E-8 972 871 014 15224.760 2.1E-6 1.1E-6 85 4 753 014
15179.395 4.6E-7 15224.882 1.8E-6 1.1E-6 853 752 014
15179.577 6.0E-7 S.1E-7 432 321 .600 15225.108 15E-5 15E-5 21E-5 515 414 014
15180.578 4.7E-6 3.9E-6 4.1E-6 312 313 014 15226.086 3.3E-6 2.6E-6 3.5E-6 404 303 142
15181276 83E-6 6.7E-6 7.3E-6 101 000 014 15226.162 1.5E-6 14E-6 9.1E-7 41 4 313 142
15181.884 99E-7 3.0E-7 762 661 014 15227906 8.2E-6 1.1E-5 44E-6 505 404 014
15181.884 9.9E-7 3.0E-7 761 660 014 15228.060 6.3E-7

15184.159 6.1E-7 3.7E-7 533 422 600 15228.898 1.1E-6 1.1E-6 6.4E-7 625 606 014
15184.654 6.3E-7 15229.004 5.4E-6 6.3E-6 523 404 302
15185997 S5.1E-6 3.8E-6 4.4E-6 101 000 142 15229.690 14E-5 16E-5 1.6E-5 524 423 014
15186.757 4.4E-7 21E-7 1.6E-7 211 212 142 15230.180 2.7E-6 1.1E-6 1.1E-6 505 414 142
15187.608 7.2E-7 S.1E-7 3.5E-7 212 111 0120 15230.180 2.7E-6 6.7E-7 3.2E-7 312 211 142
15187.846 19E-6 12E-6 9.0E-7 725 726 014 15230352 1.8E-5 22E-5 23E-§ 413 312 014
15189.391 53E-7 3.7E-7 532 423 600 15230.564 8.6E-6 8.8E-6 12E-5 515 404 0120
15189.521 4.8E-7 8.4E-8 1138 1139 014 15231.025 2.5E-7 1.5E-7 1129 11210 014
15190450 2.8E-6 2.7E-6 2.6E-6 413 414 014 15231.324 35E-6 5.5E-6 12E-6 515 404 014
15191.739 1.3E-5 13E-5 14E-5 212 111 014 15232.750 4.6E-7

15193.541 5.8E-7 15232.928 4.6E-7

15195304 44E-6 1.0E-6 652 551 014 15233.116 3.5E-6 3.4E-6 74 4 643 014
15195304 4.4E-6 1.0E-6 651 550 014 15233.395 4.6E-7

15195495 1.2E-5 1.1E-5 1.2E-5 202 101 014 15233.782 9.0E-6 7.2E-7 23E-6 60 6 515 014
15196.398 9.1E-7 3.5E-7 863 762 014 15234011 1.4E-5 2.1E-5 1.7E-5 616 515 014
15196.398 9.1E-7 3.5E-7 862 761 014 15234011 14E-5 34E-6 743 642 014
15196.870 4.8E-7 2.5E-7 633 524 600 15234.384 4.8E-6 7.6E-6 42E-6 606 505 142
15198.114 1.0E-5 9.7E-6 9.0E-6 211 110 014 15235450 8.3E-6 84E-6 7.7E-6 63 4 $33 014
15199.446 6.4E-7 6.7E-7 826 827 014 15235810 1.3E-6 14E-6 89E-7 515 414 142
15199.653 7.3E-6 6.7E-6 7.4E-6 202 101 142 15236.408 1.8E-6 12E-6 1.9E-6 505 404 142
15199.851 4.5E-6 3.4E-6 5.5E-6 211 110 0120 15237.724 1.0E-5 1.5E-5 1.5E-5 60 6 505 014
15201.704 2.8E-6 19E-6 1.6E-6 514 515 014 15237959 7.2E-6 12E-6 1.8E-6 616 S05 014
15201912 19E-6 1.3E-6 1.5E-6 212 101 0120 15238932 23E-7

Copyright © 2000 by Academic Press



ABSORPTION SPECTRUM OF HDO 65

TABLE 1—Continued

Observed Intensity Upper | Lower | Vib. Observed Intensity Upper | Lower | Vib.
Wavenumber (cm¥/atm) JK. K. | JK.K. | State | Wavenumber (cm¥/atm) JK. K. | JKa K. | State

(em™) Obs. | Calc. |Ref(?) (cm™ Obs. | Cale. |Ref(7

15239.408 8.2E-6 8.0E-6 7.6E-6 633 532 014 15265.710 7.4E-7 8.0E-7 10110 909 142
15239.531 13E-6 8.0E-7 955 854 014} T15265947 19E-6 1.8E-6 12112 11011 014
15239.651 6.6E-7 8.0E-7 827 808 014 15266347 13E-5 1.3E-5 1.2E-5 716 615 014
15239.848 3.9E-7 3.5E-7 937 918 014} TI15266.501 19E-6 1.6E-6 12012 11111 014
15239.954 9.1E-7 8.0E-7 95 4 853 014 15267.446 2.0E-6 1.7E-6 945 844 014
15240.507 1.3E-5 1.6E-5 1.6E-5 523 422 014] TI15267.626 14E-6 1.1E-6 11011 10110 142
15240.837 13E-6 1.6E-6 3.9E-7 707 616 014 15268535 1.1E-6 1.2E-6 1.0E-7 330 221 014
15240974 13E-6 1.1E-6 8.2E-7 413 312 142} TI15269420 9.2E-7 93E-7 13013 12112 014
15241599 1.2E-5 13E-5 13E-5 625 524 014 15269.723 5.3E-6 5.5E-6 92 8 827 014
15241.807 1.3E-5 1.6E-5 1.5E-§ 717 616 014 15270.181 1.4E-6

15241924 2.1E-6 1.5E-6 1.4E-6 616 515 142 15270732 7.1E-7

15242268 5.8E-7 5.9E-7 918 919 014 15271.663 8.3E-7 9.3E-7 3.9E-7 615 514 142
15243.134 1.1E-5 1.3E-5 12E-5 707 606 014 15271.905 6.6E-7 2.8E-7 1156 1055 014
15243266 13E-6 4.6E-7 1.6E-7 735 716 014 15272.308 B8.4E-7

15243.266 1.3E-6 1.0E-6 9.0E-7 615 524 142 15273.147 4.2E-7

15244.585 1.6E-5 2.1E-5 2.1E-§ 514 413 014 15273.382 7.8E-6 8.8E-6 817 716 014
15245.242 4.6E-7 59E-7 92 8 909 014 15273.956 3.2E-6 33E-6 937 836 014
15245.670 9.7E-7 1.3E-6 3.8E-7 707 616 142 15274.715 9.5E-6 1.1E-5 9.8E-6 725 624 014
15246.619 4.7E-7 4.2E-7 1.8E-7 63 4 615 014 15276.014 1.3E-6 8.4E-7 104 7 946 014
15247.879 29E-6 2.6E-6 845 744 014 15276.320 3.1E-6 3.5E-6 102 9 928 014
15247.958 42E-6 4.1E-6 4.3E-6 707 606 142 15276.690 4.6E-6 4.6E-6 835 734 014
15248.120 2.2E-6 23E-6 9.5E-7 80 8 717 014 15278.482 5.0E-6 S5.5E-6 918 817 014
15248.192 1.6E-6 9.6E-7 735 634 062 15278.748 3.9E-7

15248.632 93E-6 1.1E-5 1.0E-5 818 717 014 15281.756 1.7E-6 2.0E-6 11210 1029 014
15248.800 1.9E-6 3.8E-7 1019 10110 014 15282.169 3.1E-6 3.5E-6 1019 918 014
15248.800 1.9E-6 1.3E-7 717 634 411 15284.234 2.0E-6 2.0E-6 103 8 937 014
15249.404 9.1E-6 9.7E-6 9.4E-6 80 8 707 014 15285.520 1.8E-6 2.0E-6 11110 1019 014
15249.670 5.6E-6 6.7E-6 5.2E-6 735 634 014 15286.066 1.1E-6 1.1E-6 12211 11210 014
15249.828 89E-7 1.6E-6 14E-6 717 616 142 TI15286190 1.0E-6 1.0E-6 104 6 945 014
15249916 23E-6 29E-6 1.2E-6 818 707 014 15288.276 1.9E-6 1.5E-6 1.2E-6 422 303 014
15250.268 2.3E-6 2.6E-6 84 4 743 0 14| T15288276 19E-6 1.1E-6 12111 11110 014
15252374 1.1E-5 1.2E-5 1.1E-5 726 625 014 15288.864 6.9E-7 5.1E-7 1148 1047 014
15253.570 1.0E-6 1.2E-6 4.1E-7 808 717 142 15289.270 6.6E-6 7.2E-6 826 725 014
15254.499 5.5E-6 6.3E-6 919 818 014 15290.126 4.6E-7

15254.857 6.7E-6 5.9E-6 909 808 0 14| TI15290.642 6.1E-7 5.5E-7 13112 12111 014
15254857 6.7E-6 2.5E-6 1.7E-6 808 707 142 15291970 5.0E-7

15255.189 3.5E-6 3.3E-6 919 808 014 15293.058 1.3E-6 1.1E-6 1139 1038 014
15255.551 5.8E-7 S.1E-7 105 5 954 014 15295978 3.0E-6 3.0E-6 936 835 014
15255955 12E-6 13E-6 9.1E-7 818 717 142 15299.041 2.9E-7

15256.743 1.8E-5 1.7E-5 1.7E-§ 615 514 014 15300.143 14E-6 S5.5E-7 12310 1139 014
15257.224 58E-7 5.5E-7 1.7E-7 818 707 142 15301.282 4.1E-6 4.2E-6 927 826 014
15257.357 1.1E-6 1.3E-6 6.0E-7 514 413 142 15303.245 7.1E-7

15257.619 6.7E-6 6.7E-6 6.0E-6 73 4 633 014 15303.744 8.4E-7

15258213 1.6E-5 1.3E-5 13E-5 62 4 523 014] 15305470 42E-7

15259.132 39E-6 2.8E-6 10010 919 0 14] TI15305777 6.1E-7 2.7E-7 13311 12310 014
15259.497 3.3E-6 2.6E-6 10010 909 014 15306.120 6.7E-7

15259.497 3.3E-6 2.9E-6 10110 919 014 15309.893 2.6E-6 2.4E-6 102 8 927 014
15259.856 3.8E-6 3.3E-6 10110 909 014 15312.166 1.9E-6 1.6E-6 1.3E-6 523 404 014
15260242 1 4E-6 1.5E-6 909 808 142 15313.902 2.0E-6 1.8E-6 103 7 936 014
15261.091 85E-7 9.7E-7 919 818 142 15315307 2.8E-6 1.2E-6 1129 1028 014
15261.544 1.8E-6 9.7E-7 82 6 735 142 15317.349 3.1E-7

15261.714 82E-6 8.4E-6 827 726 014 15318.003 6.7E-7 5.9E-7 12210 1129 014
15262281 4.7E-6 4.1E-6 83 6 735 014| TI15318961 S5.7E-7 2.7E-7 13211 12210 014
15262.281 4.7E-6 1.8E-6 94 6 845 014 15323.803 8.0E-7

15263.088 2.6E-6 23E-6 11011 10110 014 15329.459 8.8E-7 9.3E-7 1138 1037 014
15263274 3.6E-7 1.1E-6 11011 10010 014 15336.656 5.8E-7

15263.707 6.4E-7 12E-6 1111t 10110 014 15336.823 6.7E-7

15263.899 2.8E-6 2.6E-6 11111 10010 014 15338.773 4.8E-7 3.7E-7 1.6E-7 432 313 014
15264.159 14E-6 14E-6 10010 919 142 15340260 1.4E-6 1.3E-6 8.5E-7 62 4 505 014
15264.510 74E-7 9.3E-7 10010 909 142 15344.089 5.0E-7

15265.351 5.0E-7  5.9E-7 10110 919 142 15348.544 12E-6 14E-6 84E-7 633 514 014

Note.The experimental, calculated, and predict@diftensities are given in ci/atm at 296 K and correspond to pure HDO. The
total calculated and experimental intensities of the HDO absorption are normalized (see text) to the total HDO intensity predicted in
Ref. (7). T denotes tentative assignment.

After the determination of the two main resonance partners H= > |v) Hy (V'] [1]
of the (014) state, we fitted the energy levels of all three vy
interacting states. The effective rotational Hamiltonian was
taken as wherev andv’ are the different vibrational states of the triad.
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TABLE 2
Rotational Energy Levels (cm™) of the [(014), (142), and (0 12 0)] Triad of HDO
(014) (014)

JK, K, Epps obs.-calc. o N A JK K, Eops obs.-calc. o N A
000 15166.104 0.022 1 -0.43 753 15919.191 0.016  0.010 2
101 15181.271 0.018  0.005 2 -0.41 752 15919.188 -0.019  0.014 2
111 15194.301 -0.019  0.001 2 -0.51 762 16054.664 0.036  0.011 2
110 15197.573 -0.045  0.006 2 -0.50 761 16054.664 0.035 0.011 2
202 15211.005 -0.017  0.002 2 -0.43 771 16212.287 -0.017 1
212 15221.550 -0.003  0.006 3 -0.51 770 16212.287 -0.017 1
211 15230.610 0.059  0.002 3 -0.41 808 15652.565 -0.014  0.002 5 -2.07
221 15266.046 -0.020  0.008 2 -0.51 818 15653.075 -0.024  0.003 4 -2.04
220 15266.618 -0.019  0.007 2 -0.51 817 15747.310 0.054  0.010 3
303 15254.209 -0.016  0.002 3 -0.39 827 15752.161 0.029 0.014 4
313 15262.210 0.045  0.006 4 -0.51 826 15809.394 -0.036  0.001 3
312 15280.964 0.017  0.003 3 -0.51 836 15839.208 -0.071 0.019 3
322 15311.678 -0.015  0.005 4 -0.51 835 15858.658 -0.090  0.009 3
321 15314.423 -0.004  0.002 3 -0.55 845 15931.203 -0.025  0.001 2
331 15377.410 -0.006  0.004 2 -0.52 844 15933.896 0.087 0.013 3
330 15377.471 -0.010  0.010 3 -0.49 854 16042.757 -0.001 0.010 2
404 15312.215 -0.039  0.003 3 -0.50 853 16042.888 -0.009  0.007 2
414 15315.152 -0.070  0.008 4 -0.67 863 16177.527 0.003 0.001 2
413 15346.827 0.003 0.008 4 -0.55 862 16177.527 -0.000  0.001 2
423 15372.036 -0.009  0.004 4 -0.55 8§72 16334.691 0.001 ]
422 15379.576 -0.022  0.004 3 -0.70 871 16334.691 0.001 |
432  15439.163 0.005  0.006 4 -0.66 909 15767.397 0.005  0.017 3
431 15439.605 0.002  0.004 3 -0.52 919 15767.713 -0.021 0.007 4
441 15528.645 -0.003  0.001 2 -0.49 918 15877.055 0.079  0.008 3
440 15528.653 -0.001 0.008 2 -0.63 928 15879.661 0.031 0.012 3
505 15378.057 0.009  0.005 2 -0.45 927 15954.358 0.047  0.012 2
515 15381.484 0.019  0.005 6 -0.89 937 15975.580 0.043  0.004 2
514 15427.563 0.008  0.008 4 -0.69 936 16007.792 0.031 0.019 2
524 15446.740 0.007  0.008 3 -0.67 946 16070.844 -0.040 1
523 15462.332 -0.008  0.007 4 -1.04 945 16076.848 -0.109  0.009 2
533 15516.438 0.014  0.014 3 -1.00 955 16182.056 -0.013 0.007 2
532 15518.130 0.005  0.002 3 -0.67 954 16182.504 -0.027  0.012 2
542 15605.769 0.001 0.012 3 -0.62 964 16315.942 -0.025  0.002 2
541 15605.823 0.001 0.009 2 -0.94 963 16315.941 -0.044  0.004 2
551 15718.963 0.009 1 -0.89 973 16472.472 0.005  0.003 2
550 15718.963 0.008 1 -0.59 972 16472.488 0.021 0.012 2

*606  15459.660 0.010 S -1.18 | 10010 15893.924 -0.031 0.001 2
616 15459.893 0.092  0.015 5 -145] 10110 15894.286 -0.010  0.002 2
615 15521.983 0.015  0.003 5 0921 1019 16017914 -0.131 0.008 3
625 15535.222 0.017  0.010 4 089 1029 16019.417 -0.006 1
624 15562.213 0.020  0.006 4 -1.55 ] 102 8 16111.537 -0.019 1
634 15609.128 0.073  0.010 4 -148 | 103 8 16125.602 -0.028 1
633 15613.818 0.033  0.005 3 -0.88 | 103 7 16173.295 0.002 1
643 15698.561 0.002  0.015 3 094 104 7 16225.591 -0.002 1
642 15698.820 -0.001 0.013 3 -1.43 ] 1055 16338.438 0.035 )
652 15811.269 0.004  0.004 3 *11011 16032.205 0.001 2
651 15811.270 -0.000  0.002 3 11111 16032.826 0.070  0.002 2
661 15947.225 -0.000 I 11110 16170.585 -0.042 1
660 15947.225 -0.000 ! 11210 16171332 0.011 |
707 15549.441 -0.081 0.008 5 -1.59 1 1129 16280.154 0.000  0.004 2
717 15550.415 -0.016  0.006 3 -1.65 ] 1139 16288.851 0.029 1
716 15628.844 0.024 0.013 3 -1.06 | 113 8 16354.028 -0.016 1
726 15637.246 0.033  0.003 3 -1.04 | 114 8 16395.122 0.011 0.006 2
725 15678.261 -0.011 0.012 3 -1.971 115 6 16510994 0.046 1
*¥735  15717.181 0.012 4 -1.671 12211 16335.191 -0.000 I
734 15727.289 0.027  0.004 3 -1.05 | 12210 16459.687 0.035 1
744 15807.026 -0.035  0.015 3 12310 16464.653 -0.019 1
743 15807.987 0.004  0.005 2
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TABLE 2—Continued

(142) (012 0)
JK K, Eobs obs.-calc. g N A Eobs obs.-calc. g N A
000 15170943 0.013 1 -0.26
101 15185.996 0.004 0.00t 2 -0.25
111 15207.242 0.034 0.011 2 -0.10]15189.750 -0.009 1 -0.09
110 15210.876 0.029 1 -0.07]15194.679 0.012 0.009 2 -0.12
20 2 15215.167 -0.013  0.006 2 -0.26
212 15233941 0.007 1 -0.13]15217.416 0.009 0.004 5 -0.14
211 15244.876 -0.045  0.007 3 -0.05(15232.344 -0.027 0.003 3 -0.25
303 15260.258 -0.050  0.005 4 -0.30
313 15273.784 -0.009  0.002 2 -0.1915256.885 -0.011 0.007 4 -0.31
312 15287.170 0.044 1 -0.17
40 4 15317416 0.051 0.002 4 -042
414 15326.555 -0.022  0.001 2 -0.34115309.805 0.015 0.006 3 -041
413 15357.436 -0.063  0.000 2 -0.23
505 15386.564 -0.008 0.006 4  -0.59
515 15392.207 0.016 0.014 2 -0.5015380.727 0.007 0005 5 -0.67
514 15440.352 -0.004 0.012 2 -0.36
*60 6 15456.334 0.004 2 -1.00
616 15467.783 0.005  0.006 2 -091
615 15536.899 0.040 0.003 3 -0.50
*70 7 15554.281 0.007 4  -1.37
71 7 15558.443 0.035 1 -1.03
80 8 15658.014 -0.013  0.007 4 236
81 8 15660.388 -0.018 0.007 4 -231
82 6 15838.467 0.009 0.015 3
909 15772.755 -0.001 0.017 3
919 15774316 0.012 0.018 2
10010 15898.944 0.040  0.006 2
10110  15900.140 -0.072  0.002 2
(302)
523 15379.167 0.008 2 -0.35
411
717 15716.323 0.008 3 -297
(062)
735 15715.725 0010 3 -1.58

Note.Asterisks denote the energy levels excluded from the fitsndenotes the experimental uncertainty of the energy
levels given in cm®. N is the number of lines sharing the same upper leés the difference between the experimental
energy levels and the predictions of Ref) (in cm ™).

We evaluated the diagonHll,, operators in the form of Pade—cm " of the energy levels derived from the combination dif-
Borel approximants21, 22. This approach is suitable in ourference of two or more lines.

case as the interaction involves highly excited bending statesThe set of spectroscopic parameters obtained from the fittir
with large centrifugal distortion effects. Off-diagortdl,. op- is presented in Table 3 together with 68% confidence interval

erators include both Fermi- and Coriolis-type terr@ ( The values of the nonvaried parameters of the (014) and (14
states were fixed to the corresponding values of the (011) a
Fo =F§ + FYI2+ +FY 32+ FyJZ, [2] (040) statesi4), respectively. The fixed values of the param-
eters of (0 12 0) state were derived from the fitting to the
Cw = Cyidy + CYy{Jy, I} [3] predicted energy levels7) or extrapolated from the lower

bending states7j. The high bending excitation of the (0 12 0)
Finally, by using 29 varied parameters, 145 energy levels westate as well as the absence of experimental energy levels
fitted with an rms deviation of 0.038 crh This value should K, larger than one prevents the satisfactory evaluation of i
be compared to an average experimental uncertainty of 0.Q@htrifugal distortion parameters. Strong resonance intera
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TABLE 3
Spectroscopic Constants of the (014), (142), and (0 12 0) States of HDO (in cm™) (see text)
(014) (142) (0120)
Ey 15167.7615(180) 15169.2494(410) 14565.47
A 20.87041(360) 30.8448(690) 664.5655(820)
B 9.216189(900) 9.30065(310) 11.4149(120)
c 6.008411(800) 5.83460(200) 4.52058(590)
A 1.5474(210) x10” 2.9730(520) x10™! 64.0
Aik -1.2x107
4 4.4272(450) x10™ 5.6x10™ -6.633(130) x10~
Sk 2.2299(510) x10° -4.617(190) x10° 4.0x10"
5 1.6938(300) x10™ 5.024(100) x10™ 9.0x10™
Hy  |8.725(490) x10° 5.1x10° 31.0
Hii  |-1.9627(910) x107 9.5x107
Hiy  |4.2x10°
H; 7.1x10"
i 3.9x10° 7.0x10°
Coupling constants
Fy Fy, Fj Fyy Cy

(142)(014)
(0120)-(0 1 4)
(0120)-(142)

-2.3067(220)

-4.431(120)

1.835(460) x10”

2.381(570) x107

-3.589(560) 107 7.7825(660) x10"

8.459(640) x107

-2.861(740) x107

tions in the triad as well as the influence of other dark states not
included in the fitting are also responsible for some distortions
in the values and signs of the derived parameters of the (142)

and (0 12 0) states. These parameters, especially those of the (Qxamples of the Resonance Mixing between the Rotational

12 0) state, should be considered as effective parameters al-
lowing the satisfactory reproduction of the energy levels cor—
nected to the (014) state. In the next section, we will show that, v,
this set of parameters is, however, accurate enough to trace the
intensity redistribution from the, + 4v; band transitions to
the resonance line partners of the + 4v, + 2v; and 12,

bands.

The fitting process showed that the resonance interaction
within the triad are very strong for th€, = 0,1 energy levels
with mixing coefficients up to 50%. In some cases, the mixing 1 4
coefficients were nearly equal for all three states resulting in ang 12
ambiguous vibrational assignment. Some examples of strongly, ;
mixed rotational levels are given in Table 4. To show the 1 4
importance of the Fermi and Coriolis interactions, both even ;
and oddK, contributions are given. The value of tHg,
vibrational parameter coupling the (014) and (142) states isél‘z‘
such that it induces an important vibrational mixing of the ¢ 1
wavefunctions of the [000] rotationless state and consequently? !
a strengthening of the [10¥- [000] rotational transition of the
v, + 4v, + 2v; band. This predicted transition was indeed
found in the spectrum at 15 155.435 ¢thwith a reasonable
agreement between calculated (34 10°° cm */atm) and
observed (5.1X 10°° cm */atm) intensities.

TABLE 4

States of the [(014), (142), (0 12 0)] Triad of HDO

Mixing coefficients in %

JKgKe | Egbs (cm™) (014) (142) (0120)
e [ 3 o e o
0 14{000 j15166.104 653 0.0 347 0.0 0.0 0.0
1 42(000 |15170.943 34.7 0.0 65.3 0.0 0.0 0.0
0 14101 {15181.271 63.7 0.0 36.0 0.1 0.0 0.3
1 42101 |15185.9% 36.0 0.0 61.5 0.1 0.0 2.4
01201 11 |15189.750 0.3 1.8 2.4 7.7 0.0 87.7
$12 011 0 |15194.679 0.0 54 0.0 10.3 0.0 843
0 14(20 2 |15211.005 59.8 0.0 38.0 0.1 0.0 2.1
0 14211 |15230.610 0.0 67.3 0.0 10.5 0.0 222
212 02 |15215.167 333 0.1 34.8 1.8 0.0 30.0
0212 [15217.416 6.8 2.0 26.8 57 0.0 58.7
201211 [15232.344 0.0 30.2 0.0 4.8 0.0 64.9
413 03 |15254.209 45.8 0.0 38.6 0.9 0.0 14.6
2|3 03 |15260.258 17.1 8.8 53.8 39 0.0 16.4
0120|313 |15256.885 36.2 0.6 2.6 3.8 0.0 56.9
0312 |15287.170 0.0 45 0.1 27.7 0.0 67.8
014|404 |15312.215 56.8 12 0.0 3.1 0.0 389
2[4 04 |15317.416 11.3 11.1 57.5 1.4 0.0 18.7
04 1 4 |15309.805 28.1 0.1 343 24 0.0 35.1
4150 5 | 15378.057 42.6 0.1 34.2 2.0 0.0 212
4151 5 |15381.484 10.2 76.2 5.9 2.4 0.0 5.3
1 42{505 |15386.564 5.9 4.6 542 9.8 0.0 25.5
012 0{5 1 5 |15380.727 41.0 155 32 6.3 0.0 339
0 14]60 6 |15459.660 68.3 0.1 26.4 0.8 0.0 4.5
1 42606 |15456.334 304 0.1 43.5 24 0.0 23.7
1 42(61 6 |15467.783 0.4 7.4 15.2 65.8 0.0 11.3
014|707 |15549.441 76.9 0.6 21.0 0.4 0.0 1.1
1 42[7 07 [15554.281 219 0.5 69.1 1.2 0.0 7.3
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TABLE 5

Examples of Intensity Redistribution between Transitions Involving the Interacting Energy Levels
of the (014), (142), and (0 12 0) Vibrational States of HDO

(014) (142 (0120)
N¢ A-type B-type A-type B-type A-type
1 9.8113(980) x 10™
2 1.0978(950) x 107 -9.88(100) x 107
3 4.308(470) x 107
4 5.794(280) x10°°
5 1.039(190) x 107 [2.5397(800) x10°® -3.262(660) x 107
6 2.137(380) x 10°
7 -4.140(370) x 107
8 -1.342(160) x 107 | 8.09(270) x 10°®
Number
of Lines 235 53 18
s 13.7% 15.2% 15.6%

“Numbering of the parameters (from 1 to 8) as defined in Ref. (/5).

b _ .
8 =1 Lobs - Tcatc|/ Tovs in percent.

It is worth noting that the (014)—(0 12 0) interaction iditted together and the wavefunctions containing the differer
mostly indirect, i.e., mediated by the (142) state which igsonance contributions were obtained, the intensity calcul
strongly coupled to the (014) state on one side and to the (Otighs were performed using the dipole moment parameters
0) level on the other. Only one resonance paramégrwas the (014) state obtained from the fitting of unperturédetype
varied for the (014)—(0 12 0) interaction, whereas the (0 k2ansition intensities only. Assuming zero dipole-moment pé
0)—(142) interaction involves both Fermi- and Coriolis-typeameters for the (142) and (0 12 0) dark states, a rather go
couplings. Even if the Coriolis paramet€y, (014)—(0 12 0) is agreement between the calculated and experimental intensit
constrained to 0, the mixing coefficient between some rotaas achieved for thé\-type transitions of the three states,
tional sublevels of these two vibrational states reaches 388enfirming that the (142) and (0 12 0) transition intensities ar
indicating that the direct contribution to the coupling is weakorrowed from thes, + 4, band. At this step, the calculations

A few energy levels of the (014) and (142) states, marked Byedict an intensity transfer toward sorBetype transitions,
*in Table 2, appeared to be perturbed by extra local interagyt these transitions are calculated to be significantly weak
tions, and so were excluded from the above fitting procedutfan observed. In the final step, some dipole moment paral
In some cases, the interaction was strong enough to give rise{grs of the (142) and (0 12 0) states as well as two paramet
several extra lines. On the basis of PS’s predictions, we wejethe (014) state responsible f8rtype transitions were al-
able to assign three perturbers to the rotational sublevels of {§&ed to vary in order to achieve a better coincidence with th
(302), (411), and (062) vibrational states (see Table 2).  experimental values. The 12 transformed transition mome
parameters obtained from the fitting to 306 experimental lin
intensities with a partition function equal to 144.1 at 296 K ar

In spite of their limited accuracy, our experimental intensfisted in Table 5. The numbering of the parameters (from 1 t
ties will allow us to discuss quantitatively the line-intensity) is the same as defined in Ret3]. The average deviation
redistribution. It is interesting to note that all the transitionBetween the calculated and experimental intensities is 14.1
involving unperturbed energy levels of the (014) state witihich is satisfactory considering our experimental accurac!
K, = 2 are exclusively ofA type. In the process of the Figure 1 (overview) and 2 (expanded region) show the exce
spectrum assignment, it appeared that bathand B-type lentagreement between the simulated and experimental spe
transitions involving perturbed energy levels wkh = 0,1 (see also Table 1). However, some calculaBetype transi-
were found with significant intensity, well consistent with PS’§ons involving perturbed energy levels are still weaker than fc
predictions, not only when the upper state was the vibratiorthe experimental data (see Table 1). The good agreeme
resonance partner but also for the (014) bright state itself. Tkighieved, on average, between the calculated and obsen
interesting effect is due to the coexistence of Fermi- andtensities supports the resonance interaction scheme dedu
Coriolis-type interactions between the vibrational state€ of from the energy level analysis. An example of resonanc
symmetry. intensity redistribution between transitions involving three in

When the energy levels of all three vibrational states weteracting levels is provided in Table 6. For instance, the sul

C. Line Intensity Considerations
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FIG. 2. Comparison of (a) the ICLAS spectrum with (b) the stick spectrum calculated with the parameters of Tables 3, 5, and 8, and (c) with the prec
of Partridge and Schwenk@&)( The crosses+) mark the HO lines (0).

(4.85 X 10°° cm %/atm) of the experimental intensities AfF numbers, excluding [221] and [220] rovibrational levels whict
andB-type transitions involving the [404] (014), [404] (142),seem to be perturbed by a resonance interaction with sublev
and [414] (0 12 0) interacting states is very close to the sunfithe (062) vibrational state. As a result of the GSCD searcl
(4.5 X 10°° cm %atm) of unperturbedh-type transitions in- several experimental energy levels with Idwnumbers were

volving the [404] (014) bright level. found in the spectrum from two or three lines. These energ
lines were then used to determine the band origin which we
D. The &, Band found to be 0.74 cmt higher than PS’s prediction. The com-

In the final stage, 46 unassigned lines were attributed to tharison of the observed and calculated intensities of the tra
6v, band transitions. These transitions are extremely weak, Isifions involved in GSCD allowed us to give a value of X0
the following arguments make this assignment the most re° D for the *®u, transition moment parameter both far
sonable. In accordance with the predictions of R&j, the and forB-type transitions, providing thus, line intensity pre-
(600) vibrational state can be considered isolated for sthalldictions. In this way, we could finally determine 27 experi-

TABLE 6
Transition Moment Parameters (in D) for the (014), (142), and (0 12 0) Vibrational States of HDO
Upper level {404] (014) Upper level [404] (142) Upper level [414] (0 12 0)
15312.215 cm’ 15317.416 em™ 15309.805 cm’”
Lower Obs. Intensity Obs. Intensity Obs. Intensity
level Wavenumber (10°° emY/atm) Wavenumber (10 cm %/atm) Wavenumber (10° cm¥/atm)
JK. K, (em™) Unp. Obs. Calc. Ref.(6) (em™) Obs. Calc. Ref (6) (em™) Obs. Calc. Ref.(6)
303 15220.885 27 14 15 1.8 15226.085 033 0.26 0.35 15218.483 0.79 0.72 0.62
505 15090.266 1.8 0.84 1.1 13 15095.468 0.18 0.15 0.17 15087.853 0.55 0.51 0.47
515 15086.354 - 0.06 0.12 0.08 15091.550 0.29 0.30 041
313 15217.029 0.36 0.30 0.37
423 15092.762 0.05 0.04 0.02
Total 4.5 230 2.72 3.18 1.16 1.01 1.30 1.39 1.27 IND
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TABLE 7
Rotational Energy Levels (cm™) of the (600) Vibrational State of HDO

JK(! Kc Evb.v obs.-calc. ag N A JKn Kc Eobx obs.-calc. o N A
000 15065.712  -0.024 1 0.74 404 15200.247 -0.011 0.004 3 0.74
101 15079.535  -0.006 0.008 4 0.76 413 15228.579  0.003 I 0.74
111 15093.241 0.002 0.002 2 0.72 423 15262.455 0.014 0.011 2 0.72
110 15095.460  0.041 0.008 2 0.75 422 15265.853 0.030 0.007 3 0.72
202 15106.881 -0.023 0.006 2 0.75 432 15336.627 -0.006 0014 2 0.65
212 15118.634  -0.025 1 0.69 431 15336.746  0.000 0.008 2 0.66
*2 21 15166.276 0.020 2 0.66 505 15265.056  0.006 0.003 2 0.73
*220 15166.535 0012 2 0.68 515 15269.573 0.001 1 0.73
303 15147.365 0.017 1 0.78 524 15330.705  -0.007 1 0.68
313 15156.643 0.011 0.003 2 0.71 533 15405995  0.004 i 0.65
312 15169.659  -0.001 0011 3 0.75 532 15406.433 0.001 1 0.67
322 15207.537 -0.004 0.007 2 0.69 633 15490.507 -0.003 1 0.64
321 15208.666  -0.046 0.004 3 0.67 7067 15428952  0.003 1 0.61
330 15281.213 0.008 1 0.66

Note.Asterisks denote the energy levels excluded from the fittrdenotes the experimental uncertainties of the levels given
in cm ™. N is the number of lines sharing the same upper le¥és the difference between the experimental energy levels and
the predictions of Ref.7) (in cm™).

mental energy levels of the (600) state, including 11 ener@8’s intensity estimations are less than 8.80 " cm™%/atm,
levels derived from a single line (see Table 7). All but two o&ind so are not included in the resulting database.
these energy levels were then fitted using six varied parame-
ters. The rotational and centrifugal distortion parameters ob-
tained (Table 8) are very close to those derived from PS’s
energy levels. Nonvaried parameters were fixed to the corre-The ICLAS absorption spectrum of the HDO molecule in
sponding values of the (004) level)( while the others were 14 980-15 350 cnt region has been assigned to the [(0
estimated from Ref.7). The rms deviation of the fitting is (142), (0 12 0)] triad and modeled in the frame of the effec
0.020 cm™. Hamiltonian approach. The results of the recent high-qu
The nearly constant positive shift of 0.7 chof all the ab initio calculations of Partridge and Schwenkg\yere use
experimental energy levels relative to PS predictions is co@s a guide to fix the vibrational states responsible for the s
sistent with the 0.45 cnt positive shift observed in Ref2g)  perturbations observed in the bright + 4v; band. The ider
for the (500) state of HDO. Most of the assigned experimenté#fication of these states was also confirmed by the analy:
lines correspond to the strongest calculated transitions. Hol€ intensity redistribution. An interesting example of inter
ever, the experimental and calculated intensities (see Tabld"@sfer fromA- to B-type transitions induced by the coex
for the 6, bandA-type transitions are, on average, three time&1ce Of Fermi- and Coriolis-type interactions has been

larger than predicted by P$)( while for all B-type transitions, 9enced and successfully modeled. ,
An important feature revealed by the present analysis

cerns the nature of the resonance coupling between the
bright state and the two highly excited bending states, (
and (0 12 0). This unexpected situation is attributed to a
high-order anharmonic coupling. An interpretation propost
Refs. (L8, 20 is that strong centrifugal distortion associe

4. CONCLUSION

TABLE 8

Spectroscopic Constants of the (600) State
of HDO (in cm™) (see text)

From the experimental | From the data of with the bending vibrations may be responsible for su
energy levels Ref. (7) resonance interaction. However, the origin of the resonz:
E, |15065.73576(930) 15064.946 involving highly excited bending states is still far from be
4 |21.70062(540) 21.734 completely understood.
g ;zg;zg‘;‘gggg Z:g?? The necessjty of te_lking in_to accqgnt severa_ll dark_ _stat‘
A& |6.394(550) x 107 8.92 x 107 reproduce satisfactorily the line positions and intensities :
Ayp  |1.370(110) x 107 1.25 x 107 ciated with one bright state indicates that, practically, we &
4 |42x10" 42x 10" the border of the applicability of the effective Hamilton
& |16x107 1.6 10° approach in its conventional form. The increase of the nu
Z’k ;iz 18‘5 ;Zi 18_5 of coupled states with energy may finally lead to the di

pearance of good quantum numbers, exceptlhetationa

Copyright © 2000 by Academic Press
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quantum number, the highly excited rovibrational levels bein§.
characterized only by their energy values and symmetry.
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