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The high-resolution Fourier transform spectrum of the HDO molecule was recorded and analyzed in the region 61407040 cm
where the bands; + vs, 2v, + v3, and 27 + v, are located. The presence of strong local resonance interactions allowed us to
assign some tens of transitions to the weak bandsabdv; + 3v, as well. Spectroscopic parameters of the analyzed bands
were estimated. They reproduce initial upper energies with the accuracy close to experimental uncertaintiescademic Press
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1. INTRODUCTION 10~2 cmt, 26.1% with accuracy & § < 8 x 10~ cm™, and
5.6% with accuracy & 6 < 15x 103 cm2.

In the present contribution, we continue our spectroscopic|y, 1997, Toth measured the HDO spectrum in the regio
study of the deuterated species of thegdHmolecule {-5) ina  g000-7700 cm! with high resolution of 0.012-0.020 crh
shortwave region. In this case, the spectrum of HDO in the 16y The 2445 transitions were assigned to the- vs, 2v +
gion 6140-7040 cm" was recorded with the Bruker IFS 120HR,. 2y, + 1y, and 23 bands of the HDO species. On that basis

Fourier-transform interferometer (Hefei, China). upper energies of the (101), (021), (210), and (002) vibration
Because a detailed review of earlier contributions concerniggytes up td™ma = 15, 13, 12, and 19, respectively, were deter-

the high-resolution spectroscopic studies of the HDO molecqﬁned, but the least squares fit analysis was absed®)n (

has been presented in our recent paBgn{e omitithere and | this paper, we presentthe results of new analysis of the hig

mention only (@) the papers by A. Campargue and his co-auth@ggolution Fourier transform spectrum of the HDO molecule i

(6-8, which were devoted to the rotational analysis of highly,e region 61407040 crh where the bands; + vs, 2v2 + v,

excited vibrational states of the HDO molecule and published i 21 + v, are located. Experimental details are discussed

2000, and (b) excellerth initio predictions of the rovibrational gection 2. Section 3 is devoted to description of the Hamiltonic

energies carried out by Partridge and Schwer$jeAs to the  yodel used in the fit of experimental data. The results of assig

region near 1.4:m studied in this work, it was first analyzedment and discussion are presented in Section 4.

using a grating spectrometer with a medium resolution of about

0.2 cnT! by Benedicet al. (10), where transitions belonging to 2. EXPERIMENTAL DETAILS

thev; + vzand 2, + vz bands were recorded and upper energies

were derived up td™® = 12 and 9 for the vibrational states The sample of EPO was purchased from PeKing Chemi-

(101) and (021), respectively. cal Industry, Ltd. (China). The stated purity of deuterium wa
Next the HDO spectrum in the mentioned region was studi®©®.8%. The spectra were recorded at room temperature w

by Ohshima and Sasadhlj, who recorded the absorption specthe Bruker IFS 120HR Fourier-transform interferometer (Hefe

trum ofthe same; + vzand 2, + vz bands using a single-modeChina), which is equipped with a path length adjustable mu

distributed feedback semiconductor laser which provided a cdipass gas cell, a tungsten source, a QJagamsplitter, and Ge

siderably better experimental accuracy of about 0.004'cm diode detector. The unapodized resolution was 0.01'cand

In that case, the upper energies were derived up™ = 13 the apodization function was Blackman—Harris 3-Term.

and 11 for the states (101) and (021), respectively. OhshimaSince in the region under study there are many lines due to t

and Sasada derived the spectroscopic parameters which replsorption of HO and RO, two spectra were measured with

duced the assigned 537 HDO lines with the following accuradgfifferent ratios of HDO to RO and HO. The first spectrum

68.3% of the lines were reproduced with accuracy ® < 4 x  was recorded at a total pressure of 1516 Pa with the percent:
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of HDO being approximately 44% and the path length beirgave the similar form and should be written as a sum of tw
87 m. The corresponding conditions of the second spectraemms,
were 1500 Pa, 15% and 69 m, respectively. The line positions of
suchlines saturated in the first spectrum were picked out from the
second spectrum while others were picked out from thefirstor\}vehich describe resonance interactions of the Fermi t

. o ; ) ype a
Allthe line positions were calibrated with those of thg@Hrom Cariolis type respectively:
the GEISA97 database. The accuracy of the unblended lines was '
estimated to be 0.0007 crh For illustration, two small pieces |, o o - o o
of the recorded spectra are presented in Fig. 1 and Fig. 2. HE' = Fo" + R0+ FY 0%+ e 7 + Ry 00

FFY I RO 4 32, 2]

HY = H = H2 + HEY, [3]

3. HAMILTONIAN MODEL w12 12
+ R3320 4 [4]

As was mentioned in the Introduction, the absorption speﬁ-év/ _ C””'in +cw [id, 32] i 3,2
STy y v Yz ]y y

trum of the HDO molecule in the region of 6140-7040¢m

is caused by three bands + vz, 2v, + v3, and 21 + v, with +c fidy. 341 +cCv . [idy. 321 32 +C™.id,d%
the band centers near 6415, 6452, and 6745'cnespectively yKK[ g ZL yKJ[ g ZL I
(data from Ref. 13)). Moreover, as can be seen from the same + -+ Co [ I+ + Crok[[ . o+ JZZ]+
reference 13), two additional weak bandsyb and v + 3vy, o 5

with the band centers near 6688 and 6851 tmespectively, +Czal I T+ 374 [5]

are located close to the three mentioned vibrational bands. For ) ]

this reason, the theoretical analysis of the spectrum and the fit" Eds. [2]-[5] the following notations are usedfy, = J? —
of experimental data were based on the following form of th&, 3% =, J2,and [A, B], = AB+ BA

effective rotational Hamiltonian:

H™ =" o) (v|H"™". [1] . _ . _
v,v' Since HDO is a prolate asymmetric top molecule and it

symmetry group is isomorphi€; type symmetry, any of its
This Hamiltonian takes into account resonance interactions Rfyrational—rotational bands contains absorption lines arisir
tween all the five vibrational states (101), (021), (210), (13Gom transitions of two types (both andB). In this case, com-
and (050). Here the following notations are usdd:= (101), parison of the transitions of both types in these three banc
12) = (021),13) = (210),|4) = (130), and5) = (050). The di- , 4 1., 2v, + 15, and 2y + v,, Shows that theB-type transi-
agonal operatorsl”” (v = 1,2, 3, 4, 5) are the usual Watson'stions in thev; + vz band are the strongest. As an illustration
rotational operators, RefL4): Table 1 presents line strengths of the “pilot” transitiods=f
5K/ K¢ = 5] «<— [J = 6KaK¢ = 6] (K}, Ka = 0 and/or 1) for
all the three mentioned bands. From Table 1 one can see t

4. ASSIGNMENT OF TRANSITIONS AND DISCUSSION

1 1
H" = E" + [A” —5(B"+ C”)} 3+ 5(B"+C")J*

TABLE 1
List of the “Pilot” Transitions in the vy + v3, 21, + v,
and 2v; + v, Absorption Bands of the HDO Molecule

1
+5(B" - C")JZ, — Ak If — A} JZ32

— Ayt =8k [I2, 3], — 285020 + HR P

) Band Upper Lower Line position, Intensity®) Relative
+HR 33732+ HY 234+ HY I + [ 37, hy 3 JOK, Ki J K« Ke incm~! intensity
242 ) 14 8 672
+hy 3237 +hy 3%, + Lk 3+ Lk, 373 1 2 3 4 5 6
+Lgp I+ Lk P30+ L8 4+ (35, 1k 7 (0t) 5 0 5 6 0 6 63255001 44 0.5
(101) 5 0 5 6 1 6 6323.2899 20.5 2.0
v 1412 v 1214 4 v 16 v 110 | (01) 5 1 5 6. 0 6 6329.1380 191 2.0
g 3797 + 15379, +159 ]+ + P+ 2] (1) 5 1 5 6 1 6 6326.8366 4.0 0.5
(021) 5 0 5 6 0 6 6365.5914 7.8 1.0
, , (021) 5 0 5 6 1 6 - - -
OperatorsH®" (v # v’) account for the operators of res-(o21y 5 1 5 6 o 6 6370.2720 01 0.02
H H H H H (021) 5 1 5 6 1 6 6367.9738 7.6 1.0
onance interactions. Since HDO is a prolr?\te asymmetric tio1o0 5 o 5 6 o 6 6655.6639 77 10
molecule the symmetry of which is isomorphic to esymme- gm) 5 0 5 6 1 6  6653.3630 L7 0.2-0.25
: . - - : 210) 5 1 5 6 0 6 6661.6640 1.7 0.2-0.25
try group, any of its three vibrational coordinates is transformeiz,gy 5 1 5 6 1 & 6659.3625 6.9 s

according to the totally symmetric irreducible representation
theC; group. As a consequence, all resonance interaction blocksin 10-23 cm~1/(molecule cm?).
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FIG. 1. Part of the spectrum: transitions in the region 6460-6470crAssignments of HDO are given; lines marked by “D” belong D See text for
experimental details.

the A-type transitions in the; + v3 band are roughly four times v; + vz band. In turn, theB-type transitions in thei2 + vz and
weaker than th8-type ones; strengths of thetype transitions 2v; + v, bands are very weak (see Table 1 for details).

in the 2, + vz and 2; + v, bands are comparable and roughly The recorded transitions were assigned using the ground st
two times weaker than those of thitype transitions in the combination differences method, and the ground state rotatior
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FIG. 2. Part of the spectrum: transitions in the region 6770-6780crssignments of HDO are given; lines marked by “H” belong teCH See text for
experimental details.
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TABLE 2
Experimental Rovibrational Term Values for the (101), (210), and (021) Vibrational

States of the HDO Molecule (in cm—1)2

(101) (210) (021)

J K. K. E A5 E A6 E A4

1 2 3 4 5 6 7 8 9 10
0 0 o0 64154601 5 4 67469081 4 5 6451.8996 8 4
1 0 1 64306574 1 -4 67619314 4 1 64673743 T -5
11 1 64446100 6 2 6779.2502 4 6 6434.0424 6 4
110 64473760 1 2 6782.1016 6 3 6487.1479 8 1
2 0 2 64606689 8 0 67916433 3 0 6497.9266 11 -2
2 1 2 64722047 5 2 68064983 5 5 6511.8994 4 5
2 1 1 64804887 2 1 68150578 3 2 6521.1294 10 17
2 2 1 6521.4969 2 -2 68554604 4 8 65715118 3 7
2 2 0 6521.7805 6 -6 68557873 4 5 6571.9046 2 6
3 0 3 65047701 6 -4 68354069 2 0 6542.8002 8 -7
3 1 3 65133673 2 0 6847.1735 4 3 6553.4440 3 -2
3 1 2 6520.8643 5 -2 68642882 4 O 6572.0544 1 7
3 2 2 6566.8212 5 2 6900.5621 3 -5 6617.9802 4 2
3 2 1 6568.6402 4 0 6902.1692 3 -4 6619.9002 3 2
3 3 1 66403893 6 2 6989.7784 4 0 67095719 4 -16
3 3 0 6640.4204 5 -2 6989.8028 10 -3 6709.6025 20 -21
4 0 4 6562.0870 5 -5 68924220 4 0 6601.0618 7 -4
4 1 4 6567.8658 3 0 6901.0732 5 -3 66084299 4 -6
4 1 3 6595.1136 4 -4 6929.5400 6 -7 66392520 2 1
4 2 3 6627.0687 4 2 6960.3826 6 -5 6679.6024 4 0
4 2 2 66322107 5 1 6965.0149 3 -9 66850081 3 2
4 3 2 67014548 3 -1 7050.0920 1 0 6772.1942 2 -4
4 3 1 6701.6716 5 -2 7050.2639 2 -2 6772.4095 4 -3
4 4 1 6801.6468 2 1 7168.0798 7 -6 6897.6751 79 -6
4 4 0 6801.6492 11 2 7168.0810 9 6897.6751 79 -59
5 0 5 66319050 4 -3 6961.9785 2 2 6671.9059 13 -7
5 1 5 66354525 6 -2 6967.9783 3 -7 6676.5806 7 -5
5 1 4 6675.6593 5 -4 70104894 6 -11 67222542 3 5
5 2 4 6701.8668 6 0 7034.6639 7 -6 6756.0970 11 -14
5 2 3 6712.8708 7 1 7044.7733 5 -1 6767.9790 2 1
5 3 3 6777.8908 4 -1 71255935 8 7 6850.5861 2 -3
5 3 2 6778.7338 5 -1 7126.3420 2 -1 6851.4251 2 1
5 4 2 6877.7813 3 -2 72432524 12 12 6975.8255 6 5
5 4 1 6877.8011 2 -3 72432631 19 -15 6975.8434 7 -7
5 5 1 70045780 9 9 7391.5155 5 -3 71335702 10 -1
5 5 0 7004.5780 9 7 7391.5155 5 -4 71335702 10 -3
6 0 6 6713.8688 7 0 70436604 5 7 6754.8888 3 3
6 1 6 6715.8991 5 -1 7047.6816 4 -11 6757.6726 20 17
6 1 5 6770.7144 3 -3 7106.8288 7 -7 68202594 2 2
6 2 5 6790.8995 3 -3 7123.1060 5 0 6847.1330 1 -1
6 2 4 6810.5546 6 7 71415197 9 10 6868.4178 7 -3
6 3 4 6869.7932 7 1 72162512 6 7 6944.6961 1 0
6 3 3 6872.0635 6 2 7218.1644 5 1 6947.1163 5 9
6 4 3 6969.3104 3 -4 73336093 6 6 7069.7723 7 4
6 4 2 6969.4078 4 -1 7333.6750 8 -2 7069.8620 19  -10
6 5 2 70956185 30 17 7481.3735 25 10 72270721 35 10
6 5 1 7095.6185 30 2 7481.3743 25 9 72270721 35 -3
6 6 1 7248.308¢ 20 -18 76588890 4 6 74147709 10 3
6 6 0 7248.3084 20 -18 7658.8890 4 6 7414.7709 10 4
7 0 7 68079106 5 0 7137.3392 12 21 6849.8874 5 7
7 1 7 6809.0158 4 -2 7140.0083 5 -16 68514605 2 -2
7 1 6 6879.3347 4 1 7218.4852 9 7 69322794 3 -1
7 2 6 6893.8178 4 -2 72253864 7 1 6952.3365 2 -13
7 2 5 69248032 5 5 7255.0084 4 -7 6986.5451 15 -14
7 3 5 6976.4673 3 -2 7321.9587 10 2 7054.3763 5 -2
7 3 4 69822146 4 0 7326.5214 10 -1 7060.0676 10 4
7 4 4 7076.2883 4 -8 74392086 5 4 7179.5707 5 4
7 4 3 7076.6345 9 -2 7439.4469 6 -1 7179.8919 2 0
7 5 3 72019576 8 2 7586.3224 49 17 73362720 30 -5
7 5 2 7201.9670 11 1 7586.3288 5 27

a A is the experimental uncertainty of the energy value, equal to one standard deviation in unit of 10
cmL; § is the differenceE®P-— ECaC also in units of 104 cm1; A is not quoted when the energy

value was obtained from only one transition.
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TABLE 2—Continued

(101) (210) (021)

J K., K. E A 6 E A é E A §

2 3 4 5 6 7 8 9 10
7 6 2 7354.1114 8 6 7763.2669 8 7 7523.4695 13 -6
7 6 1 7354.1114 8 5 7763.2669 8 7 7523.4695 13 -1
7 7 1 7531.8100 6 1 7967.8802 11 -14 7738.8709 9 4
7 7 0 7531.8100 6 1 7967.8802 11 -14 7738.8709 9 4
8 0 8 6914.0786 2 1 7243.0343 11 6 6956.9365 2 15
8 1 8 6914.6595 3 -2 7244.8281 6 -8 6957.7959 3 5
8 1 7 7000.6000 9 1 7345.7870 7 4 7057.2902 1 -3
8 2 7 7010.2625 3 -1 7341.0487 4 6 7071.3224 11 -1
8 2 6 7054.9112 5 4 7384.4960 8 0 7121.0423 1 -1
8 3 [ 7098.2837 6 -1 7442.5297 1 15 7179.3727 7 6
8 3 5 7109.6562 8 4 7451.8136 3 -14 7190.8205 3 -6
8 4 5 7198.7494 14 4 7560.0798 3 -6 7305.2382 10 2
8 4 4 7199.7320 13 24 7560.7771 4 -2 7306.1611 3 -17
8 5 4 7323.6505 4 -5 7706.3400 28 19 7461.2106 -69
8 5 3 7323.6907 5 -22 7706.4213 17 8
8 6 3 7475.1098 9 20 7882.6231 2 -5 7647.7514 11 -24
8 6 2 7475.1098 9 11 7882.6231 2 -8 7647.7514 11 .26
8 7 2 7652.2105 3 -1 7862.5884 14 3
8 7 1 7652.2105 3 -1 7862.5884 14 3
8 8 1 7853.8729 0
8 8 0 7853.8729 0
9 0 9 7032.4289 2 2 7360.8155 3 5 7076.0984 5 20
9 1 9 7032.7269 2 1 7362.0522 6 0 7076.5570 2 13
9 1 8 7133.8598 10 0 7457.9025 5 4 7194.4769 3 2
9 2 8 7139.8926 4 -1 7469.9644 3 -22 7203.7125 3 -6
9 2 7 7200.0006 6 6 7529.3089 6 1 7271.2296 1 0
9 3 7 7234.6839 5 -3 7577.6660 6 3 7319.2282 2 13
9 3 6 7254.5194 7 2 7594.3527 2 3 7339.8862 2 15
9 4 6 7336.4121 9 -13 7696.2085 5 1 7446.7322 11 5
9 4 5 7339.0666 18  -47 7697.9623 3 2 7449.0124 -45
9 5 5 7460.7487 7 -13 7841.6465 7 4
9 5 4 7460.8805 18 24 7841.7259 18 28
9 6 4 7611.3352 4 5 8016.9804 48 27
9 6 3 7611.3374 11 -18 8016.9804 48 11
10 0 10 7162.9933 7 1 7490.7316 17 -37 7207.4123 10 1
10 1 10 7163.1435 5 0 7491.6580 44 5 7207.6541 12 -23
10 1 9 7278.8400 5 0 7604.3403 10 1 7343.3963 1 4
10 2 9 7282.4071 5 -3 7611.6891 48 7349.1720 1 6
10 2 8 7359.0587 5 3 7688.5093 4 -7 7435.9772 4 -16
10 3 8 7385.2978 3 0 7727.0953 7 -1 7474.2146 10 2
10 3 7 7416.4853 5 2 7754.0096 8 5 7506.5760 6 .3
10 4 7 7489.6600 7 6 7847.5194 2 -1 7603.9089 3 2
10 4 6 7495.1204 4 1 7851.1366 4 4 7608.8162 2 1
10 5 6 7613.3410 5 -38 7758.4399 11 2
10 5 5 7613.6694 8 1
11 0 11 7305.7799 3 3 7632.8683 8 -5 7350.9123 5 13
11 1 11 7305.8543 3 -1 7633.2211 13 -5 7351.0367 2 6
11 1 10 7435.5359 4 -3 7503.9430 3 2
11 2 10 7437.5602 4 2 7507.4147 4 8
11 2 9 7531.0320 8 3
11 3 9 7549.7200 10 8 7890.4093 6 -2 7643.2737 2 -1
11 3 8 7594.8617 10 -3 7930.5873 3 1 7690.6478 9 9
11 4 8 7657.8662 6 -51
11 4 7 7668.3377 7 -10
11 5 7 7781.0498 1 -4
12 0 12 7460.7777 3 4 7786.9004 9 0 7506.5823 13 2
12 1 12 7460.8142 4 0 7506.6475 9 11
12 1 11 7604.0470 5 3 7676.1916 13 3
12 2 11 7605.1600 17 1
12 2 10 7715.0097 10 -26
12 3 10 7727.5432 15 8
12 4 9 7840.8458 15 -24
12 4 8 7859.0488 8 19
12 5 8 7964.4446 30 0
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TABLE 2—Continued

(101) (210) (021)

J K. K. E A ) E A 8 E A 8

1 2 3 4 5 6 7 8 9 10
13 0 13 7627.9654 4 12 7953.4753 20 -12 7674.4153 2 20
13 1 13 7627.9800 21 -22 7674.4442 6 -20
13 1 12 7784.4684 9 15 7860.2569 2 -6
13 2 12 7785.0674 10 23 7861.4166 17 4
13 2 11 7910.4267 20 -9
13 3 11 7918.3842 13 17
13 4 10 8038.2132 10 17
14 0 14 7807.3104 28 3 7854.3810 5 17
14 1 14 7807.3194 23 5
14 1 13 7976.8520 3 31
14 2 13 7977.1706 5 -4
15 0 15 7998.7830 30 -6 8046.4570 84 98
15 1 15 7998.7830 30 37 8046.4570 84 13
15 1 14 8181.2326 13 -9
15 2 14 8181.4006 3 26
16 0 16 8202.3319 11 5
16 1 16 8202.3319 11 -15

energies were calculated on the basis of the parameters frameded in assignment of some tens of transitions toitharad
Ref. (15). As a result of the analysis, we assigned undoubtedly + 3v, bands. Lists of transitions undoubtedly assigned to tt
888 transitions with)™® = 16 andK"® = 8 to thev; + v3 5v;,andv; + 3v; bands are presented in columns 3 of Table 3 ar
band, 562 transitions with™®* = 15andK ' = 7tothe2, + Table 4, respectively. Columns 4 of these tables show corr
vz band, and 503 transitions with"® = 13 andK[™ =7 to sponding transmittancy of transitions in percent. Columns 5 at
the 2»; + v, one. Two small parts of the recorded spectrum with give the values of upper energies obtained from the corr
the assigned transitions are shown in Fig. 1 and Fig. 2. Uppsgaonding transitions and their mean values. Some transitio
energies belonging to the (101), (021), and (210) vibrationassigned to theib andv; + 3v, bands can be seen in Fig. 2.
states were obtained from the assigned transitions. They aré2) Results of our analysis demonstrate good correlatic
presented in columns 2, 5, and 8 of Table 2, respectively. Thwith the earlier results by TothlR). However, the results of
values ofA in columns 3, 6, and 9 indicate the experimentahe fit show thatsome transitions with high values of
uncertainties of the energy levels equal to one standard deviatibea quantum number J belonging to th&, + v3, and

in units of 104 cm2. 2v; + v, bands were misassigned in (12As an illustra-

It should be noted that the experimental transitions were d®n, the upper energids[‘z);pl‘](ou)z 71335702+ 0.0010 cn?,
signed simultaneously with the fitting of the obtained uppq%épl-](oﬂ):?zzzonli 0.0035 cnt, E§x7p6](210):79678802
energies on the basis of the Hamiltonian [1]-[5]. We believg 9 0011 cnt? can be mentioned. It should be noted that thes
that just this allowed us to obtain the following results: values correlate very well with those calculated with the pe

rameters determined from the fit (7133.5703, 7227.0724, a

(1) Some tens of transitions were assigned to the weak band7 gg16 cm!, respectively). At the same time, the corre-
5v, andv; + 3v,. Aswas mentioned above, strong resonance i@ponding values determined in Reif2) (7124.0057, 7218.2197,
teractions occur not only inside the “bright” states (101), (0213nq 7972.0404 cri, respectively) differ widely from the cal-
and (210), but also between the “bright” states and the “dark}jated ones.
ones, (130) and (050). As a consequence, transitions caused .
by such resonance interactions and belonging to theabd . It should t_)e also_noted that our upper energies pr(_esent
v1 + 3v, can appear in the recorded spectrum. However, Su%Table 2 differ a little from the corresponding energies o

transitions are very weak, as a rule, and the problem of th&f'- 12 This can be explained by three reasons:
undoubted assignment in the spectrum is not trivial. In this (a) Different literature sources were used for calibration c

situation, fitting of the experimental energies belonging to trexperimental data.

(101), (021), and (210) vibrational states and strongly perturbedb) As was mentioned in Section 2, we estimate the accura
by the resonance interactions with the (050) and (130) statdsour experimental line positions as 0.0007 €nfthe com-
gives a good basis for correct prediction of the upper energigarison of our line positions with those presented in Table 2 ¢
belonging to the (050) and (130) states. As a result, we suRef. (12) shows, as arule, just such differences in line positions

Copyright © 2001 by Academic Press
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TABLE 3
List of Transitions Belonging to the 5, Band of HDO
Upper Lower Line position, Transmit., Upper energy, Mean value, é
J' K K. J K. K. in cm™! in per cent in cm™! in cm~! in 10~ cm~!
1 2 3 4 5 6 7
1 1 1 1 1 0 6707.5754 85.6 6740.0717 6740.0722 17
2 1 2 6681.9459 85.2 6740.0728
1 1 0 1 1 1 6713.8350 85.4 6743.6435 6743.6439 8
1 0 1 6728.1353 98.1 6743.6435
2 1 1 6677.4596 87.7 6743.6441
2 2 1 6634.7186 98.3 6743.6448
2 1 1 1 1 0 6745.8213 83.7 6778.3176 6778.3176 -7
2 1 2 6720.1909 91.1 6778.3178
3 1 2 6661.8567 81.0 6778.3179
2 0 2 6732.1443 97.5 6778.3174
2 0 2 1 0 1 6721.4270 90.7 6736.9352 6736.9352 -1
2 1 1 6670.7531 98.6 6736.9376
2 1 2 1 1 1 6737.8195 84.5 6767.6281 6767.6280 0
2 1 1 6701.4435 92.7 6767.6281
1 0 1 6752.1197 97.3 6767.6279
2 2 0 1 1 1 6854.9455 90.0 6884.7541 6884.7540 -1
2 1 1 6818.5695 93.7 6884.7541
2 2 1 6775.8281 45.1 6884.7543
3 2 1 6727.6889 73.9 6884.7536
2 2 1 2 1 2 6826.3980 93.3 6884.5250 6884.5251 -17
2 2 0 6775.2560 46.5 6884.5251
3 1 2 6768.0640 97.6 6884.5252
3 2 2 2 1 1 6864.9201 91.9 6931.1046 6931.1046 -1
2 2 1 6822.1781 69.1 6931.1043
3 2 1 6774.0403 67.1 6931.1050
4 2 3 6714.0621 68.9 6931.1039
3 3 1 6698.0816 97.4 6931.1052
3 2 1 2 1 2 6874.0410 91.1 6932.1680 6932.1680 -17
4 2 2 6710.3323 70.5 6932.1681
3 1 2 6815.7068 92.9 6932.1681
3 3 0 6699.1169 97.3 6932.1680
4 3 2 6636.6808 94.1 6932.1679
3 1 2 3 1 3 6729.6719 93.3 6830.0628 6830.0620 1
3 0 3 6738.7329 96.0 6830.0631
4 1 3 6647.0778 76.4 6830.0612
4 2 3 6613.0191 96.7 6830.0610
3 1 3 2 1 2 6750.6520 44.4 6808.7789 6808.7812 -26
2 0 2 6762.6105 97.7 6808.7835
4 1 4 6652.3999 79.0 6808.7821
3 0 3 2 0 2 6736.4400 88.8 6782.6131 6782.6131 -7
4 0 4 6632.4568 88.6 6782.6130
4 1 3 3 2 2 6743.1246 98.5 6898.5136 6898.5148 10
4 0 4 6748.3576 94.9 6898.5137
5 1 4 6633.2802 70.2 6898.5161
4 2 2 3 1 3 6894.8106 88.2 6995.2015 6995.2015 1
3 2 1 6838.1365 71.6 6995.2012
4 2 3 6778.1591 84.9 6995.2009
5 2 3 6691.2075 79.4 6995.2022
4 2 3 4 1 4 6836.6099 92.8 6992.9921 6992.9919 1
3 2 2 6837.6023 61.0 6992.9913
4 2 2 6771.1563 81.9 6992.9923
5 2 4 6699.3560 70.7 6992.9925
5 0 5 4 0 4 6764.8940 83.6 6915.0501 6915.0498 4
6 0 6 6608.7350 86.2 6915.0495
5 1 5 4 1 4 6774.6957 70.1 6931.0779 6931.0775 6
5 1 4 6665.8411 97.5 6931.0771
6 1 6 6622.4618 76.6 6931.0774
5 2 3 5 1 4 6814.8663 89.5 7080.1023 7080.1023 1
4 2 2 6858.2667 72.1 7080.1027
5 2 4 6786.4654 93.3 7080.1018
6 2 4 6676.5535 81.8 7080.1023
5 2 4 4 1 3 6887.0126 95.9 7069.9960 7069.9962 6
5 1 5 6844.1313 94.2 7069.9961
4 2 3 6852.9538 66.2 7069.9957
5 2 3 6766.0017 90.0 7069.9964
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TABLE 3—Continued

Upper Lower Line position, Transmit., Upper energy, Mean value, 8
J’' K. K. J K, K. in ecm™?! in per cent in cm~1! incm™1 in 10=4 cm~!
1 2 3 4 5 6 7
6 2 5 6685.1210 777 7069.9963
5 3 3 6696.3310 97.1 7069.9967
6 1 6 5 1 5 6785.8853 69.2 7011.7500 7011.7493 9
5 0 5 6789.8026 98.1 7011.7486
6 1 5 6649.2428 97.7 7011.7496
7 1 7 6607.3042 80.2 7011.7496
6 2 5 6 1 6 6853.2632 95.3 7161.8787 7161.8787 15
5 2 4 6868.2429 70.0 7161.8793
6 2 4 6758.3296 94.4 7161.8784
6 2 4 5 2 3 6875.2096 74.7 7179.2042 7179.2041 -13
6 2 5 6794.3294 94.9 7179.2048
7 2 5 6659.0803 87.6 7179.2034
7 1 7 6 1 6 6796.5116 69.7 7105.1272 7105.1260 -45
7 1 6 6631.2102 98.4 7105.1275
8 1 8 6591.9175 80.3 7105.1244
8 1 7 6669.7934 97.5 7268.3561 7268.3548 -1
7 3 5 6691.4520 98.2 7268.3563
6 2 5 6883.4779 69.1 7268.3533
9 1 9 8 0 8 6813.1972 74.2 7325.7128 7325.7140 2
8 1 8 6812.5065 97.6 7325.7135
10 0 10 6556.7868 80.9 7325.7165
10 1 10 6556.5958 95.4 7325.7122
9 1 8 8 1 7 6889.5707 80.6 7488.1334 7488.1341 -1
9 0 9 6853.7062 97.2 7488.1341
9 2 7 6686.4915 97.7 7488.1349
10 1 9 6603.0697 94.5 7488.1340

And most differences between our upper energies and thasates (101)/(021), (210)/(130), and (130)/(050). They are liste
from (12) are close to our experimental uncertainty. in Table 7. Columns 3 and 4 of that table show the type of tern
(c) Different sets of ground state rotational energies weithe effective Hamiltonianl) which supplement the main res-
used as a basis for the ground state combination differencemnce interaction parameters of the corresponding resona
method in our analysis and in Rel3). operator and their order of magnitude in units of order afith
respect to the order of the value of the rotational parametéss (
Upper energies obtained from the experimental transitiotiee small Born—Oppenheimer paramet&6)(which in our case
and presented in columns 2, 5, and 8 of Table 2 and in columh&s a value on the order of 0.1). Column 5 presents the valt
of Table 3 and Table 4 were used in the fit procedure with tloé the corresponding resonance interaction parameters obtai
Hamiltonian [1]-[5]. Results of the fit are presented in Table fsom the fit. One can see a satisfactory agreement between
and Table 6 together withol statistical confidence intervalsvalues of the parameters and the theoretically estimated ord
for the obtained parameters. The parameters of the states (Idfipagnitude.
and (210) which are presented without confidence intervals wereThe reproductive power of the parameters obtained from tl
fixed to the values of the corresponding parameters of the grodit¢an be mentioned as one more confirmation of their correc
vibrational state from Ref1f). ness. To illustrate the correctness of the parameters, column:
Comparing the corresponding parameters in different cold; and 10 of Table 2 and column 7 of Table 3 and Table 4 prese
mns of Table 5, one can see that all values are suitable to the values of differencés= E®P — E®@Cin units of 10 cm L.
physics. In particular, the values of all rotational and centrifug@lne can see that in the overwhelming majority of cases the v
distortion parameters correlate both with each other and with thes ofs are close to the corresponding experimental uncertai
values of the corresponding parameters of the ground vibratiotias. The accuracy of reproduction decreases, of course, w
state (the latter are borrowed from Rdf5( and presented in col- increasing quantum numbelsandK, because the strengths of
umn 2 of Table 5), and vary more or less smoothly (with onlihe corresponding transitions decrease.
two exceptions, namely, parametérg for the states (021) and  The statistical information on reproduction of the initial exper
(210)) with the increase of the quantum numbeAs to the res- imental energies with the parameters obtained from the fit al.
onance interaction parameters, one can see in Table 6 that somag be interesting: 304 energies (77.2% of all obtained upp
types of resonance interactions appear in the fit besides theemergies) are reproduced with accuratty< 10 x 1074 cm1;
dinary Fermi and Coriolis type interactions between the pairs 57 energies (14.5%) with accuracy £A0* cm™?! <|§|<
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TABLE 4
List of Transitions Belonging to the v; + 3v, Band of HDO
Upper Lower Line position, Transmit., Upper energy, Mean value, )
J! K}, K! J K, K¢ in em~?! in per cent in cm™! in em™! in 107* em™~!
1 2 3 4 5 6 7
3 0 3 2 0 2 6894.2049 92.5 6940.3780 6940.3786 -19
2 1 2 6882.2522 94.8 6940.3791
3 1 2 6823.9170 88.4 6940.3782
4 0 4 6790.2222 96.0 6940.3783
4 1 4 6783.9970 95.7 6940.3792
4 0 4 3 1 3 6900.1398 97.8 7000.5306 7000.5304 20
5 2 3 6696.5360 89.4 7000.5307
3 2 1 6843.4654 85.3 7000.5301
5 0 5 4 1 4 6912.6798 89.6 7069.0620 7069.0626 19
4 0 4 6918.9069 92.3 7069.0630
5 2 4 6775.4270 95.5 7069.0634
6 2 4 6665.5138 97.2 7069.0626
5 3 2 6694.6529 99.2 7069.0627
4 2 2 6847.2266 92.3 7069.0627
5 1 4 4 3 1 6829.9375 81.8 7125.6148 7125.6150 0
5 3 3 6751.9493 87.0 7125.6150
6 3 3 6655.9518 87.9 7125.6151
5 4 1 5 5 0 6774.6957 70.1 7390.6652 7390.6667 -48
6 5 2 6681.4990 98.3 7390.6655
6 4 2 6816.6966 92.6 7390.6667
5 4 2 5 5 1 6774.6957 70.1 7390.6651 7390.6667 32
6 5 1 6681.4990 98.3 7390.6666
6 0 6 5 1 5 6927.4602 89.0 7153.3249 7153.3259 -11
5 0 5 6931.3797 93.4 7153.3257
6 2 5 6768.4503 97.7 7153.3256
5 2 3 6849.3322 95.7 7153.3269
10 0 10 9 4 5 6657.8625 90.9 7609.4970 7609.4971 0
9 3 7 6768.1278 92.7 7609.4945
10 4 7 6503.2377 97.1 7609.5008
11 4 7 6322.2624 98.1 7609.5000
10 1 10 9 4 5 6656.4251 91.8 7608.0596 7608.0590 1
10 4 7 6501.7956 13.6 7608.0587
11 4 7 6320.8210 98.6 7608.0585
TABLE 5
Spectroscopic Parameters of the (101), (210), (021), (130) and (050) Vibrational States
of the HDO Molecule (in cm—1)2
Parameter (000)® (101) (210) (021) (130) (050)
1 2 3 4 5 6 7
E 6423.0693(249) 6753.146(142) 6444.7242(419) 6826.320(155) 6706.458(287)
A 23.413921 22.117353(466) 24.64489(131) 26.76440(203) 31.2430(219) 46.5026(107)
B 9.103359 8.915556(213) 8.874118(179) 9.374174(931) 9.31326(131) 9.73820(132)
C 6.4062805 6.228674(274) 5.910640(478) 6.34795(948) 6.054210(884) 6.01016(224)
Ag x 102 1.25878 1.08261(102) 2.6962(213) 3.74085(741) 8.756(140) 51.790(171)
Ajgx x 102 0.11371 0.118557(818) 0.0472(115) 0.11928(894) -0.0492(161) -0.59280(925)
Ay x 102 0.036140 0.0350851(349) 0.036098(802) 0.051909(756) 0.07996(159) 0.076498(951)
Sr x 102 0.21000 0.194491(703) 0.36925(281) 0.50373(238) 0.8840(446) 2.4098(232)
57 x 102 0.0121536 0.0122767(216) 0.014707(346) 0.014982(353) 0.030821(774) 0.025738(246)
Hg x 105 4.9519 4.1287(344) 21.506(511) 31.790(344) 61.2612(867) 310.00(313)
Hgy x 105 -0.9269 -0.6278(241) -0.9269 -3.6785(899)
Hjyg x 105 0.2404 0.13989(605) 0.2404 1.2501(331) 0.939(114)
Hj % 10° 0.003996 0.003625(154) 0.003996 0.01336(102) 0.00836(221) 0.08985(589)
hx x 10° 1.8366 1.2415(429) 2.666(212) 9.269(136)
hix x 108 0.1016 0.1016 0.1016 0.3858(153)
hy % 103 0.002085 0.001278(101) -0.000753(286) 0.00483(100)
Lg x 107 -2.5129 -1.8460(242) -2.5129 -22.478(951)
Lxky x 107 0.8623 0.8623 0.8623
Lyy x 107 -0.2408 -0.2408 -0.2408
Liys X107 -0.01062 -0.01062 -0.01062
lx x 107 -1.9116 -1.9116 -1.9116
lyk x 107 -0.00702 -0.00702 -0.00702
Py x 10° 0.5833 11.272(870)

aValues in parentheses are the dtatistical confidence intervals. Parameters presented without confidence intervals were

fixed to the values of corresponding parameters of the ground vibrational state fror3pef. (
b Reproduced from Ref16).
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TABLE 6
Parameters of Resonance Interactions between the States (101), (021), (210), (130), and (050)
of the HDO Molecule (in cm~1)2

Parameter Value Parameter Value Parameter Value

Fermi Type Interactions

Flo-ox 14.8233(591) FP-0%30  -0.45169(289) F;O1=%%110  -0.171335(283)

F1-021103  _0.1215(189)

FP1-2015  -5.866(127) FOR1=21010  -0.10935(869) FIR-M010%  -0.8170(316)
F21-18019  .0.7431(584) F21-130103  0.1974(254) FOZ1-13010  _0.9457(220)

FO1%010%  1.4507(529)
F210-1%0 28.48292(199) FEO139103  14.603(657) FZ0-130103  .0.14647(543)

FIS-13010%  1.1130(621)

FL1-0010  0.45188(983) F}L%%0108  -1.2474(406)
FQ?1-0%0 10.5471(109) Fp1=9%010  3.6926(550) F#-08010  0.6288(213)
F0-0%019  2.0993(471) F2070%0108  9.461(473) FZ%9%10%  0.3588(565)

F2)579%%10%  0.03612(203)
Fp30-0s0 45.04887(312) Fi307%%0  5.795(155) F130-05010  .0.52724(430)

F330-08019 0.28206(627)

Coriolis Type Interactions

cjo1-02 0.161386(976) c;‘}{l“m 102 -0.4154(217) 0331‘021 102 0.08915(442)

cl9-02110  _0.001862(138)

_ - 021-210

co21-210 7.71231(464) cﬁ{l 210102 3.6610(338) C,; 102 0.5485(270)
COZZM010t  -1.584(140) CORTM010t  -0.2586(481) Cc9'~*010  -3.1671(210)
cp1-130 1.70481(206) Cﬁ{l—lsomz -4.261(194) c9A-13019  _0.911(111)

CcY1-130794  _g.923(567)
Cc921-0801g 0.7721(189)
Cj30-080 0.7105(336) c;§§—°5°102 -2.432(233) C07%0107  -0.6881(534)

Cl0-9%019  _0.5582(534) Ccl% %10 -1.1173(320)

2Values in parentheses are the 4tatistical confidence intervals.

20x 10* cm™!; and 33 energies (8.3%) with accuracy The question can be asked: why we did not used some ott
20x 10~* cm~! < |8]. In this case, if one takes into account thatlamiltonian model (i.e., the same Watson’s type Hamiltoniar
(a) HDO is a light molecule and (b) we fitted rovibrational enbut with a Pad‘type (17) summing up procedure) to reduce the
ergies of five vibrational states with high values of the quantunumber of fitted parameters? The answer can be in the followin
numberv, for some of them, the total number of 117 fitted pathe efficiency of Pagltype approximations strongly depends or
rameters looks not too large. the “quality” of initial experimental data which are used in a fit.
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TABLE 7

Type of the Resonance Interactions Operators Which Were Taken into Account
in the Hamiltonian Model

Interacting Main type Type of Order of Value of param.,
states of interaction term magnitude in cm™!

1 2 3 4 5
(021)/(210) CylJy (gGIy N a®)/AE K2 3.856
(021)/(130) Fry(J2 - J2) (g*J2)(¢®)/AE K3 -0.095
(021)/(130) CyJy (gGJy) K1 0.852
(101)/(050) Fey(J3 = J3) (B?I2)(a®)(e®)/(AEAE') «? 0.024
(021)/(050) Fo {g%) 0 10.547
(021)/(050)  Cuz(Jady + J2Jz) (gJ=J2){q3)/AE K2 0.039
(210)/(050) FgJ2 (g2I2){g%)/AE K4 0.210

For example, itis clear that Patlype approximations (which, in assigned transitions did not allow us to make correct compa
principle, can be very efficient in the description of rovibrationason of our results and the results of Ref8). At the same
energy structures of 40 type molecules) have no advantagesme, we found that the upper energies of the (210), (130
in comparison with the usual Watson Hamiltonian when initi@nd (050) states, being calculated with the parameters fro
experimental data do not contain states with high enough val-
ues of quantum numbetk and/orK,. In accordance with the
abovesaid, as our analysis shown, the using oeRgit ap-
proximations in our present study will not reduce the number

TABLE 8
Statistical Information Concerning Studied Bands
of the HDO Molecule

of fitted parameters. It can be affirmed that the relatively large Value Present study ~ Ref.(12) Ref.(11)
number of fitted parameters in our study is the consequence of
two reasons: Np®) 5 3 2
nee? 2070 1456 537
(@) It is, first of all, a complicated rovibrational structure Jmes [Kee(101) 16/8 15/8 13/7
. : Jmaz | Kmes (021) 15/7 13/4¢) 17
caused by the presence of numerous different type accidental Jmex / Kmaz (210) 13/7 12/6¢) X
resonance interactions. In this case, the influence of irregular ~ Jmazygma=(g50) 10/2 - -
accidental resonances on the values of energy levels cannot be J"‘“/ﬁé:;”(m) 13%/4 - -
) . b X ] 4 330 192
c_ompensated for simply using some for Bagbe approxima- np?) 117 " 38
tions or other. my 77.29) - 25.79)
(b) The second reason was our wish to achieve accuracies of me 14.59) - 17.99)

theoretical reproduction of the initial experimental data which 3 8.37) - 56.49)

would be close to experimental uncertainties in the values of 2N is the number of studied bands (withouts2band in
upper rovibrational energies. Onthe other hand, if one fromsuch  gret. (12)).

wish, the number of fitted parameters can be strongly reduced.  °ny is the number of assigned transitions (withoug ®and
For example, as the analysis shown, the mean reproduction of in Ref. 12)).

our experimental data with the accuracy of 0.002-0.003%cm ¢ As was mentioned in the text, transitions with the upper values

. . . of quantum numbeK, = 5 for the 2, 4+ v3 band andK, = 7
can be achieved by the using of 55-60 fitted parameters only. forqthe 21 + vy band ere misassignzed i“rfRem_ 2

. - s . :
Comparison of the results of the present analysis with the s the number of obtained upper energies.
np is the number of fitted parameters.

results of the analogous_hlgh-re§olutlon studies ofthe regionnear  f\eem —n /N, x 100% { = 1,2, 3), andns, ny, andns

1.4pum (11, 12 may be interesting as well. The corresponding  are the numbers of upper energies for which differentes

statistical information is presented in Table 8. E®*P — ECAC satisfy the conditions < 10 x 104 cm™1, 10 x
The paper, Ref.1@), should be mentioned here also. In ~ 10°* cm* <|5 <20x107% em, and 20x 107* em™ <

h r, parameters of the (210), (1 n 3, respectively.

t a; paper, padi.i eFetS N t't € ( f'(f)),( ,{30)’ and (050t) dStalj[eS 9 Since in Ref. {1) a theoretical reproduction of values of the

and corresponding interaction coefficients are presented. Un- oo cnergies is not mentioned, hese= ny /ng x 100%: here

fortunately, the total absence of any information 18)(both the valuesi;, np, andns have to do with the numbers of assigned

about assigned transitions, and upper energies obtained from transitions.
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