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ARTICLE INFO ABSTRACT

The high-resolution Fourier-transform spectrum of the D360 molecule is recorded and
Keywords: analyzed in the region near 1.27 um (7360-8440cm~") where the bands of the V=3
Vibration-rotation spectroscopy (V=v1+v,/2+v3) polyad are located. A total of 2772 transitions have been assigned
DJ%0 based on recent variational calculation of Shirin et al. [JQSRT 2008;109:549-58]. A set of
Deuterated water 1094 energy levels (564 of which are new) is determined for nine vibrational states
Spectroscopic parameters including those of newly reported (102) and (220) states. Calculations using an
effective Hamiltonian are performed to establish reasonable ro-vibrational labeling of
the observed energy levels. The latest variational calculation are found to agree well
with the experiment for line positions (within 0.026 cm~! on average); however, the
calculated intensities for transitions to upper energy levels which are in close resonance
with other states can be distorted.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Ro-vibrational spectra of the water molecule, including
its isotopologues, are essential in many applications
including the evaluation of the solar radiation absorption,
climate modeling, astrophysics, combustion processes,
and for further optimization of variational calculations.
The deuterated water, due to the large mass difference
between the H and D atoms, is of particular interest.

In the last decade, high-resolution spectra of D,0 have
been extensively studied with terahertz spectroscopy
[1,2], Fourier-transform infrared [3-7] and intra-cavity
laser absorption spectroscopy in the near-IR region
[8-11]. A spectrum in the 7500-8500 cm ™! region, corre-
sponding to the first decade bands (V=v;+v,/2+v3=3) of
the D,0 molecule, was reported in Ref. [12]. A number of
V=3 polyad energy levels have also been reported through
hot emission Fourier-transform spectroscopy (T ~ 1500 K)
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in the 2077-4323 cm ™! region [13]. The present study is
based on new experimental measurements in the 7360-
8440cm~! spectral region performed with improved
signal-to-noise ratio, that allowed for the observation of
a larger number of weak absorption lines. The spectral
assignments are based on accurate variational calcula-
tions [14], and are also confirmed by the spectral
modeling with a Watson-type effective Hamiltonian
(EH). As a result, the analysis yields a considerable
number of new ro-vibrational energy levels for the first
decade of resonating states of D3°0.

2. Experimental details

The spectrum was recorded at room temperature with
the a Bruker IFS 120HR Fourier-transform spectrometer
equipped with a multi-pass gas cell with an adjustable
path length. The whole interference chamber was evac-
uated to less than 0.4mbar in order to reduce back-
ground absorption and interference from the atmospheric
absorption. A tungsten source, a CaF, beamsplitter, and a
Ge-diode detector were used in our measurements. The
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sample of D10 was purchased from PeKing Chemical
Industry, Ltd. (China). The stated abundance of deuterium
was 99.8%. The gas pressure was 2050 Pa, and the optical
path lengths were 15 and 87 m. The sample cell had not
been deuterated before recording the spectrum, thus
some lines of HD'®0 and H1®0 can be easily found in the
spectrum. Spectra recorded with larger HDO sample
concentrations were also used for comparison to identify
the D,0 transitions.

The unapodized resolution was 0.02cm~', and the
Boxcar apodization function was used. The line positions
were calibrated using reference lines of Hi0 in the
considered region taken from the HITRAN2004 [15] data
base. The accuracy of the positions of the unblended lines
was estimated to be 0.001cm™!. For illustration, small
parts of the recorded spectra are presented in Fig. 1.

3. Results and discussion

The experimental linelist contained absorption fea-
tures of several water isotopologues: D30, HD'®0, and
H1%0. For the purpose of assignment, an approximate
relative intensity value was derived from the peak
absorption for each observed line and scaled against the
calculated values [14]. By direct comparison of experi-
mental absorption lines with the transitions which have
been experimentally observed earlier or evaluated with
the observed energy levels known from the literatures,
the absorption lines belonging to H1°0 and HD'®0 were
identified first, then a set of about 3000 lines presumed to
belong to the D1°0 species was composed.

At first the D®0 transitions were assigned by
the comparison with the variationally calculated and
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Fig. 1. D10 transitions in the region of 8052-8057 cm~!. Assignments of D1°0 are given. The spectrum was recorded at a pressure of 2050 Pa and

equivalent absorption path length of 87 m.

Table 1
Summary of the experimental information obtained.

V1U3V3 EY, calculated,cm ! EY, observed,cm™ Number of levels

Ref. [14] This study This paper Ref. [12] Ref. [13]
140 7224.69 1
041 7343.93 7343.92% + 0.05 48 183(37)
220 7593.25 7593.2672 104
121 7672.92 7672.9234 168 61 77(50)
070 7771.95
022 7826.28 7826.29° + 0.05 42 1 127(22)
300 7852.95 7852.9292 174 57 1(1)
201 7899.83 7899.8251 219 127 27(24)
102 8054.09 8054.0742 153 1(1)
003 8220.20 8220.1793 185 111 65(38)

1094 357 480(173)

2 Vibrational term values for the (04 1) and (02 2) states have been estimated from the obs.-calc. [14] trend of the K,=0, 1 energy levels. The number
of energy levels given in Ref. [13] common to this study is given in parenthesis.



Table 2
Rovibrational energy levels of the (003), (201),(121), (300),(102),(220),(041), (022), and (140) vibrational states of D1°0.

J Ka K. (201) (003) (121) (300)
E 4 N P E A N b E 4 N B E 4 N P
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

0 0 0 7899.8251 1 -6 8220.1792 1 -17 7672.9234 1 4 7852.9293 1 -18
1 0 1 7911.5727 0.2 2 -6 8232.0576 0.1 2 17 7684.8451 0.4 2 4 7864.6048 0.1 2 ~19
1 1 1 7918.8993 0.2 2 -7 8238.8061 0.3 2 ~17 7694.5939 0.5 2 4 7872.2298 1.7 2 ~20
1 1 0 7921.3210 0.2 2 -6 8241.2893 0.3 2 -17 7697.2760 0.4 2 4 7874.6172 0.1 2 -20
2 0 2 7934.5469 0.1 2 -6 8255.2380 0.2 2 17 7708.1963 0.1 2 3 7887.4756 0.1 2 ~19
2 1 2 7940.0601 0.2 3 -6 8260.0843 0.1 2 ~17 7715.7761 0.1 2 3 7893.1824 0.3 4 ~20
2 1 1 7947.2822 0.1 3 -6 8267.5270 0.1 2 —17 7723.8101 0.1 3 3 7900.3355 0.7 2 -19
2 2 1 7969.1555 1.1 2 -8 8287.7082 0.1 2 -18 7752.8633 0.1 2 3 7923.1070 0.1 2 -21
2 2 0 7969.6636 0.2 2 7 8288.2763 0.1 2 ~19 7753.3436 0.0 2 3 7923.5464 0.3 2 ~20
3 0 3 7967.8439 0.1 2 -6 8288.7502 0.2 2 —17 7742.0958 0.0 2 2 7920.6957 0.3 3 -20
3 1 3 7971.5793 0.1 2 -8 8291.6666 0.1 2 -18 7747.2639 0.1 2 2 7924.3414 0.2 4 -20
3 1 2 7985.7973 0.1 3 -6 8306.4484 0.1 2 ~16 7763.2396 0.8 3 1 7938.5592 0.0 2 ~20
3 2 2 8006.1052 0.0 2 -12 8323.3646 0.1 3 —18 7788.8120 0.3 2 3 7958.0392 0.2 3 -21
3 2 1 8007.8726 0.1 3 -9 8326.0244 0.1 3 -18 7791.0865 0.3 4 2 7960.0833 0.2 2 -21
3 3 1 8047.0327 0.1 2 -8 8363.2776 0.1 2 -20 7843.4330 0.1 2 2 8001.1912 0.1 3 21
3 3 0 8047.1017 1 ;! 8363.3621 0.2 2 ~20 7843.4887 0.3 2 2 8000.6134 0.3 3 ~19
4 0 4 8010.6139 0.1 4 -7 8331.7510 0.0 2 —-17 7785.6152 0.3 2 0 7963.4357 0.1 2 -20
4 1 4 8014.1096 0.1 2 —11 8333.2624 0.1 3 ~18 7788.8050 0.1 2 1 7965.4505 0.1 2 -20
4 1 3 8036.2980 0.3 2 -6 8357.4286 0.1 2 ~15 7815.0545 0.0 2 1 7988.7908 0.1 4 ~20
4 2 3 8054.3163 0.1 2 —14 8370.4200 0.0 2 —18 7836.3271 0.1 3 2 8004.2656 0.1 3 -22
4 2 2 8058.7505 0.1 3 -8 8377.5017 0.0 2 ~16 7842.5337 0.2 2 1 8008.9441 0.2 2 ~17
4 3 2 8093.8129 0.1 2 -9 8411.7971 0.1 2 -19 7889.6651 0.1 2 8 8048.4152 0.1 2 22
4 3 1 8094.2590 0.2 4 -10 8412.3633 0.1 2 ~19 7889.9092 0.6 2 8 8046.7690 0.1 4 ~18
4 4 1 8152.8993 0.5 2 -9 8465.9018 1 -23 7966.2995 0.9 2 0 8109.8142 1 -5

4 4 0 8152.9053 1 -10 8465.9131 1 —22 7966.3290 1 -1 8109.8023 0.6 2 -5

5 0 5 8062.4732 0.2 3 -8 $383.9085 0.1 3 —18 7838.2133 0.6 2 -1 8015.2697 1.1 4 -21
5 1 5 8062.7971 0.1 3 -9 8384.6192 0.1 2 —18 7840.2700 0.5 2 0 8016.2694 0.8 4 -20
5 1 4 8097.9407 0.1 3 -7 8419.5349 0.2 3 ~15 7878.4799 0.1 2 -1 8050.2625 03 3 —21
5 2 4 8103.9151 0.3 4 4 8428.4809 0.1 2 ~18 7895.1228 0.3 3 0 8061.4726 04 6 ~22
5 2 3 8122.7255 0.2 3 -8 8442.5796 0.0 2 ~15 7907.7993 0.1 3 0 8074.7894 0.8 5 ~21
5 3 3 8152.5171 02 3 —11 8472.4394 0.3 3 -19 7948.8292 0.0 2 6 8107.9808 0.3 3 —24
5 3 2 8154.1235 02 3 -10 8474.5368 0.1 3 ~18 7949.6435 0.1 3 8 8114.4021 04 3 ~17
5 4 2 8211.7927 0.3 3 ~12 8526.7560 0.4 2 22 8026.2957 0.2 3 -1 8170.4446 0.5 4 -8

5 4 1 8211.8441 0.1 4 ~11 8526.8462 0.3 2 —22 8026.4006 0.1 2 -1 8170.3539 0.7 3 -9

5 5 1 8286.4229 1 ~17 8595.2982 1 -26 8120.5815 1 -1 8245.7208 03 3 —21
5 5 0 8286.4226 1 ~13 8595.2979 1 —27 8120.5812 1 -2 8245.7143 0.1 2 -20
6 0 6 8123.4072 04 3 -9 84452345 0.1 2 -19 7899.7694 0.7 2 -2 8076.1448 0.0 2 -22
6 1 6 8123.5879 02 3 -9 84455817 0.1 2 -19 7899.7466 0.2 3 -2 8076.6042 0.1 2 -22
6 1 5 8169.6910 0.1 3 -8 8491.6829 0.3 2 ~15 7952.4922 0.6 3 4 $121.9986 0.3 3 ~21
6 2 5 8173.4882 0.2 5 ~11 8497.1296 0.0 3 —-17 7965.0277 0.1 4 0 8129.2921 04 3 -23
6 2 4 8199.5022 03 4 . 8520.6041 0.1 3 —14 7986.4916 0.1 2 -3 8151.0041 0.2 2 22
6 3 4 8223.0898 0.1 4 12 8544.9772 0.5 3 —18 8020.4017 0.1 3 3 8179.5926 0.3 2 —23
6 3 3 8227.1989 0.2 5 -12 8550.5176 0.0 2 ~16 8033.6179 0.7 2 8 8187.3496 0.3 3 -21
6 4 3 8282.7500 0.2 4 -13 8599.9623 1 -21 8098.5371 0.2 2 -6 8243.4729 03 3 -8

6 4 2 8283.1619 02 2 ~13 8600.3879 0.5 2 —21 8098.8970 0.1 3 —4 8243.1084 02 4 -9
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Table 2 (continued )

J Ka K. (201) (003) (121) (300)
E A N P E 4 N 5 E A N b E A N 5
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

6 5 2 8357.2497 0.1 3 ~16 8668.4700 0.2 2 —22 8192.7885 0.2 2 —4 8317.8831 1 22
6 5 1 8357.1539 0.1 2 ~16 8668.4701 1 ~35 8192.7902 12 2 2 8317.8365 1 ~21
6 6 1 8447.0163 1 -20 8750.9377 0.4 2 -31 8304.8642 0.3 2 -4 8408.8273 0.1 2 —24
6 6 0 8447.0165 03 2 ~19 8750.9376 0.2 2 ~32 8304.8641 0.1 2 —4 8408.8276 05 3 ~25
7 0 7 8193.4973 0.2 2 ~10 8515.8116 0.1 2 ~19 7970.3404 0.1 2 4 $146.1280 04 3 ~23
7 1 7 8193.5681 0.2 3 ~11 8515.8374 0.3 2 -20 7970.5613 0.4 2 -5 8146.3294 0.3 3 -23
7 1 6 8250.6680 0.4 3 -9 8573.0453 0.0 2 ~16 8036.1288 0.1 2 —4 8203.0912 0.6 3 ~23
7 2 6 8252.6827 0.3 5 ~11 8575.9722 0.8 2 ~18 8046.8181 0.0 2 0 8207.3522 0.3 4 —24
7 2 5 8288.3364 0.2 4 -8 8610.6535 0.2 3 ~13 8077.8795 0.2 2 -5 8239.6923 0.5 2 ~22
7 3 5 8305.3983 02 3 -13 8629.0520 0.3 2 —17 8104.2438 0.1 2 -2 8260.3849 0.7 3 7
7 3 4 8313.5341 03 3 —14 8640.5897 0.5 4 ~13 8122.2574 0.2 2 1 8274.4771 0.5 4 ~21
7 4 4 8365.7994 04 3 ~15 8685.4877 0.1 3 -21 8183.1344 0.6 2 ~11 8329.2010 0.3 4 -9
7 4 3 8366.9568 0.5 4 —14 8686.9199 0.3 2 -19 8184.1560 0.1 3 -9 $328.1383 0.2 3 -10
7 5 3 8439.4402 0.0 2 ~18 8753.9872 03 2 —24 8277.2455 1.0 2 ~10 8402.1278 04 3 ~21
7 5 2 8439.9921 0.5 3 -17 8754.0571 0.3 3 24 8277.2483 0.0 2 -7 8401.8219 0.7 2 —22
7 6 2 8529.4465 0.5 2 -22 8836.6057 0.4 2 -29 8388.9958 0.5 2 -8 8492.8313 1.8 2 -26
7 6 1 8529.4470 0.6 3 -20 8836.6058 0.2 2 —30 8388.9959 0.3 2 -7 8492.8460 1 -25
7 7 1 8634.0324 1 ~31 8932.1957 0.3 2 —37 8516.9659 0.1 2 -9 8599.3796 0.1 2 27
7 7 0 8634.0329 1 ~30 8932.1962 0.3 2 ~37 8516.9664 0.1 2 -9 8599.3795 0.1 2 —45
8 0 8 8272.7902 12 2 -10 8595.7071 0.1 2 -21 8050.0023 0.2 2 -7 82252807 0.2 3 —24
8 1 3 8272.8175 04 3 12 8595.6847 0.3 2 ~21 8050.1143 0.1 3 - 8225.3628 04 2 ~25
8 1 7 8340.4660 0.6 3 ~11 8663.3296 0.4 2 —18 8128.6611 1 -9 8293.0581 04 3 —24
8 2 7 8341.4088 0.4 3 -12 8664.6920 0.1 2 —18 8130.6870 0.6 4 ~11 82953175 0.3 4 -25
8 2 6 $388.1773 0.3 4 -9 8711.6182 0.6 2 ~13 8180.9555 1 i $339.8500 0.1 2 ~21
8 3 6 $399.2112 0.2 3 ~13 87242258 0.4 2 17 8199.8266 0.1 2 -5 8355.0037 0.1 2 -7
8 3 5 8428.1350 0.1 3 -9 8744.3908 12 2 12 82249378 0.1 2 -6 83733135 0.3 3 0
8 4 5 8460.8771 0.0 2 -15 8783.1828 0.1 2 -18 8278.0123 1 -21 8412.2806 0.4 4 -17
8 4 4 8463.8933 0.2 3 ~15 8786.9790 0.8 2 ~17 8282.5716 0.3 2 ~16 8425.1926 1.0 5 ~10
8 5 4 8534.3959 0.1 3 -18 8851.8880 0.2 2 -23 8374.0531* 0.4 2 -10 8498.5026 05 2 -23
8 5 3 8535.0848 02 3 -18 8852.1675 0.2 2 22 8374.0622 0.3 2 ~11 8499.4116 0.2 3 -21
8 6 3 8623.9276 1.0 3 ~25 8934.5763 0.5 2 —25 8485.3548 0.7 3 12 8588.7865 1.6 2 ~26
8 6 2 8623.9248 1.7 2 ~17 8934.5742 1.7 2 ~37 8485.3528 14 2 - 8588.8575 0.0 2 ~26
8 7 2 8728.0379 0.8 2 -32 9030.7699 18 2 -33 8612.4425 0.4 2 -10 8696.4309 1 -31
8 7 1 8728.0378 05 2 —29 9030.7697 2.1 2 —34 8612.4424 0.2 2 -10 8696.5416 0.7 3 -29
8 8 1 8846.7588 16 2 —44 9138.3847 12 2 —41 8763.6238 0.1 2 -9 8815.5209 1 -38
8 8 0 8846.7587 13 2 —44 9138.3846 15 2 —41 8763.6237 0.2 2 -9 8815.5206 0.3 2 -38
9 0 9 8361.3159 16 2 ~15 8685.0228 1 ~22 8138.8002 0.1 2 ~11 8313.6488 1 ~26
9 1 9 8361.3272 0.1 2 —14 8684.9118 0.0 2 ~23 $138.8414 1 ~11 $313.6633 1 ~26
9 1 8 8439.0946 0.1 4 ~13 8762.6319 0.2 2 -18 8229.8778 0.2 2 12 8391.4264 0.2 2 —31
9 2 8 8439.4888 02 4 ~13 8763.0635 0.1 2 -19 8231.2874 0.6 2 —14 8392.9357 0.3 4 —27
9 2 7 8497.7366 02 3 -10 8822.4094 0.2 3 ~13 8296.7967 0.0 2 -2 8447.8966 1 9
9 3 7 8503.9533 0.3 3 —14 $830.0412 0.4 2 ~17 8308.3636 1 -17 8459.8811 0.2 2 ~16
9 3 6 8540.6041 0.3 3 -7 8861.0149 0.2 2 -9 8341.5041 0.5 2 -10 8487.8737 0.6 2 —14
9 4 6 8567.7865 03 3 -16 8892.7657 0.3 2 ~18 8392.6581 1 —44 8522.1895* 03 4 -19
9 4 5 8574.4397 0.1 2 ~15 8901.0811 0.4 3 ~13 8394.3346 0.5 2 ~18 8536.3095 1 ~17
9 5 5 8641.2855 0.2 4 -20 8962.1534 0.8 2 -20 8483.2878 1.9 2 -15 8607.0893 0.8 2 22
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Table 2 (continued )

J Ka K. (201) (003) (121) (300)
E A N P E 4 N 5 E A N b E A N 5
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
12 2 11 8789.3429 0.1 2 —23 9116.4172 0.4 2 —23 8586.8379 1 ~23
12 2 10 8880.8725 0.1 2 ~17 9212.4046 1 ~23 8691.5189 1.1 2 —27 8831.8263 0.9 2 —24
12 3 10 8880.8990 0.4 2 -16 9207.7507 0.1 2 —18 8694.5257 0.8 2 -29 8833.9034 1 -36
12 3 9 8955.5178 1 ~18 9273.6492 1 ~18 8767.8719* 1.8 2 ~21 8900.3516 1 24
12 4 9 8960.7747 0.5 2 ~20 9288.7385 1 —14 8786.4742 0.7 2 ~29 8915.1219 1 ~25
12 4 8 8985.1472 04 2 -25 9325.8610 1 -7 8827.2793 1 -10 8948.9890 1 -18
12 5 8 9030.6777 03 3 —24 9365.6276 1 ~16 8885.4558 16 3 -29 9006.6386 0.2 4 -26
12 5 7 9043.9805 0.7 2 ~20 9376.1359 1 4 9008.6812 2.1 2 ~23
12 6 7 9125.3078 0.6 2 ~26 9448.8117* 1 22 8994.2567 1 -28 9092.0090 1 ~22
12 6 6 9124.1384 0.5 2 -28 9094.1010 1 -30
12 7 6 9224.9989 12 2 —40 9546.9224 1 —25 9202.3500 1 —25
12 7 5 9224.8668 13 2 -39 9547.0041 1 —26 9194.7549 1 -38
12 8 5 9340.9935 15 2 —56
12 3 4 9341.0526 1.1 2 -36
12 9 4 9434.6054 1 4
12 9 3 9434.6052 1 -4
12 10 3 9594.9100 1 -10
12 10 2 9594.9100 1 ~10
13 0 13 8807.6073 1 —24 9133.7981 1 ~30 8585.4979 0.4 2 ~26 8758.6752 1 —34
13 1 13 8807.6119 1 -19 9133.8027 1 —30 8585.5677 1 —41 8758.8699 1 -19
13 1 12 8923.8237 0.3 2 ~19 9249.8437 0.5 2 ~25 8723.4635 1 —27
13 2 12 8923.9350 1 -20 9247.2694 0.4 2 24 8724.0153 0.8 2 ~30 8875.7443 12 2 ~15
13 2 11 9025.5729 1.0 2 —14 9352.4009 1 -29 8840.5571 1 -28
13 3 11 9025.5250 0.2 2 ~18 9353.3721 1 —23 8842.4040 1 ~36 8978.6025 2.3 2 27
13 3 10 9109.2734 0.1 2 ~17 9429.0709 1 —23
13 4 10 9112.2865 1 -21 9441.7181 1 12 9066.4376 1 -29
13 4 9 9164.9213 2.7 2 -25 9491.4338 1 -15 9112.6292 1 -23
13 5 9 9195.0344 1 —27 9523.3720 1 -3 9042.9636 1 —34 9144.3860 1 ~34
13 5 8 9205.1667 1.7 2 -21 9541.6861 1 -1 9168.7534 1 -6
13 6 8 9245.9936 1 -30
13 6 7 9280.5929 1 ~28 9609.7941 1 ~29 92509143 1 —24
13 7 7 9379.8488 1 —43 9706.0248 1 ~15 9367.5448 1 ~31
13 7 6 9379.5441 0.3 2 —40
13 8 5 94953694 1 -55
14 0 14 8942.1669 13 2 ~26 9269.3559 0.2 2 —34 8719.1415 1 —34 8893.1717 1 ~35
14 1 14 8942.1684 04 3 —24 9269.3574 1.0 2 -31 8719.4557 1 -33 8893.1694 1 -39
14 1 13 9067.9758 1 —23 9393.3585 1 —21 8869.5369 1 ~34 9020.4329 1 —41
14 2 13 9067.9804 1 ~23 9393.2630 3.0 2 ~25 8869.9215 1 ~36 9018.9073 1 ~22
14 2 12 9179.7130 1 -28 9500.8377 1 12 8998.2330 1 -39
14 3 12 9179.0342 1 -21 9510.7096 1 -19 8999.9754 1 —50
14 3 11 9273.3355 1 ~19 9593.8080 1 -30
14 4 11 9274.3632 0.3 2 ~22 9604.7248 1 ~15
14 4 10 9350.7227 1 -29
14 5 10 9360.1904 0.9 2 -26 9692.0604 1 -10 9313.1433 1 7
14 5 9 9379.6965 1 ~25
14 6 9 9449.5590 0.7 2 -31 9777.1330 1 —40
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9420.1630 1 —24

6
7 9546.8685 1 —34
0 9085.7904 0.9 2 -28 9414.1061 1 -39 8863.2915 18 2 —34 9036.5593 1 -37
1 9085.9624 02 2 —28 9414.1067 1 -38 8863.2916 23 2 —45 9036.5587 1 -38
1 9221.0652 0.0 2 -33 9547.6077 1 -30
2 9221.1305* 1 -25 9547.6158 1 -28 9023.6281 1 -33 9172.0242 1 -32
2 9341.5776 06 2 —24 9665.7126 1 —24 9164.7654 1 —48
3 9341.5796 058 2 -26 9663.8039 1 —21
3 94462021 1 -21
4 9446.1631 1 —24
4 9530.4712 1.7 2 ~19
5 9537.0850 1 —24
5 9566.5119 1 —24
7 9725.5449 1 —46
0 9238.6966 0.0 2 -30 9568.0477 1 —41 9189.0370 1 —42
1 9238.6970 02 2 -31 9568.0479 1 —40 9189.0363 1 -53
1 9383.2788 1 —34 9334.0454 1 -32
2 9383.2712 1.1 2 ~29 9710.9281 1 -29 9188.0830 1 -43
2 9513.1428 1 -29
3 9513.1593 1 -26
4 9627.4981 1 —24
5 9725.0858 1 —24
0 9400.6386 0.7 2 —34 9731.1647 1 -38 9350.6208 1 —43
1 9400.6386 1.1 2 -33 9731.1643 1 -39 9350.6212 1 -43
1 9554.6414 0.7 2 -33
2 9554.6477 33 2 —24
2 9693.7518 1 -31
0 9571.6599 1 -36 9903.4471 1 —47 9521.2506 1 —47
1 9571.6601 1 -36 9903.4473 1 —46 9521.2504 1 —48
1 9685.1006 1 —42
2 9685.0954 1 —49
3 9883.3263 1 -33
0 9751.7297 1 —42 9700.9139 1 -51
1 9751.7302 1 —41 9700.9134 1 —52
1 99243611 1 —43
2 9924.3634 1 —40
Kq (102) (220) (041) (022)

E 4 N ) E 4 N ) E 4 N P) E 4 N )

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

0 0 0 8054.0743 1 -18 7593.2673 1 18

1 0 1 8065.8617 1 —14 7605.1124 1 22

1 1 1 8072.9938 1.9 2 -21 7615.3920 1 13

1 1 0 8075.4425 1 -13

2 0 2 8088.8912 0.6 2 -19 7628.3400 0.0 2 17

2 1 2 8094.1235 1 —21 7636.4482 06 2 18 7390.8743 1 -16

2 1 1 8101.4417 0.6 2 -19 7644.3322 0.4 2 15 7399.6012 1 -19

2 2 1 8122.7865 1 -20 7674.9819 0.2 2 18

2 2 0 8123.3151 1 -17 7675.4231 03 2 21 7440.4341 1 —12

3 0 3 8122.2600 1 -19 7662.1453 15 2 15 7414.2488 1 —14
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Table 2 (continued )

J Kq K. (102) (220) (041) (022)
E A N P E 4 N E A N 5 E A N 5
1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17

3 1 3 8125.5088 1 -20 7667.7574 12 2 16

3 1 2 $140.0520 1 ~17 7683.4604 1 15 7439.8714 1 12

3 2 2 8158.1553 0.6 2 -20 7710.4952 1 21

3 2 1 8160.6281 1 ) 7712.5964 0.7 2 20 7478.3319 1 14

3 3 1 8199.8634 1 —27 7767.6369 0.3 2 26 7549.3915 1 —14

3 3 0 8199.9384 1 -25 7767.6536 1 25 7549.4180 1 —26

4 0 4 8165.1280 1 -19 7705.6365 0.3 2 14

4 1 4 8166.8702 1 ~23 7709.0702 0.3 2 11 7464.1934 1 —14

4 1 3 8190.6908 1 ~21 7734.9506 0.6 2 13

4 2 3 8204.8628 0.2 2 -23 7757.4659 1 13 7524.3293 1 -19

4 2 2 8211.5184 1.4 2 22 7763.2937 16 2 13

4 3 2 8247.9402 1 —14 7815.6857 1 22 7599.0055 1 ~31

4 3 1 8248.4228 0.0 2 —24 7815.8503 1 21 8042.2742 0.5 3 16
4 4 1 8304.6178 3.7 2 —28 7896.1436 1.0 2 18 7696.6023 1 -33 8113.9887 1 -8
4 4 0 $304.6268 0.5 2 —27 7896.0147 0.3 3 20 7696.5964 1 42 8113.9921 0.1 2 -8
5 0 5 8217.1206 1 -22 7758.2321 0.2 2 10 7512.3883 1 —-17

5 1 5 8217.9833 1 -22 7760.1453 1.0 3 12 7515.7581 1 22

5 1 4 8252.5237 1.8 2 ~19 7798.1052 1 3

5 2 4 8262.5568 0.5 2 -23 7815.6036 0.9 2 9 7583.7977 1 -8

5 2 3 8275.9156 1 -17 7827.6020 13 2 10 7595.8751 1 —13 8060.6241 1 7
5 3 3 8308.0355 12 3 ~21 7875.9098 12 2 18 7661.0030 1 ~11 8103.0097 1 18
5 3 2 $309.8721 1 —24 7876.6867 1 14 8105.4217 0.2 2 -1
5 4 2 8364.8685 0.5 2 —24 7958.4911 0.1 2 14 8175.3371 1 -4
5 4 1 $364.9340 1 ~29 7957.8930 0.3 2 17 7757.8605 0.9 2 32 8175.3793 0.8 2 -3
5 5 1 8436.7169 0.2 2 ~32 8052.5128 0.7 2 34 7879.2916 1 —41 8264.2668 0.9 2 -6
5 5 0 8436.7107 1 —61 8052.5133 1 34 7879.2913 1 —43 8264.2637 3.7 2 -10
6 0 6 8278.2328 1 -22 7819.7647 12 2 8

6 1 6 8278.5238 0.5 2 ~21 7820.7601 0.3 2 10 7577.0091 1 ~16

6 1 5 8324.5362 1 -20 7872.0248 1 4

6 2 5 8330.8462 1 -17 7884.5579 1 13 7654.3431 1 -20

6 2 4 8353.1476 0.8 5 ~18 7906.9085 0.4 3 3

6 3 4 8379.9778 0.4 2 ~23 7948.1733 1 10 7735.2382 1 ~23 8176.0855 15 2 17
6 3 3 8384.9061 13 3 -21 7950.5134 0.6 2 8 $180.8847 14 2 19
6 4 3 8437.3730 0.5 2 —27 8022.3666 0.1 2 7 7831.4588 1 —29 82492259 1 0
6 4 2 8437.6905 0.7 2 ~26 8031.7288 0.3 3 13 8249.4499 1 0
6 5 2 8509.1100 1 -32 8125.7116 1 22 7953.0487 1 —41 8338.3889 1 8
6 5 1 8509.1894 0.9 2 -30 8125.7249 0.5 2 27 7953.0782 14 2 —40 8338.3877 1.1 2 0
6 6 1 8595.6441 0.1 2 ~37 8241.3077 1.0 2 35 8094.7921 1 52

6 6 0 8595.6436 1 -37 8241.3003 0.3 2 36 8094.7918 1 —56

7 0 7 7890.2696 1 8

7 1 7 8348.6340 0.1 2 —24 7890.7638 1 8

7 1 6 8406.0572 2.7 2 ~18 7955.7140 1 2

7 2 6 8409.3336 12 4 -21 7963.9416 1 7 7735.6803 1 22

7 2 5 8443.1564 0.0 2 -20 7997.0944 0.8 2 0

7 3 5 8463.4455 1.0 3 ~21 8032.2341 2.0 2 4 8263.3074 0.2 2 —14
7 3 4 8473.8782 1 -21 8036.7115 1.9 2 -4 7827.4195 1 -20 8270.7448 0.1 2 20

¥0zt
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Table 2 (continued )

J Kq K. (102) (220) (041) (022)
E A N P E A N P E A N 5 E A N 5
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
10 5 5 8541.6251 0.0 2 3
10 6 5 9007.1367 1 —42 8654.6605 1 2
10 6 4 9006.7020 0.9 2 -36 8512.9455 1 —37
10 7 3 9108.6951 1 ~51
10 8 3 9225.3208 1 —57
10 8 2 92253208 1 —56
11 0 11 8721.3603 1 -32
11 1 11 8721.2976 0.5 2 ~31 8263.1250 1 -9
11 1 10 8822.9725 13 2 —24
11 2 10 8821.4342 0.1 2 —27 8619.2265 0.2 2 -6
11 2 9 8903.7147 1 4
11 3 9 8905.7286 0.1 2 -23
11 4 8 8977.7451 1 -23 8803.6192 0.4 3 2
11 5 7 8677.9340 1 ~13
11 5 6 9063.5128 1 12 8676.6664 1 -13
11 6 6 9140.9884 1 -32 8650.5153 1 -5
11 8 4 9358.6567 1.9 2 —60
11 8 3 9358.6566 22 2 _55
12 0 12 8838.3184 1 —34 8379.0417 1 ~16
12 1 12 8838.4453 2.4 2 -35 8379.0860 1 -12
12 1 11 8943.3365 0.1 2 ~30 8739.5695 1 -3
12 2 11 8941.1243 0.8 2 ~26
12 2 10 9042.8171 0.3 2 -26
12 3 10 9040.9635 1 ~26
12 3 9 9103.0469 0.1 2 ~20
12 4 9 9125.7832 12 3 -23
12 5 8 8808.0615 1 -29
12 5 7 9212.0131 1 ~11
12 6 7 9287.5966 1 -26
12 9 3 9387.4906 1 -31
13 0 13 8963.3338 0.3 2 ~20
13 1 13 8963.3312 1.7 2 -38
13 1 12 9079.3457 1 -32 8878.7032 1 4
13 2 12 9078.9994 0.6 2 ~31
13 2 11 9178.4542 1 —27
13 3 11 9188.2076 1 —24 8764.0847 1 -37
13 4 10 9277.6931 48 2 ~25
13 5 9 9342.0366 1 —40
13 6 8 9445.6896 2.8 2 -29
14 0 14 9098.3261 1 -38
14 1 14 9098.3238 1 41
14 1 13 9226.6090 3.3 2 ~36
14 3 12 9328.9940 1 —40
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Note: A denotes the experimental uncertainty of the upper level determination (in 10~3cm~1). N is the number of lines used for the upper energy level determination. J represents the deviation of the observed

level from its calculated [14] value (in 10~>cm ™). Energies of levels marked by ‘«’ differ importantly from the corresponding values of Ref. [13].

experimental line positions and intensities, then the
assignments and the variational ro-vibrational labeling
were further confirmed with an effective Hamiltonian
approach, as discussed below.

As a result of the spectral assignment, a set of 1094
experimental energy levels has been derived for nine
vibrational states of the first decade by adding the lower
states (000) and (010) energies [16] to the identified
transitions. A summary of the results is presented in
Table 1, which also includes a comparison with the
previous studies [12,13], which reported 357 and 173
energy levels in common with our data, respectively. This
results in 564 new energy levels obtained in this study.
The experimental energy levels derived in this study are
presented in Table 2 followed by the obs.-calc. deviations.
In fact, within the discrepancy limit +0.015cm !, there
are only 137 energy levels in common between this work
and Ref. [13]. Detailed comparison with the energy levels
derived from the hot spectrum [13] has confirmed that
the values presented in here are more accurate. This is
obvious for the levels derived from accurate combination
differences relations. The largest discrepancies between
the two data sets concern, mostly, the cases when the
levels of Ref. [13] are derived from blended or single lines.
Eighteen energy levels disagree with those of Ref. [13]
since the absolute discrepancy varies between 0.037 and
0.135cm ™. These energy levels are marked by ‘«* in
Table 2.

Vibrational energies of the (041) and (022) states
were determined from the obs.—calc. trend in the energy
levels with K,=0,1. The identification list which includes
2772 D350 transitions is provided in the Supplementary
Material (I) to this paper. For each absorption line, the
experimental line position and intensity values, as well as
the calculated [14] intensity and the ro-vibrational
labeling are given. This list also contains 45 hot band
transitions from the (010) state to the (211), (13 1) and
(310) upper states. Information on those upper states can
be found in Ref. [9]. Most (81%) of the resulting
experimental intensities larger than 2.0E—25cm/mole-
cule agree within 20% with the calculated values, while
for very weak experimental lines larger discrepancy is
possible.

A comparison of the observed energy levels with those
calculated in Refs. [14,17] is given in Fig. 2. It is clear from
the figure that recent variational calculations [14] agree
very well with the experimental results with maximum
obs.—calc. deviation below 0.10cm~!, and average obs.—
calc. rms deviation of 0.026cm~!. The computations
provided by Schwenke and Partridge (SP) [17] have
lower accuracy for the energy levels with maximum and
rms deviations of 045 and 0.17cm~!, respectively.
Rotational levels in the (003) vibrational state give the
most significant deviation from the SP prediction which is
about —0.30cm ™.

Although there is no doubt that the new variational
calculation [14] has better accuracy, the ro-vibrational
labeling provided by Ref. [14] is inadequate in many
cases. For this reason, we re-labeled the experimental
ro-vibrational energy levels. This labeling is based on
the analysis of the contributions to the ro-vibrational
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Fig. 2. Difference between the experimental and variationally computed energies of 1094 levels of D0 between 7360 and 8440cm™', versus the
quantity J+K,/J. Squares: calculated values were obtained by Shirin et al. [14]. Circles: calculated values for all considered states excluding (00 3) state

were obtained by Schwenke and Patridge [17]. Triangles: values calculated by Schwenke and Partridge [17] for the (00 3) state.

Table 3
‘Experimental’ and variationally computed rotational constants of the
1st decade of interacting states of D3°0.

ViVLV3 VAR [18] [12] A1 This paper A2

A(cm™1)
041 21.169 21.182 0.013
220 17536  17.456  —0.080 17.545 0.008
121 17.059 17.048 —0.011 17.072 0.012
022 16.619 16.857 0.238 16.631 0.012
300 14.667 14354 -0.313 14.677 0.010
201 14.424 14.300 —0.124 14.430 0.005
102 14.261 14.551 0.290 14.255 —0.006
003 13.942 14.040 0.098 13.933 —0.009

B(cm™1)
041 7.495 7.500 0.005
220 7.231 7.253 0.022 7.233 0.001
121 7.296 7.312 0.016 7.298 0.002
022 7.352 7.292 —0.060 7.359 0.007
300 7.020 6.956 —0.064 7.018 —0.002
201 7.068 7.112 0.044 7.070 0.002
102 7.099 7.186 0.087 7.113 0.014
003 7.165 7.166 0.001 7.182 0.016

Note: 41 and 4, are the difference between the ‘experimental’ values
from Ref. [12] and this study and variational estimations [18],
respectively.

wavefunction which have been obtained from fitting the
experimental energy levels using the effective Hamilto-
nian method. The effective ro-vibrational operator
includes the Watson-type rotational Hamiltonian in
diagonal blocks:

H" = E" +[A"—} (B' +C")JZ +5 (B' + C")* +3(B"~C")Jf,

— A3 = A2 = AT =0k U2 Ty )« =20 I, + HJZ

+HYJA? + HyJ2A + HYJO + U2, hiJ2 + hj )2
F T+ LIS + L o1 + i 21 + Lig 21 + LB
+ sy WS +Ud?J3 + L2+ 1TPY + - 1

The operators in the off-diagonal blocks, which describe
the Fermi-type interactions, have the form of:

HY =B B Fy T Filly, 2+ Fg R+ -
)
The Coriolis-type interaction operators are
HY = CV i+ CL¥ 11y, J21.4 +Coil, J? + Cilil, J21
oo G U Ja) . + G2 Il +Cef U J21 2
+Clble 21 P4 Co U J2) T4+ - 3)

In Egs. (1)-(3), J3) = J—J3 and [A, B]. = AB + BA.

The initial set of ro-vibrational parameters were taken
from previous work [12]. The final fitting included all,
except two, of the observed energy levels. A standard
deviation of 0.0083 cm~! has been achieved by adjusting
150 effective Hamiltonian parameters. In the fit, the
(140) dark state has been included, as it interacts with
the (04 1) state, while the (060) dark state is excluded
since it is much lower in energy than the observed
experimental energies. The rotational parameters of the
(140) state have been fixed in the fitting to the
corresponding values of the (04 1) state. All pure vibra-
tional resonance parameters F" were fixed to zero
because they are poorly determined due to the correlation
with the vibrational term values E'. For this reason our
rotational A, B, and C constants differ from those given
previously [12].

Comparison of the ‘experimental’ and the recent
variationally computed [18] A and B rotational constants



A.D. Bykov et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 2197-2210 2209

100
Q
— (@]
< 80 iy @g 5’8 -5
T Bl
Q | O® O
5 % J)Q
® CEo > © 5 ¢)
§ 60 i -
Q O
Y= @
o R 13 O 2)
(@] O |O (el @)
£ O o
X 40 O S
= o}
e} 5 5
20

012 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20

JHK,

Fig. 3. Maximal mixing coefficients of wavefunctions calculated using an EH calculated versus the quantity J+K,/J. Open circles: all levels excluding the
(003) state. Filled circles: energy levels of the (003) state. Only 66 levels of 1094 have leading mixing coefficient not exceeding 60%.

Table 4

Experimental and calculated intensities for the D0 transitions coming on upper levels in close resonance.

Wavenumber (cm ™)

Intensity (cm/mol)

Wavenumber (cm 1) Intensity (cm/mol)

(201)1019-(000) 11 1 10

Ref. [14] 7752.24 3.67E—-24

SP 7752.29 4.80E—-24

Observed 7752.2586 4.68E—24
(201)1019-(000)91 8

Ref. [14] 7985.92 8.69E—-24

SP 7985.97 1.13E-23

Observed 7985.9375 9.69E —24
(201)1019-(000)103 8

Ref. [14] 7794.06 2.78E-25

SP 7794.08 3.61E-25

Observed 7794.0807 3.40E-25

(070)102 9 - (000)11 1 10

775235 1.10E—24
7751.96 7.11E—26
(070)102 9 - (000)9 1 8

7986.03 2.59E—24
7985.63 1.72E-25
(070)102 9 -(000)103 8

7794.17 8.22E— 26
7793.75 5.64E—27

for the first decade of interacting states of D3°0 is included
in Table 3. It is evident that the A and B rotational
parameters obtained in this study agree very well (within
0.009cm~"! on average) with the vibrationally averaged
effective rotational constants evaluated in [18] based on
the CVRQD potential energy surface [19].

The maximum mixing coefficient of each energy level
is shown in Fig. 3. It confirms that the ro-vibrational
labeling obtained within the EH approach is unique for
the majority of the experimental energy levels. Only for
66 of the total 1094 energy levels, the leading mixing
coefficient of wavefunction is less than 60%. Similar to the
case with other isotopologues, the (00 3) vibrational state
of D3%0 is less perturbed by resonance interactions with
other states in the first decade, at least for J < 10. The

ro-vibrational labeling provided by the SP calculation
coincides in most cases with the one obtained with the
help of the EH calculations. Only 17 of 1094 observed
energy levels are labeled differently from those provided
in Ref. [17]. Our resulting labeling differs from that
proposed in [14] for 142 energy levels, and only in 16
cases this can be explained by ambiguity caused by large
resonance mixing of the corresponding wavefunctions.

The files with rotational, centrifugal distortion, and
resonance parameters, as well as with the mixing
coefficients of the resulting wavefunctions of all the
vibrational states considered are given as Supplementary
Material (II) to this paper.

Similar to lighter water isotopologues (H160, H1%0,
H170, HD'€0), the D}°0 molecule undergoes centrifugal
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distortion effect, though it is less significant than that
encountered for the above isotopic species. That is why so
far only a few transitions involving highly excited bending
states which borrow intensity from much stronger
lines—resonance counterparts have been observed in
the spectra of the D3°0 isotopologue at room tempera-
ture. In accordance with the variational predictions
[14], the (201)-(070) interaction leads to considerable
strengthening of a few transitions to the rotational levels
of the (070) state. Table 4 lists some of these predicted
transitions. Despite the large predicted intensity (up to
2.6 x 10~2*cm~'/cm~2 molecule), we could identify no
transitions reaching the (070) vibrational state. At the
same time, for the lines which resonance counterparts
belonging to the (201)-(000) band, the calculated
intensities are apparently underestimated (see Table 4).
The SP intensities are also included in Table 4. It is
interesting that the SP intensities match the experimental
results much better for the (201)-(000) transitions,
while the SP intensities for the (070) transitions are
approximately an order of magnitude smaller than the
results given in Ref. [14]. In fact, the summary intensity of
two transitions coming on the resonating upper levels is
nearly the same in both variational calculations, though
its distribution between the two transitions is different in
the SP and in Ref. [14]. This can be a result from different
mixing coefficients of the corresponding wavefunctions in
SP and in Ref. [14].

4. Conclusion

The Fourier-transform absorption spectrum of the
D50 molecule has been recorded and analyzed in the
7360-8440 cm ™! spectral range, leading to determination
of a set of 1094 energy levels for 9 vibrational states of the
first decade, 564 of which are new. The (102) and (220)
vibrational states are also reported for the first time. The
accuracy of 173 energy levels reported previously in Ref.
[13] is improved. Ro-vibrational labeling of the observed
energy levels is confirmed the calculations with an
effective Hamiltonian. The experimental energy levels
agree better with the recent variational calculation [14]
(within 0.026cm~"' on average) than the SP prediction
(0.17cm~! on average). However, the calculated line
intensities [14] may be considerably distorted (up to an
order of magnitude) for the transitions to upper energy
levels in close resonance with other states.
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