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Abstract

The far-infrared emission spectrum of water vapour have been recorded at temperature 1370 K in the range 400-850cm™! at
resolutions (FWHM) 0.0055cm™~!. The measurements have been done in a fused quartz cell with an effective length of hot gas of
about 60 cm. Among about 200 lines assigned to the H,'30 isotopomer 106 lines have not been reported in previous studies. These
newly measured lines correspond to higher values of rotational quantum numbers compared to previous determinations: Jya.x = 18
and K, max) = 17 for the (000) < (000) band and Jmax = 15 and K, (max) = 11 for the (010) < (010) band. Estimated accuracy of
line position measurements is 0.0005cm~'. To our knowledge rotational transitions within an excited bending state have been
measured for the first time for H,'80. An extended set of experimental rotational energy levels for (000) and (0 10) vibration states
including all previously available data has been determined. A data reduction has been done using the generating function model.
The root mean square (RMS) deviation between observed and calculated values is 0.0009cm~! for 305 rotational levels of the (000)
state and 0.0007cm~! for 198 rotational levels of the (010) state. A comparison of the observed data with the best available
predictions from the molecular electronic potential energy surface [J. Chem. Phys. 106 (1997) 4618] and isotopic effects for rotational
levels of (000) and (010) states are discussed.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction H,'80 from an analysis of emission spectra of heated

water vapour in the 400-850cm™! region and to study

A detailed knowledge of line positions and energy
levels of the water molecule and of its isotopic species is
known to be important for various atmospheric and
astrophysical applications of the spectroscopy. On the
other hand spectroscopy of the water molecule stimulate
theoretical studies of non-rigid molecules with extremely
strong centrifugal distortion. The calculation of water
rotational energies, especially for high K, quantum
number, is commonly considered a touchstone for many
theoretical models. The aim of this study was to extend
experimental information on rotational energy levels of
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isotopic effects in observed and calculated levels.

The H,'%0 is the second most abundant isotopomer
of water after H,'°0 and has been a subject of rather
intensive studies. Rotational energies of the ground and
first excited vibrational states of H,!'30 has been deter-
mined by Fraley et al. [1] and Williamson et al. [2]
through the analysis of spectra in the range of funda-
mental bands occurring in the near infrared at 5-7.5um
and at 2.5-3.0 um region. Few transitions in the v, band
have been measured by Johns and McKeller [3] using the
technique of intracavity CO laser Stark spectroscopy.
The v, fundamental band has been studied more ex-
tensively at high resolution by Guelachvili [4], Camy-
Peyret et al. [5], and Toth [6]. Pure rotational transitions
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in microwave spectra recorded by Steenbeckeliers and
Bellet [7] and De Lucia et al. [8] and in far-infrared
spectra recorded by Johns [9] in the 60-280cm ™! region
and by Kauppinen and Kyro [10] in the 67-695cm™!
region have contributed to an accurate determination of
rotational energy levels of H,'%0 with relatively low-
rotational J, K, quantum numbers. New measurements
of (000) < (000) rotational transitions have been re-
cently reported by Toth [11] in 595-943cm~! region and
by Matsushima et al. [12] in 18-172cm™! region. Spectra
of H,'80 have been studied further in the region of the
Ist triad [13-16] and the 2nd triad [17,18] and also in a
higher wavenumber range [19-20].

Note that all experimentally available rotational lev-
els [11] and almost all rovibrational levels of H,'3O were
determined from analysis of room-temperature spectra
and thus correspond to relatively moderate values of
rotational quantum numbers J, K,. The only hot H,'3O
band analysed so far is the (021) < (010) band re-
ported by Chevillard et al. [21]. Also some H,'%0 v; line
positions at 1200 K with natural isotopic abundance
have been measured by Pine et al. [22]. The situation is
quite different from that of the major isotopomer H,'°O
for which a lot of information on high J, K, energy
levels has been deduced from hot water spectra (sf. for
example [22-28] and references therein).

In this paper we report a first observation of rota-
tional transitions (010) < (010) in the excited bending
vibration state of H,'%O in water emission spectra re-
corded at 1370 K. Also new rotational transitions in the
ground vibration state (000) have been assigned that
allows to improve an accuracy of the determination of
highly excited rotational levels and to extend consider-
ably the range of experimentally accessible rotational
quantum numbers for H,'80.

The data reduction has been done using the gener-
ating-function model [29-31] of the effective rotational
Hamiltonian because the usual polynomial model for
centrifugal distortion terms [32] employed in all previous
analysis of H>'"®O spectra [1-20] does not provide a
satisfactory accuracy for our data. Comparisons of our
experimental data and calculations with global predic-
tions for (000) and (0 10) levels performed by Partridge
and Schwenke [33] from an electronic potential energy
surface, as well as isotopic shift variation versus J and
K, are discussed.

2. Experimental spectra analysis

The far-infrared emission spectrum of heated water
vapour (with natural isotopic abundance) has been
recorded at resolution 0.0055cm~' at Giessen on the
Brucker IFS 120 HR Fourier transform spectrometer
[34] which had been previously used to record room-
temperature spectra of D,'°0 [35] and H,'°0O [28,36].

The measurements for the present work were done in a
fused quartz cell with an effective length of hot gas of
about 60 cm. The gas was at temperature of 1370 K al-
though a small segment near the windows was at much
lower temperature. A description of the cell and other
experimental details have been given in papers on HCN
emission spectra experiments [37,38] in similar experi-
mental conditions. Table 1 lists the conditions used in
the recording of the emission spectrum.

Because the water sample had a natural isotopic
abundance, most of ~13000 emission water lines re-
corded in the 400-850cm™! region in the present study
belong to the H,'°0 isotopomer. These lines together
with previously available data had been used in [28] to
improve an accuracy of a determination of some H,'°0
rovibrational states. About 200 lines have been assigned
to (000) < (000) and (010) < (010) bands of the
H,'%0 isotopomer.

Low-J, K, transitions could be readily assigned us-
ing available database compilations [39], and associated
line positions are in a good agreement with room-
temperature measurements [10,11]. An assignment of
higher J, K, transitions corresponding to weak ob-
served lines requires extrapolations based on theoreti-
cal calculations. Because the standard polynomial
model of the effective Hamiltonian in the case of water-
type non-rigid molecules has poor convergence and
extrapolation properties, we have used the generating
function model [29-31] outlined in the following sec-
tion, in a similar way as in our previous work on
H,'0 spectra [28,36]. The assignment of transitions
has been done using step-by-step iterative extrapola-
tions with increasing J and K, quantum numbers. The
calibration of line positions has been achieved using
available literature data [10,11] as well as our previous
measurements of H,'%0 lines [28].

In Table 2 we give new line positions of H,'8O (for
transitions which had not been observed in previously
reported room-temperature spectra) together with their
rotational assignments. The second column gives esti-
mations (in 10~*cm™!) of absolute uncertainties in ex-
perimental line positions.

Table 1
Laboratory measurement conditions for emission FTIR spectra of
water vapour

Spectrometer Bruker IFS 120 HR
Gas temperature 1370K

Total water pressure 1.6 x 10°Pa

Length of the cell Im

Diameter of the cell 6cm

Length of hot zone 60 cm

Detector Ge:Cu at 4K

Filter 400-900cm " at 4K
Window KBr

Resolution 0.0055cm™!
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Table 2
New H,'80 lines observed in emission spectrum
Observed 4 Observed o-C Upper state Lower state
position emittance oy By 05 7 K, K. - 7 K, K.
(a) (000) — (000) transitions
414.6743 5 0.043 -3 000 9 8 1 000 8 7 2
419.0664 5 0.020 10 000 10 7 3 000 9 6 4
418.8777 5 0.026 -2 000 10 7 4 000 9 6 3
439.2281 5 0.032 =5 000 10 8 2 000 9 7 3
439.2219 5 0.060 -3 000 10 8 3 000 9 7 2
456.6028 5 0.119 =7 000 10 9 2 000 9 8 1
471.2257 5 0.146 -8 000 10 10 1 000 9 9 0
547.7524 5 0.023 -3 000 11 4 8 000 10 1 9
416.4078 5 0.032 12 000 11 5 6 000 10 4 7
543.2684 5 0.021 4 000 11 5 7 000 10 2 8
442.8515 5 0.070 0 000 11 7 4 000 10 6 5
463.4088 5 0.051 -4 000 11 8 3 000 10 7 4
457.5228 5 0.032 —4 000 12 5 7 000 11 4 8
466.4398 5 0.025 0 000 12 7 5 000 11 6 6
505.5149 20 0.042 4 000 12 9 3 000 11 8 4
505.5092 5 0.120 2 000 12 9 4 000 11 8 3
534.0296 5 0.153 11 000 12 11 2 000 11 10 1
544.3549 5 0.169 -5 000 12 12 1 000 11 11 0
623.2937 5 0.021 5 000 13 5 9 000 12 2 10
441.8879 20 0.032 -4 000 13 6 8 000 12 5 7
490.1788 5 0.128 -2 000 13 7 6 000 12 6 7
484.9149 5 0.032 -1 000 13 7 7 000 12 6 6
510.0354 5 0.035 0 000 13 8 6 000 12 7 5
529.3096 5 0.035 =23 000 13 9 4 000 12 8 5
529.2881 5 0.021 0 000 13 9 5 000 12 8 4
545.4061 5 0.141 0 000 13 10 3 000 12 9 4
558.8406 5 0.122 5 000 13 11 2 000 12 10 3
569.7219 20 0.298 -8 000 13 12 1 000 12 11 2
578.0844 5 0.108 2 000 13 13 0 000 12 12 1
559.3041 10 0.022 14 000 14 5 9 000 13 4 10
668.8314 5 0.021 14 000 14 5 10 000 13 2 11
513.9257 5 0.025 -15 000 14 6 8 000 13 5 9
664.4677 5 0.021 17 000 14 6 9 000 13 3 10
514.7348 5 0.025 —4 000 14 7 7 000 13 6 8
719.3791 10 0.021 12 000 14 7 8 000 13 4 9
502.7224 5 0.032 2 000 14 7 8 000 13 6 7
533.3844 5 0.027 =7 000 14 8 6 000 13 7 7
532.1362 5 0.057 0 000 14 8 7 000 13 7 6
552.6054 5 0.023 -14 000 14 9 5 000 13 8 6
552.5208 5 0.075 2 000 14 9 6 000 13 8 5
569.2275 5 0.088 23 000 14 10 5 000 13 9 4
583.1719 5 0.108 6 000 14 11 4 000 13 10 3
594.5862 5 0.097 6 000 14 12 3 000 13 11 2
603.5554 5 0.095 14 000 14 13 2 000 13 12 1
610.0751 5 0.092 3 000 14 14 1 000 13 13 0
694.0695 5 0.021 -23 000 15 4 11 000 14 3 12
617.3893 15 0.021 0 000 15 5 10 000 14 4 11
555.1027 5 0.029 1 000 15 6 9 000 14 5 10
699.2696 20 0.030 20 000 15 6 10 000 14 3 11
452.9466 5 0.032 -9 000 15 6 10 000 14 5 9
541.1532 5 0.043 -19 000 15 7 8 000 14 6 9
516.7371 5 0.032 18 000 15 7 9 000 14 6 8
556.0914 5 0.052 -5 000 15 8 7 000 14 7 8
552.9179 5 0.023 8 000 15 8 8 000 14 7 7
575.3734 5 0.063 3 000 15 9 6 000 14 8 7
575.1055 5 0.021 14 000 15 9 7 000 14 8 6
592.5294 5 0.068 7 000 15 10 5 000 14 9 6
592.5136 5 0.024 13 000 15 10 6 000 14 9 5
606.9880 5 0.105 4 000 15 11 4 000 14 10 5
618.9167 5 0.097 -3 000 15 12 3 000 14 11 4
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Table 2 (continued)

Observed 4 Observed O-C Upper state Lower state

position emittance - 7 X - 7 X, X.
628.4488 5 0.076 0 000 15 000 14 12 3
635.6308 30 0.050 =31 000 15 000 14 13 2
640.4363 5 0.070 -12 000 15 0 000 14 14 1
765.2243 15 0.021 —44 000 16 000 15 2 13
738.5161 20 0.021 —46 000 16 000 15 3 12
454.5252 5 0.032 -32 000 16 000 15 5 10
570.8129 5 0.021 -32 000 16 000 15 6 10
526.2036 5 0.032 -6 000 16 000 15 6 9
571.7254 5 0.052 2 000 16 000 15 7 8
597.6253 5 0.021 -3 000 16 000 15 8 8
596.8841 10 0.060 6 000 16 000 15 8 7
615.2653 5 0.026 -24 000 16 000 15 9 7
615.2147 30 0.143 16 000 16 000 15 9 6
630.2567 15 0.044 3 000 16 000 15 10 6
630.2536 5 0.152 3 000 16 000 15 10 5
642.6899 5 0.141 =25 000 16 000 15 11 4
652.7515 5 0.100 -19 000 16 000 15 12 3
660.5391 5 0.075 12 000 16 000 15 13 2
666.0742 5 0.048 73 000 16 000 15 14 1
669.2753 5 0.033 17 000 16 000 15 15 0
806.2560 5 0.021 269 000 17 000 16 3 14
737.8213 5 0.034 -9 000 17 000 16 4 13
655.6881 15 0.021 19 000 17 000 16 5 12
605.1724 5 0.021 11 000 17 000 16 6 11
602.7011 5 0.034 40 000 17 000 16 7 10
587.6652 5 0.020 -50 000 17 000 16 7 9
619.4510 5 0.021 -34 000 17 000 16 8 9
637.4225 5 0.028 -2 000 17 000 16 9 8
637.2627 5 0.021 12 000 17 000 16 9 7
652.9476 5 0.032 -4 000 17 000 16 10 7
652.9369 5 0.021 -3 000 17 000 16 10 6
665.8872 5 0.063 =22 000 17 000 16 11 6
676.4552 30 0.080 12 000 17 000 16 12 5
684.7872 5 0.093 25 000 17 000 16 13 4
690.9328 5 0.035 -162 000 17 000 16 14 3
694.9360 5 0.041 =56 000 17 000 16 15 2
696.6691 5 0.038 -10 000 17 000 16 16 1
532.6323 20 0.021 14 000 18 000 17 6 11
599.7988 5 0.021 -1 000 18 000 17 7 10
636.8756 5 0.039 -60 000 18 000 17 8 9
675.0376 5 0.026 -3 000 18 000 17 10 8
675.0044 5 0.038 0 000 18 000 17 10 7
688.4847 5 0.071 -3 000 18 000 17 11 6
699.5360 20 0.023 -5 000 18 000 17 12 5
708.3811 15 0.021 98 000 18 000 17 13 4
715.0971 15 0.021 -13 000 18 000 17 14 3
(b) (010)« (010) transitions

416.4196 5 0.032 -2 010 8 8 1 010 7 7 0
441.4611 5 0.021 -6 010 9 8 1 010 8 7 2
458.3014 5 0.032 3 010 9 9 0 010 8 8 1
445.4744 5 0.032 3 010 10 7 3 010 9 6 4
445.3629 5 0.032 1 010 10 7 4 010 9 6 3
466.1826 5 0.023 -4 010 10 8 3 010 9 7 2
483.4931 5 0.061 4 010 10 9 2 010 9 8 1
497.5954 5 0.074 1 010 10 10 1 010 9 9 0
446.1404 15 0.032 -18 010 11 6 5 010 10 5 6
469.3371 5 0.032 4 010 11 7 4 010 10 6 5
490.5236 5 0.027 2 010 11 8 3 010 10 7 4
490.5053 5 0.032 -1 010 11 8 4 010 10 7 3
508.3240 5 0.026 3 010 11 9 2 010 10 8 3
522.9247 5 0.035 2 010 11 10 1 010 10 9 2
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Table 2 (continued)

Observed 4 Observed O-C Upper state Lower state

position emittance A 7 X, X — 7 X, X
534.5378 10 0.032 2 010 11 11 0 010 10 10 1
399.3049 5 0.020 -32 010 12 5 8 010 11 4 7
458.6207 5 0.076 41 010 12 6 7 010 11 5 6
492.8576 20 0.026 6 010 12 7 5 010 11 6 6
491.6386 20 0.032 17 010 12 7 6 010 11 6 5
514.4060 20 0.020 -41 010 12 8 4 010 11 7 5
514.3407 20 0.020 20 010 12 8 5 010 11 7 4
532.7321 5 0.029 5 010 12 9 4 010 11 8 3
547.8407 5 0.025 1 010 12 10 3 010 11 9 2
559.9877 5 0.023 1 010 12 11 2 010 11 10 1
499.1862 5 0.032 24 010 13 6 7 010 12 5 8
516.2172 20 0.021 —45 010 13 7 6 010 12 6 7
556.6711 5 0.032 -15 010 13 9 4 010 12 8 5
572.3075 5 0.021 73 010 13 10 3 010 12 9 4
584.9628 5 0.021 1 010 13 11 2 010 12 10 3
532.3723 5 0.032 3 010 14 7 8 010 13 6 7
560.0346 5 0.023 7 010 14 8 7 010 13 7 6
580.0362 5 0.021 —138 010 14 9 6 010 13 8 5
596.2389 5 0.021 -218 010 14 10 5 010 13 9 4
609.4180 5 0.023 =70 010 14 11 4 010 13 10 3
583.2269 5 0.022 0 010 15 8 7 010 14 7 8
602.9489 5 0.021 2 010 15 9 6 010 14 8 7

Note. Observed line positions are given in cm~!. o, the error estimation of the line experimental line position, in units 10~*cm~'. Observed
emittance is in arbitrary units. O — C, deviation between the observed line position and our calculated line position using parameters of Table 4, in

units 10~4cm~!.

3. Data reduction: energy levels and hamiltonian param-
eters for (000) and (01 0) states

To assure a consistency with calibrations of previous
works on water spectra [1-21], and a self-consistency of
energy level determinations from various sources of
experimental line positions, we have applied the RITZ
code written by Tashkun et al. [40] in a similar way as in
our recent study on H,'®O spectra [28]. This used the
RITZ combination principle to recover all possible en-
ergy levels by simultaneous processing of line positions
in various records over an interval which extended be-
yond that which is the focus of this work. This proce-
dure accounts for our own measured line positions
together with complementary literature data to generate
a set of energy levels which provide transition wave-
numbers in agreement with observations according to a
least squares procedure. In cases where a level is in-
volved in many observed transitions the program pro-
vides for averaging, which eliminates to a certain extent
contributions of line shifts and gives more reliable ex-
perimental estimates than a classical combination dif-
ference approach. A detailed description of this
technique applied to various molecules will be discussed
elsewhere [40].

A total of 3937 observed transitions including those
of [6,8-12,15,16,19,21] were simultaneously used to ob-
tain a new set of rotational energies for (000) and (010)
vibration states of H,'30. The results of energy level

determinations achieved with this procedure are pre-
sented in Table 3 in comparison with the most complete
previous set of [11]. The column headed “N;” indicates
number of observed transitions involved in the deter-
mination of each level. A statistical analysis of the ob-
tained data set, performed with the RITZ-program [40],
indicates that information from microwave transitions
[8] and particularly from very accurate recent measure-
ments of Matsushima et al. [12] in 1-5THz region
contributes significantly to precise determination of low-
J levels, whereas complementary information from our
high-temperature spectra allow to determine higher ro-
tational energies.

It is well known that an accurate calculation of ex-
cited rotational states of the water molecule and of re-
lated analysis of high-resolution spectra is complicated
by an extremely strong centrifugal distortion resulting
from the bending-rotational coupling. Because of this
coupling the standard power series expansion of the
effective rotational Hamiltonian H,, used in previous
papers pertaining to the assignment of the H,'O spec-
tra has a limited domain of validity. According to esti-
mations [29] of the convergence radius of this expansion,
the domain of its applicability is limited by a maximal
value K, max Which depends on v,. For (000) and (010)
states of the water molecule the convergence radii of
the power series expansion of H,, correspond to
Kimax =11 and K, max =9, but we have observed
transitions with higher values of K,: up to 17 in the case
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Table 3

Experimentally determined rotation energies of (000) and (0 1 0) vibration states of H,'$O

J K, K. (000) State (010) State

Eobs/he Oobs N Obs—Cal  Obs—[11]  Eq/hc Oobs N Obs—Cal Obs—[11]

1 2 3 4 5 6 2 3 4 5 6
0 0 0 0 1588.27563 .16 2 .00 -.04
1 0 1 23.75490 .02 21 .03 .00 1612.04599 13 4 .03 -.02
1 1 1 36.74859 .03 22 -.18 -.06 1628.06007 A1 6 A1 .01
1 1 0 42.02341 .02 20 -.07 -.02 1633.63470 15 3 .10 -.01
2 0 2 69.92736 .03 26 -.01 -.08 1658.33384 .08 7 -.06 -.06
2 1 2 78.98863 .02 35 -.13 -.02 1670.03713 11 7 .08 .02
2 1 1 94.78855 .03 25 -.04 -.10 1686.73330 .08 6 .08 -.07
2 2 1 133.47580 .02 30 -.10 .00 1734.21855 .09 8 13 .03
2 2 0 134.78304 .03 29 -.17 -.08 1735.43765 .09 6 -.04 -.09
3 0 3 136.33667 .02 42 .07 .00 1725.01686 .07 8 -.05 -.03
3 1 3 141.56799 .03 36 -.16 -.07 1732.26271 .07 8 .00 -.06
3 1 2 172.88291 .02 39 14 .00 1765.39797 .08 8 .09 -.04
3 2 2 204.75584 .03 34 -.11 -.07 1805.57662 .06 8 -.02 -.09
3 2 1 210.79925 .02 45 -.02 -.03 1811.29059 .08 8 .00 -.03
3 3 1 282.09453 .03 28 .05 -.05 1897.45280 .05 9 =25 -.02
3 3 0 282.30712 .02 31 12 .03 1897.62728 .07 8 -.17 .04
4 0 4 221.23389 .02 36 -.09 —-.12 1810.18727 .09 8 -.10 -.05
4 1 4 223.82851 .02 41 -.09 -.05 1814.08713 .05 8 .04 -.03
4 1 3 274.80317 .02 33 .19 -.04 1868.25382 .03 9 .08 -.03
4 2 3 298.62016 .02 46 .02 -.02 1899.60893 .04 11 .05 -.01
4 2 2 314.45937 .02 42 -.03 -.09 1914.88087 .06 8 -.11 -.04
4 3 2 379.29164 .02 46 .07 .02 1994.70331 .06 11 -.18 .00
4 3 1 380.70248 .03 31 .02 -.04 1995.87007 .03 7 -.31 -.06
4 4 1 482.64365 .05 24 18 .08 2117.00851 .06 9 .03 .02
4 4 0 482.67261 .03 28 .07 -.01 2117.02965 .09 6 -.04 -.06
5 0 5 324.04672 .02 39 -.04 -.03 1913.02263 .04 9 -.01 -.01
5 1 5 325.21569 .02 34 -.10 -.05 1914.93344 .05 9 .01 -.08
5 1 4 398.36049 .02 44 21 -.03 1993.27685 .08 10 .02 -.04
5 2 4 414.16813 .02 38 .02 -.06 2015.45390 .07 9 .05 -.06
5 2 3 445.15853 .02 47 .05 -.05 2045.92261 .08 10 -.20 -.06
5 3 3 500.59625 .02 36 .04 -.02 2116.13852 .07 10 =25 -.06
5 3 2 505.72883 .02 48 .04 -.01 2120.45465 .08 10 -.24 .00
5 4 2 604.54420 .02 35 .01 -.02 2238.97487 .05 9 .09 -.08
5 4 1 604.79296 .02 37 .08 .02 2239.15709 .05 10 19 .04
5 5 1 733.67938 .03 12 -.17 -.01 2390.35364 .03 4 .36 .06
5 5 0 733.68318 .02 21 -.07 .08 2390.35607 .06 5 37 -.01
6 0 6 44484621 .02 28 -.02 -.02 2033.48861 .06 8 -.06 -.09
6 1 6 445.34619 .02 39 -.07 -.04 2034.37686 .05 10 .02 -.05
6 1 5 541.18006 .02 31 12 -.11 2138.08857 .05 8 .04 -.02
6 2 5 550.45078 .02 38 .06 -.07 2152.18203 .06 11 .10 -.09
6 2 4 601.23775 .02 36 .02 -.11 2202.99269 .03 8 =22 -.06
6 3 4 645.38254 .02 42 .00 -.09 2261.21754 .06 11 -.11 .01
6 3 3 658.61006 .02 39 -.04 -.04 2272.64610 .09 8 -.29 -.04
6 4 3 751.03306 .02 46 11 .05 2385.51357 .06 11 17 .00
6 4 2 752.18744 .03 36 -.01 -.08 2386.36584 .06 9 .08 -.03
6 5 2 880.07644 .02 27 -.08 .08 2536.90968 .05 7 .81 .01
6 5 1 880.11451 .03 30 -.30 -.12 2536.93482 .03 7 78 -.07
6 6 1 1033.19417 .03 15 -.20 .03 2714.44446 .09 5 A1 .10
6 6 0 1033.19450 .03 6 -.33 -.06 2714.44446 .04 2 -.17 .00
7 0 7 583.77783 .02 34 -.04 .03 2171.74067 .07 8 .05 -.07
7 1 7 583.98642 .02 26 -.08 -.11 2172.14323 .07 7 12 -.01
7 1 6 701.69426 .02 39 13 -.07 2300.77431 .05 10 .00 .04
7 2 6 706.59781 .02 37 .16 -.02 2308.90599 .08 7 15 -.07
7 2 5 780.45278 .02 41 -.06 -.08 2384.04190 .04 9 -23 -.09
7 3 5 812.76174 .03 33 .15 -.02 2429.13499 .03 8 .00 -.05
7 3 4 839.54949 .02 40 -.05 -.05 2453.05766 .05 9 -.07 .03
7 4 4 921.89593 .03 30 .11 .03 2556.46209 .03 8 .06 -.08
7 4 3 925.69992 .02 36 22 .09 2559.31394 .04 8 .07 -.05
7 5 3 1050.99035 .03 28 -.03 .05 2707.92161 .03 6 52 -.12
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Table 3 (continued)

J K. K.  (000) State (010) State
Eops /I Sobe N, Obs—Cal  Obs—[11]  Eop/hc Sps N, Obs—Cal Obs—[l1]
1 2 3 4 5 6 2 3 4 5 6
7 5 2 1051.20319 .06 33 —.04 -.07 2708.06223 .02 8 67 .00
7 6 2 1204.16934 .03 14 -.52 -17 2885.71706 .07 3 30 -.15
7 6 1 1204.17485 .06 23 -5 —11 2885.72059 .03 3 53 -.04
7 7 1 1378.98670 .10 7 53 27 3086.18835 .16 2 -.95 .09
7 7 0 1378.98670 .08 13 A7 27 3086.18835 .14 3 -98 .09
8 0 8 74091235 .03 25 03 .00 2327.88503 .08 7 08 -.05
8 1 8 740.99870 .02 27 07 -04 232806612 .08 8 27 10
8 1 7 879.49470 .03 31 -.06 -17 2480.50567 .02 6  -.08 -.03
8 2 7 881.91426 .02 37 31 11 248487714 .04 8 08 -.14
8 2 6 980.22231 .03 30 -12 -.07 2586.63348 .03 6 -4 -11
8 3 6 1001.70572 .02 34 .10 —14 261892131 .04 8 25 -.03
8 3 5 1047.32855 .06 26 -26 -.10 2661.00402 .02 7 22 -.02
8 4 5 1116.63623 .02 36 02 .00 275141840 .03 8 14 -.14
8 4 4 1126.43911 .07 26 12 -.05 2758.96007 .02 6 13 -.09
8 5 4 1246.36855 .02 30 -.03 .00 2903.32970 .03 7 29 .04
8 5 3 124720612 .07 2 20 -04  2903.88637 .04 6 25 -.06
8 6 3 1399.42818 .05 25 01 12 3081.20090 .06 5 02 —11
8 6 2 1399.46303 .10 16 —48 -.33 3081.22212 .07 5 08 -.03
8 7 2 1574.67821 .08 13 .06 21 328234232 .10 5 -3 36
8 7 1 1574.67851 .09 6 —41 06 328234237 .09 2 —.69 —27
8 8 1 1768.80173 .11 7 94 25 3502.60798 .14 5 —66 17
8 8 0 1768.80173 .15 4 94 25 3502.60798 .28 * .66 17
9 0 9 916.25780 .03 23 A1 01 2501.95934 .07 6 18 -.02
9 1 9 916.29353 .06 2 .06 -.07 2502.04076 .09 6 04 -.07
9 1 8 1074.76294 .03 33 -.06 —14 267728337 .07 8 -6 -.04
9 2 8 1075.90944 .06 26 07 -.08 2679.53346 .05 6 -.16 -.13
9 2 7 1198.19950 .03 31 -30 -.16 2808.28013 .03 6 -2 -.20
9 3 7 1211.18563 .06 2 2 -.13 2829.56103 .04 6 45 -.05
9 3 6 1279.79751 .03 21 —49 -.16 2894.70558 .02 6 41 -.08
9 4 6 133447936 .06 20 —02 01 2969.72197 .05 7 29 -.08
9 4 5 1355.19908 .05 23 05 -.08 2986.25894 .03 7 25 -.19
9 5 5 1466.01848 .08 13 17 11 312296940 .07 5 -33 —12
9 5 4 1468.61209 .05 25 4l -12 3124.71634 .05 6 05 -.15
9 6 4 1618.89618 .08 14 02 -.16 3300.78714 .09 5 47 -0l
9 6 3 1619.05608 .05 20 56 21 3300.88270 .09 7 -62 -34
9 7 3 179437509 .14 6 15 34 350242260 .12 2 —1.34 -5
9 7 2 1794.38018 .07 10 -31 -27 350242622 .12 4 -8 21
9 8 2 1989.35209  1.00 1 ~.68 14 3723.80350 .30 * -4 —.54
9 8 1 1989.35209 .11 9 -79 14 3723.80350 .15 5 =30 -.54
9 9 1 220040578 .30 * 52 43 3960.90911 .46  * 1.73 11
9 9 0 220040578 .15 3 52 43 3960.90911 .23 4 1.73 11
10 0 10 1109.78693 .08 14 01 -15 2693.95588 .09 300 -2l -29
10 110 1109.80210 .06 19 21 -0l 2693.99334 .11 6 03 -.04
10 1 9 1287.73457 .08 18 -3 -8 2891.35965 .09 4 -37 —12
10 2 9 1288.26732 .06 27 14 -.03 289249206 .05 6 =20 -.10
10 2 8 1433.02898 .11 13 -.06 -01 3047.09222 .08 s -7 -.16
10 3 8 1440.28795 .06 24 26 -11 3060.10388 .05 7 46 -.10
10 3 7 153436830 .10 10 -0 -.07 3151.80967 .11 5 56 -.06
10 4 7 1574.44940 .06 21 -32 -17 321049921 .05 7 A7 -.10
10 4 6 1611.65347 .11 12 -.07 -.10 324148621 .09 5 52 -.02
10 5 6 1709.54016 .07 16 -19 40 3366.51770 .06 8§ -85 -.16
10 5 5 1716.19997 .10 10 89 45 3371.09888 .09 5 12 -.10
10 6 5 1862.45478 .08 13 -0l -.10 354433419 .12 6  —.66 -8
10 6 4 1863.01995 .12 10 38 15 3544.67626 .14 3 07 .06
10 7 4 2037.93390 .09 8 35 -.05 374624525 .13 5 -9l -12
10 7 3 2037.96234 .15 8 83 34 374626090 .16 4  —.64 -.08
10 8 3 2233.60249 .13 6 04 -.16 3968.60891 .22 3 -7 -.54
10 8 2 2233.60330 .14 3 .00 15 3968.61053  1.00 1 91 28
10 9 2 244595489 .14 4 -1.28 39 4207.29643 .38 2 1.88 -1223.86
10 9 1 244595489 .28 * -1.29 39 4207.29643 76 * 1.87 ~1223.86
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J K. K.  (000) State (010) State

Eops/hc Sobs N, Obs—Cal  Obs—[11]  Eop/hc Svs  Ni  Obs—Cal Obs—[l1]
1 2 3 4 5 6 2 3 4 5 6
10 10 1 2671.63141 .32 3 -93 1.56 4458.50430 .42 2 -1.36 -9321.65
10 10 0 2671.63141 .64 * -93 1.56 4458.50430 .82  *  —1.36 -9321.65
1 0 11 1321.45464 .10 14 61 30 2903.84381 .10 3 24 01
1 111 1321.45993 .13 9 —45 -.59 2903.86072 .12 3 -7 -.20
11 1 10 1518.54253 .09 16 -.07 -.05 312294152 .09 4 .06 13
1 210 1518.78765 .13 10 -33 -34 3123.50588 .12 3 —48 -.13
1 2 9 1684.43939 .09 14 13 -.05 330222934 .09 5 —.09 -.08
1 3 9 1688.28634 .12 10 42 -.10 3309.74530 .11 4 54 -.05
11 3 8 1808.36231 .09 13 -.68 -.04 3429.72568 .08 5 26 -.09
1 4 8 1835.48675 .14 14 -31 -.05 347275127 .13 4 14 -20
11 4 7 1894.19573 .10 11 —40 -.04 3523.74045 .08 4 -37 -.05
1 5 7 1976.29750 .13 8 -11 27 363345135 .11 4 =219 -.20
11 5 6 1990.85695 .10 12 95 15 3643.79517 .14 6 08 -.15
1 6 6 2129.89790 .11 8 -.60 08 3811.64173 .17 3 —04 11
11 6 5 2131.56623 .11 8 51 03 3812.65798 .94 2 -1.74 -22.02
11 7 5 2305.19472 .13 4 -1.03 ~1.28 4013.61029 27 2 73 -3
11 7 4 230530620 .15 7 17 .00 4013.67122 .22 3 87 -21
1 8 4 25013418 ¢ .24 2 427 -110.93 423676638 22 2 24 -37
11 8 3 250134271 .35 2 A4l ~114.61 423676869 .25 3 17 -26
11 9 3 2714.86265 .58 * 94 ~1.15 447693274 86  * 1.01 —937.86
11 9 2 2714.86265 .29 2 81 -2.23 4476.93274 .43 2 95 -937.86
11 10 2 294231325 .62 * -35 473022092 110 * -94
110 1 294231325 .31 2 -35 4730.22092 .55 2 -94
11 11 1 3180.40686 .90 * -29 4993.04184 200  * 43
1 0 3180.40686 .45 2 -29 4993.04184  1.00 1 43
12 0 12 1551.20192 .18 9 16 -20 313157453 .15 3 -6 —.65
12 1 12 1551.20495 .14 12 45 -01 3131.58354 .12 3 14 15
12 111 1767.22493 .17 7 -.56 -.18 337213535 .14 3 03 -17
12 211 1767.33885 .13 11 03 20 337241748 12 4 —.08 07
12 210 195267784 .16 8 12 -31 3573.67535 .18 2 02 —.09
12 310 1954.65355 .11 12 46 -01 3577.86092 .11 4 18 02
12 3 9 2099.56272 .24 6 —42 17 372596582  1.00 1 -.59 -.08
12 4 9 2116.56478 .13 10 -21 -.08 375545791 .10 4 -.10 01
12 4 8 220043789 .22 3 —.58 -.99
12 5 8 226543902 .18 4 -.03 65 3923.0464¢ .17 4 —49] 09
12 5 7 2293.00958 .24 3 12 -6 3043.49842 1.0 1 -1.04 -.08
12 6 7 2420.88534 .12 7 —64 14 410241570 32 2 2.39 372.60
12 6 6 242512367 .16 4 76 -.03
12 7 6 2595.97487 .16 3 -1.05 -32 4304.29645  1.55 1 —47 643.85
12 7 5 2596.33807 .19 3 25 -23 4304.49920  2.00 1 1.93 632.98
12 8 5 279233816 .29 2 34 -284 452801177 1.64 2 2.41 744.87
12 8 4 2792.35668 .20 3 -1.37 45 4528.01615  2.00 1 -347
12 9 4 3006.85190 .58 2 1.14 470  4769.50062 .49 2 24
12 9 3 3006.8568 ¢ 1.00 1 5.23 876  4769.50062 98  * —.13
12 10 3 323596129 .40 2 -8 502477323 .61 2 -185
12 10 2 323596129 .80 * -30 502477323 122 *  —1.86
12 11 2 347634286 .45 2 1.09 529020846 .72 2 14
12 11 1 3476.34286 .90 * 1.09 5290.20846 144 * 14
2 12 1 372476172 .64 2 -.69
2 12 0 372476172 .64 * -.69
13 0 13 1798.96531 .18 10 30 -.18 3377.09600 .21 2 87 46
13 113 1798.96508 .23 6 ~1.14 -1.29 3377.09917 .22 2 -13 -.09
13 112 2033.76607 .22 8 13 37 3638.97564 .16 2 80 -.13
13 2 12 2033.81693 .27 5 -1.83 -1.29 3639.11695 .20 3 -4 -15
13 211 2238.03206 .15 10 1.03 06 3861.71649 .16 3 84 04
13 30011 2239.02983 .23 5 2 -.04 3863.99980 .19 2 -8l -.55
13 310 2406.77011 .15 7 1.36 2 4038.65464 .15 2 14 -12
13 4 10 241678334 .20 4 .00 54 4057.66668  1.00 1 —.46 13
13 4 9 2527.68873 21 3 —44 -14
13 5 9 257597153 .19 3 ~1.08 -2
13 5 8 2622.00999 .16 2 84 72
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J K. K.  (000) State (010) State
Eops /I Sobs N, Obs—Cal  Obs—[11]  Eop/hc Sps N, Obs—Cal Obs—[l1]
1 2 3 4 5 6 2 3 4 5 6
13 6 8 2734.89689 .30 3 -3.11 92
13 6 7 274434538 .19 3 33 -.18 442223241 .38 2 1.17 529.21
13 7 7 2910.03916 .27 3 32 —1.42
13 7 6 2911.06386 .21 3 03 40 4618.63276 144 2 -26
13 8 6 310637348 .42 2 16 -14.52
13 8 5 3106.44666 .24 3 1.02 1.39
13 9 5 3321.64477  1.00 1 -1.42
13 9 4 3321.64760 .39 2 -2.17 5084.68270  1.73 2 1.07
13 10 4 355225797  1.54 * 1.27 5341.8084¢ 138  * 8.10
13 10 3 355225797 .77 2 1.14 5341.8084¢ .69 2 8.04
13 11 3 3794.80192  1.06 * 24 5609.73587  2.00  * 88
13 11 2 3794.80192 .53 2 24 5609.73587  1.00 1 88
13 12 2 4046.06474  3.16 * 2
3 12 1 4046.06474  1.58 2 2
13 13 1 4302.84613  1.64 * A1
13 13 0 4302.84613 .82 2 41
14 0 14 2064.67217 .26 6 -.07 -.08 3640.34209  1.00 1 42 —.18
14 1 14 2064.67325 .23 8 A7 34 3640.34329 .27 3 —64 -.15
14 113 2318.11350 .31 5 -.60 -17 392344772 .33 1 -.64 -1.30
14 213 2318.13791 .52 3 ~1.24 —74 3923.52235 1.0 1 89 40
14 2 12 2540.66999 1.0 1 —41 -1.16
14 312 254117273 .23 4 -13 08 4167.85024  1.00 1 -LI3 -.02
14 30011 2729.76584 31 2 -15 -2.96
14 4 11 273541974 27 2 1.70 53 4378.55945  1.00 1 1.27 16
14 4 10 287332317 1.00 1 2.55 10
14 510 2906.86346 .37 2 1.23 14.46
14 5 9 2976.08795 .59 2 1.60
14 6 9 3071.23779 .41 2 96 18.90
14 6 8 3089.89726 .41 2 -6
14 7 8 3247.06781 .36 3 -.55 20.77 4954.60453 .56 2 —1.54
14 7 7 3249.63173 .44 2 -1.52
14 8 7 344320007 .47 2 —.14 5178.66720  1.53 2 -1.50
14 8 6 344342357 .50 2 34
14 9 6 3658.96746 .46 2 97
14 9 5 3658.97888 .62 2 ~1.39
14 10 5 3890.87507 .53 2 —43 5680.9221¢  1.79 1 -12.57
14 10 4 3890.87507  1.06 * -1.05 5680.9221 ¢ 358  *  —12.84
14 11 4 413542990 .94 2 115 5051.22574  1.00 1 -17
14 11 3 413542990  1.88 * 113 595122574  2.00  * -.18
4 12 3 4389.38810 .68 2 .06
4 12 2 4389.38810  1.36 * .06
4 13 2 4649.62016  1.67 2 1.14
14 13 1 4649.62016  3.34 * 1.14
14 14 1 4912.92118  1.00 2 1.08
14 14 0 4912.92118  2.00 * 1.08
15 0 15 2348.24641 27 7 31 -.07 3921.24784 .28 2 40 -.06
15 115 23482456 ¢ .33 5 -8l -.95 392124784 .56 * -.96 -26
15 1 14 262020327 .49 2 1.98 30.27 422551938 1.00 1 64 -26
15 2 14 262021433 1.00 1 79 26.33 4225.55689  1.00 1 -.51 —.18
15 213 2860.65722 .27 2 67 51 4488.52335 1.0 1 -.15 03
15 30013 2860.90859  1.00 1 -1.93 09
15 3012 3068.81808  1.45 1 2.56 -4.10
15 4 12 3071.92687  1.00 1 96 .00
15 4 11 323524224 1.00 1 -3.83 ~1.42
15 510 3352.80902  1.32 2 ~1.17 -20.19
15 6 10 3429.03500 .68 3 -.09 35.20
15 6 9 3461.96617 .57 2 1.49
15 7 9 3606.63440  1.00 1 34
15 7 8 3612.39094 .62 2 1.32
15 8 8 3802.54963 .60 2 —74
15 8 7 3803.15922 .53 2 51 5537.83127  1.00 1 85
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Table 3 (continued)

J K. K.  (000) State (010) State
Eops/hc Sobe N, Obs—Cal  Obs—[11]  Eop/hc Svs  Ni  Obs—Cal Obs—[l1]
1 2 3 4 5 6 2 3 4 5 6
15 9 7 4018.52907 .71 2 1.65
15 9 6 4018.57347 .63 2 48 5781.61591  1.60 1 30
15 10 6 425149245 77 2 —.54
15 10 5 425149683 .68 2 1.28
15 11 5 4497.86311  1.38 * -.56
15 11 4 449786311 .69 2 -67
15 12 4 475434659  2.24 * -.03
15 12 3 475434659 1.12 2 -.04
15 13 3 5017.83693  1.66 * -73
15 13 2 5017.83693 .83 2 -73
15 14 2 528525091  6.54 * -2.81
15 14 1 528525091  3.27 2 -2.81
15 15 1 555335746 2.34 * -.88
15 15 0 5553.35746  1.17 2 -.88
16 0 16 2649.60314 41 2 -.69 -1.67 421974127 200  * 70 -.04
16 116 2649.60430 .30 4 30 -1 421974127 1.00 1 -27 -.04
16 2 14 3197.97471  1.00 1 -1.72 -1.29
16 3014 3198.0793 ¢ .33 2 -27.33 —47
16 4 13 342591891 .53 2 2.32 30.45
16 512 3625.88154  1.06 2 -2.96 84.83
16 6 11 3807.33419  1.44 3 -3.09
16 710 3988.16976 .72 2 1.70
16 7 9 3999.84787 .81 2 -2.06
16 8 9 4184.11632 .80 2 1.78
16 9 8 4400.04331 .90 2 1.14
16 9 7 4400.17492 76 2 -.50
16 10 7 463378814 2.72 2 1.88
16 10 6 463379434 .90 2 -90
16 11 6 4881.75047 .87 2 1.54
16 11 5 4881.74919  1.50 1 -21
16 12 5 5140.55300 .81 2 -3.09
16 12 4 5140.55300  1.62 * -3.11
16 13 4 5407.09812  1.29 2 -1.52
16 13 3 5407.09812  2.58 * -1.52
16 14 3 5678.37599  1.00 2 1.38
16 14 2 5678.37599  2.00 * 1.38
16 15 2 5951.3247¢  3.35 2 4.84
16 15 1 5051.3247¢  6.70 * 4.84
16 16 1 6222.63276  1.35 2 34
16 16 0 6222.63276  2.70 * 34
17 0 17 4535.74522 1.0 1 36 -.49
17 1 17 453574522 200  * -45 ~.49
17 4 13 400433559 1.00 1 —.54
17 5012 4163.74021 1.0 1 1.05
17 6 11 4281.56959  1.66 2 —41
17 710 4412.50661  1.54 2 .10
17 8 10 4587.5123 ¢ 1.00 1 ~7.44
17 8 9 4590.8707¢ .89 2 7.02
17 9 8 4803.56731 1.0 1 -1.65
17 10 8 5037.43758 .94 2 -.05
17 10 7 5037.46578  1.05 2 31
17 11 7 5286.73127  1.05 1 -1.28
17 11 6 528673577  2.81 2 1.48
17 12 6 5547.63766  2.06 * 24
17 12 5 5547.63766  1.03 2 15
7 13 5 5817.00823  5.08 * 02
17 13 4 5817.00823  2.54 2 02
17 14 4 6091.88529  2.92 * 3.53
17 14 3 6091.88529  1.46 2 3.53
17 15 3 6369.3087 ¢ 2.32 1249
17 15 2 6369.3087 ¢ 1.16 1 -1249
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Table 3 (continued)

J K, K. (000) State (010) State

Eqps/hc Oobs Ny Obs—Cal  Obs—[11]  Egps/hc Oobs Ny Obs—Cal Obs—[11]

1 2 3 4 5 6 2 3 4 5 6
17 16 2 6646.26112  6.82 * .28
17 16 1 6646.26112  3.41 1 28
17 17 1 6919.30188  3.02 * -.15
17 17 0 6919.30188  1.51 1 -.15
18 7 12 4814.20190  2.02 1 2.11
18 8 11 5012.30542  1.62 1 -47
18 9 10 5227.74643  1.04 1 -.52
18 11 8 5712.47021 1.19 1 -.55
18 11 7 5712.47521 1.09 1 -1.21
18 12 7 597522046  2.87 1 1.13
18 12 6 597522046  5.74 * .80
18 13 6 6247.17369  2.00 1 -.07
18 13 5 6247.17369  4.00 * -.08
18 14 5 6525.3893 ¢ 2.85 1 9.25
18 14 4 6525.3893 e  5.70 * 9.25
18 15 4 6806.98239  1.73 1 -1.66
18 15 3 6806.98239  3.46 * —-1.66

Note. Eqps/hc, experimental term values in cm™'; levels labeled with (e) in the next column are excluded from the fit (blended or very weak
transitions: see the text). dyps, standard error of experimental value in 10~3cm~'. N, number of observed transitions used to define the energy level.
Transitions to those levels indicated by * in this column were not resolved. The energy for such levels were fixed to those of observed coincident
partners. Obs — Calc, difference between observed and calculated term values, in 107> cm™~!. Column 6: Obs —[11], difference between our observed

term values and those of [11], in 103 cm~!.

of (000) and 11 in the case of (0 10). In order to account
for the anomalous centrifugal distortion at high-rota-
tional energies, we use in the present study the gener-
ating function model [29,30] which was shown to allow
more accurate calculations [28,31,36].

The reduced effective rotational Hamiltonian for an
isolated vibration state of an asymmetric top molecule is
written in the form

d nd
Hiot = “Hioy + " Ho.

(1)
The diagonal YH,, and the non-diagonal "™ H, parts

of the Hamiltonian relative to |/, K) wavefunctions are
expanded in the generating function G following [30]:

dellfzvs = Zgﬂszn{G(a(J))}mv (2)
ndelvzv3 — Z unszn |:(J-¢2- +JE)7 {G(ﬁ(J))}m:| +7 (3)

where the generating function is defined according to
[29]

G =66 = /{14 -1}, @

Relations of parameters with Watson constants and
extrapolation properties of the model are discussed in
[30]. The J-dependence of &) in the generating function,
is given by the development

o) = Z o, J*". (5)

Linear parameters g, #, of the Hamiltonian ex-
pansion as well as non-linear parameters of the gen-
erating functions o, and f, for a given vibration state
have been determined in a least squares fit to experi-
mental rotational energies. Discrepancies between ob-
served and calculated levels given in Table 4 (the
column Obs—Cal in 103cm™') and Figs. 1 and 2
(upper parts) show quite good agreement for the en-
tire range of experimentally accessible rotational
quantum numbers and also prove a consistency of our
assignments. The root mean square (RMS) deviation
between observed and calculated values is 0.0009 cm ™!
for 305 rotational levels of the (000) state with
Jmax = 18, Kamax = 17 and 0.0007cm~! for 198 rota-
tional levels of the (010) state with Jy.x =17,
Ky max = 11. Several outliers labeled by (e) in Table 3
(7 observed levels for (000) state and 2 observed
levels for the (010) state) corresponding to blended or
very weak lines were excluded from the fit because the
standard deviation J,ps of their determination does
not provide a reliable experimental error estimation in
these cases.

Values of fitted Hamiltonian parameters for (000)
and (0 10) states with their standard errors are given in
Table 4. Note that it was possible to obtain a similar
RMS deviation of a fit with considerably less number of
parameters. However we prefer to obtain such a set of
parameters which would provide an accurate description
of experimental data, and simultaneously assure physi-
cally meaningful extrapolations consistent with so called
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Table 4

Fitted values of the parameters of the effective Hamiltonian for (000) and (0 10) states of H,'80
Parameter (000) (010)

Value SE Value SE

E, 1588.27563
oo x10? 4.477767422 0.031 1.415424762 0.0011
oy x10* 1.067132336 0.0079 —-0.062152
o x108 5.287635172 0.059 9.701555245 0.13
o3 x 101 1.8235 —0.043206
oy x 10" 2.0352
g1 11.87993852 0.0000057 11.88795872 0.000024
2% x103 —-1.251811913 0.00014 —1.399171908 0.00081
23 x107 5.395683962 0.011 7.034297894 0.085
Fam x 10" —3.306976284 0.025 —5.231815853 0.27
g50 x 10" 1.3445 2.6523
go1 15.651482 0.000039 18.8424396 0.00012
gn x103 5.718235707 0.0017 7.699877632 0.0036
21 x10° —-1.939333991 0.019 2.322002123 0.052
231 x10° 3.055332799 0.070 4.659577624 0.022
g x 10" 0.5186 -1.7178
g0 x10! 1.434570368 0.012 0.09866389008 0.0043
gn x10* 4.652862021 0.035 —0.5687971522 0.0023
n x107 2.356069596 0.029 1.437138832 0.050
g3 x 1010 9.9666 -0.42314
g x 10" —3.244 —0.44358
£03 x10* —5.838389273 0.053 —-0.05245
i x10° —1.763410418 0.021 1.058462072 0.0058
3 x10° —3.266178248 0.026 1.894
233 x 10" —4.3966
gos x10° —.7958849337 0.0086 —1.073564794 0.0027
g x10° 1.01036748 0.067 —0.009919217634 0.000036
N x10'? 8.1763 —8.592232485 0.12
£0s x108 1.085 0.89053
215 x 10" 1.0223 2.7816
£06 x 10" —6.0545 -23
207 x 10 5.328
Bo x10? 4.396485501 0.11 3.749234274 0.057
b x10* —1.244393659 0.040
b, x 107 3.185
Uoo 1.320951929 0.0000056 1.398496406 0.000019
uyg x10* —5.073963802 0.0019 —5.789391333 0.0056
U0 x107 2.690239101 0.022 3.544197177 0.056
Uz x 101 —1.626609466 0.10 —2.40024899 0.20
Uy x 101 5.692388736 1.7 9.023953334 2.1
usy x10'7 5.748
) x 103 —-1.297186101 0.0014 —3.806116496 0.0050
Uy x10° —1.000729809 0.016 —2.324801482 0.051
Uy x10° 0.521460084 0.052 —1.759089563 0.17
Uz x 10" —0.047968 -4.9614
Up x10* 0.2521821036 0.0014 1.000485109 0.0036
Uy x 107 0.2299398745 0.0092 1.248833415 0.031
un x 10" —2.667826528 0.17 2.185222924 0.80
Uz x 10" 1.4641
g3 x10° —0.213229352 0.0032 —-1.636713199 0.0078
U3 x10° 0.02828419899 0.0074 —2.376925742 0.044
Uy x 101 3.4056
oy x108 0.1297546064 0.0011 1.482109089 0.0081
Uy x 10" —-1.0386 1.8718
s x 10" —-0.2062 -2.8332

Note. All linear parameters g, U, are in cm~'. Non-linear parameters o, and p, are dimensionless.
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Fig. 1. Comparison of observed levels included in the fit with calculations for the (000) state of H,'80. The upper part corresponds to our calcu-
lations with the parameters of Table 4; the lower part corresponds to global PS predictions of [33]. The abscissa is defined as J + (K, /J) for J > 0 and
zero for J = 0. Points at integer values in the horizontal axis represent J-behaviour of Obs— Calc for boundaries of a K, manifold (K, = 0 and
K, =J), whereas K,-behaviour at a given J is represented by a series of points between two integer abscissa values.

“global calculations” (see the following sections for the
related discussion) for a wider range of quantum num-
bers not yet accessible in current experimental spectra.
To achieve this end we have introduced some higher
order parameters whose values were constrained in a
way to obtain a good agreement with global calculations
outside the experimentally accessible range. These
parameters correspond to the values without standard
errors in Table 4.

4. Discussion: isotopic shifts and comparison with global
calculations

It is instructive to compare our observations with the
most accurate available global predictions from the mo-
lecular potential function by Partridge and Schwenke
(PS) [33]. Discrepancies between our observed and cal-
culated (PS) energy levels are plotted in Figs. 1b and 2b
against rotational quantum numbers. The overall quali-
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Fig. 2. Comparison of observed levels included in the fit with calculations for the (0 10) state of H,'80. The upper part corresponds to our calcu-
lations with the parameters of Table 4; the lower part corresponds to global PS predictions of [33]. Notations are the same as in Fig. 1.

Table 5

Summary of comparisons of calculations with observed levels and with global predictions

H,"®0 (000) State (010) State
(A) Fit of observed data using the G-function model (parameters of Table 4)

JmﬂX’ Ka max 185 17 17, 11
]Vlevels (Obs) 305 198

RMS (Obs - Calc) [em™!] 0.0009 0.0007

(B) Comparison of our calculations with global predictions (PS) of [33]

Jmax> Ka max 24, 24 22, 22
Eror max/he [em™!] 12460 12793
Nlcvcls (calc.) 624 529

RMS (our-PS) [cm™] 0.26 0.21
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Fig. 3. Isotopic shifts [in cm~'] for rotational term values versus K, for fixed values of J for the (000) vibration state (upper part) and for the (0 10)
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tative agreement is surprisingly good. This gives another
independent confirmation of a validity of our assign-
ments for those levels where Table 3 shows large dis-
agreements with previously determined energies. On the
other hand this confirm remarkably good extrapolation
properties of the potential function of [33]. It should be
noticed that the global calculations of Partridge and
Schwenke [33] are based on very careful ab initio calcu-
lations of the potential function with its subsequent op-

timization through a fit to spectroscopic data up toJ < 5.
Thus for J > 6 the comparison relies on PS predictions.
Note that for the same J values the agreement in K, be-
haviour is considerably better for (00 0) state than for the
(010) state. This suggests that a further optimization of a
bending section of the molecular potential function using
our new data should be still possible.

Global calculations based on a full rovibrational
Hamiltonian like those performed by Partridge and
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Schwenke [33] have the advantage of a ““birds-eye” view of
the entire set of rovibrational states. Though at present for
medium values of quantum numbers they are not as ac-
curate as best “local” calculations (based on an appro-
priately constructed effective Hamiltonian for an isolated
vibration state or for a group of closely lying vibrational
states), they can give more smooth and physically con-
sistent extrapolations for high v, J, and K, levels.

Comparisons given in Table 5 confirm the conclusion
that results from our previous analysis of H,'®O spectra
that the two types of calculations, “local” and “global”
once, could be used as complementary tools in spectra
analysis.

Our “local” model with parameters given in Table 4
allow to achieve rather accurate data reduction (in aver-
age better than 103 cm™!) for presently available exper-
imental data for (0 0 0)and (0 1 0) states asis seen in Figs. 1
and 2 (upper parts). On the other hand we can use global
predictions to obtain parameter values giving smooth
physically consistent extrapolations in a certain range of
quantum numbers which is wider than that accessible
experimentally. In our case the RMS deviation between
our extrapolations and PS global predictions is only
0.26cm ™! for levels of the (0 0 0) state up to J, K, = 24 and
0.21cm™! for levels of the (010) state up to J, K, = 22
which should correspond to a model accuracy at high-
rotational energies at E.o/hc ~ 12,000cm~'. Note that
such a good agreement would hardly be possible to
achieve with a usual polynomial effective rotational
Hamiltonian.

New experimental data and calculations allow us to
study an isotopic shift of rotational levels as a function of
J, K, quantum numbers. The corresponding behaviour of
shifts defined as AE,x, = E;x, (H2'0)— E;x, (Hy'20)
for fixed values J = 10, J = 15, J = 20, and J = 24 ver-
sus K, in (000) and (010) vibration states is shown in
Fig. 3. For those H,'®0 energies which are not known
experimentally the extrapolations with parameters of
Table 4 are used to calculate isotopic shifts. Extensive
tests of the model with available H,'80 data and com-
parisons with the most accurate global calculations [33]
suggest that the accuracy of extrapolations for the con-
sidered states should be of the order of 0.1-1cm~! or
better. Such errors are invisible on the scale of the Fig. 3.
It is seen that for big K, values the behaviour of isotopic
shifts approaches a linear one in agreement with a pro-
posal of [29]. The slopes of these asymptotics are nearly J-
independent in the considered range. This can be useful
for the further assignment of high K, transitions of rare
isotopic species.
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