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The v, and v3 Bands of H,'’O and H,'®0:
Line Positions and Strengths

ROBERT A. TOTH

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

High-resolution spectra of H,'’0O and H,'®0 were recorded with a Fourier-transform spectrometer
covering transitions in the (100)-(000) and (001)-(000) bands. The measured line positions
were used to determine high accuracy values of rotational energy levels in the (100) and (001}
vibrational states for the two isotopic species. Measurements of the line strengths were fitted to
a model in which 19 transition moment parameters were determined for B-type bands and 8
parameters for the A-type bands for each molecule. The fitting technique did not consider inter-
actions between the (020), (100), and (001) vibrational states. The experimental results provide
a more accurate representation of the line positions and strengths than those presently available
for these bands. ® 1994 Academic Press, Inc.

1. INTRODUCTION

This is the last of three papers involving high resolution measurements and analysis
of the three interacting vibrational states (020), (100), and (001) of H,O. The first
paper (1) covered observations of the (020)~(010) and (020)-(000) bands of H, 'O,
H,'’0, and H,'®0. The second report (2) presented further measurements in the
(100)-(010), (001)-(010), (100)-(000), and (001)-(000) bands of H,'°O. The
present study includes high accuracy data for line positions and strengths of vibration-
rotation transitions in the (100)-(000) and (001)-(000) bands of H,'’O and H, '*O.

Several papers (3-13) have been published which include measurements and/or
calculations of line positions and strengths in the v; and v; bands for one or both of
the isotopic species noted above. The extensive listing of computed values given by
Flaud et al. (12) covering H,'°0, H,'70, and H,'®0 transitions between 0 and 4350
cm~! was based upon measurements made prior to 1981. The values given in that
compilation for the (020)-(000), (100)-(000), and (001)-(000) bands of H,'’O
and H, 'O were taken from reports by Camy-Peyret ez al. (9) (H,'’0) and Flaud et
al. (10) (H,'®0) which, further, were derived from an analysis of unreported mea-
surements, obtained, for the most part, with a grating spectrometer with a spectral
resolution of 0.03-0.05 cm™!. These same values (9, 10) of computed line positions
and strengths were incorporated in the 1986 edition of the HITRAN database (13)
and they are also included in the 1993 compilation ( /4). The results obtained in the
present study provide a more accurate representation of line positions and strengths
for the bands and isotopic species noted above than those given in Refs. (12, 13).

The present study (as well as the previous ones ( /, 2)) does not include a perturbation
treatment of the data. Instead, the experimental linestrengths for each band of each
molecule were analyzed using a one-band fit and the computed results represent un-
perturbed values.
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II. EXPERIMENTAL DETAILS

The experimental details are the same as those discussed in Ref. (1) related to the
2v, bands of H,'’O and H,'%0. The experimental conditions and extent of the mea-
surements used in the present study are given in Table I. The table lists the spectral
range, unapodized spectral resolution, absorption path lengths, total sample pressures
and percent abundances of each isotopic species (including H,'®O) for each run. The
lower portion of the table lists the wavenumber range and number of lines measured
for each band and molecule. The first two runs given at the top of the table were
observations of normal samples of water vapor contained in a 6-m base length multiple
transversal absorption cell, whereas the remainder of the runs were obtained with
oxygen-enriched H,O samples contained in a 2.39-m-long absorption cell. The H,'’O
and H,'%0 samples were purchased from Merck and Company, Inc.; the stated isotopic
purities were 98.1% H,'*O for one sample and 60.4% H,'’O for the other. Due to
slight contamination from various H,O samples used prior to a given run of o-enriched
H,0, the values of the isotopic abundances were not always the same as the stated
values shown for several of the runs listed in the table. The method used to determine
the correct relative amounts in the samples was described in Ref. (15). Also in that
article is a description of the method used to transfer the evaporated gas from the
glass tubes (containing the H>'’O and H, '®0 liquid samples) to the absorption cell.

The spectra were obtained with a Fourier transform spectrometer (FTS) located at
the McMath solar telescope facility at the Kitt Peak National Observatory. All data
were obtained with the sample temperatures near or at room temperature (296 K),
with sample temperatures inferred from readings of one or more thermistor probes
in thermal contact with the absorption cell walls. Total sample pressures were measured
with a Baratron gauge. The IR source was a 1000-W iodine lamp enclosed in a quartz
envelope and the radiation traveled through a short open space and the absorption
cell before entering the vacuum tank which enclosed the FTS. The IR detector was

TABLE 1

Experimental Conditions and Extent of Measurements

spectral unapodized path sample percent abundance of

range resolution 1length pressure isotopic species

(ecm™) (cm™) (m) (Torr) H,"%0 H,'%0 H,'%
2622-4457 0.011 193. 3.98 99.6 0.04 0.2
2622-4506 0.011 433. 4.01 99.6 0.04 0.2
2954-4124 0.011 2.39 0.30 25 0.47 73.5
2922-4235 0.011 2.39 1.08 17 0.52 81.3
2890-4254 0.011 2.39 5.30 6 0.58 92.2
2881-4298 0.011 2.39 13.8 4 0.60 94.0
2967-4131 0.011 2.39 0.52 15 52.6 31.7
2948-4196 0.011 2.39 1.07 15 54.1 30.5
2887-4292 0.011 2.39 5.06 14 56.8 28.1
2881-4298 0.011 2.39 13.8 14 57.7 26.6

Extent of measurements

molecule band — — - range(cm’') number of lines

B,'70  (100)-(000) 3201.644 - 4126.271 382

H,70  (001)-(000) 3163.400 - 4298.238 535

H,'%0 (100)-(000) 3001.891 - 4193.427 469

Ho'%0  (001)-(000) 3160.676 - 4340.151 598
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Rotational Energy Levels {(cm™') of the (001) and (100) Vibrational States of H,’O
(Estimated Uncertainties Given in cm™' X 10%)

J KqKe (001) (100) J KgKe (001) (100)

0 0 0 3748.31807 10  3653.14226 10 8 6 3 5108.92006 10  5029.00786 33
1 0 1 3771.86095 15  3676.52400 3 8 6 2 5108.96920 45  5029.02781 40
11 1 4783.90239 5  3689.17431 18 8 7 2 5274.61150 150  5200.60222 50
1 1 0 3789.20217 10  3694.39500 10 8 7 1 5274.61150 150  5200.60222 50
2 0 2 3817.51409 2  3721.94883 7 B 8 1 5458.29876 30  5391.53415 60
2 1 2 3825.71633 4  3730.71710 4 B 8 0 5458.29876 30  5391.53415 60
2 1 1 384158152 7 3746.35251 10 9 0 9 4651.82743 10  4553.74226 40
2 2 1 3877.43858 3 3784.01921 8 9 1 9 45651.84839 20 4553.78478 10
2 2 0 3878.83895 6 3785.31937 6 9 1 B 4BO7.16175 6 4709.79165 10
3 0 3 3882.99302 5  3787.24098 7 9 2 8 4807.87035 5  4710.85178 40
3 1 3 3887.62564 6  3792.25525 7 9 2 7 4930.17007 4  4B31.84526 35
3 1 2 3919.00154 3 3823.23808 10 9 3 7 4939.07021 12 4843.89790 170
3 2 2 394831771 & 3854.14435 10 9 3 6 5012.97965 25  4912.72631 9
32 1 3954.65561 4  3860.13522 4 9 4 6 5056.67T115 9  4963.94255 250
3 3 1 4020.95113 5 3929.61786 & 9 & 5 SO77.72631 15  4987.72949 9
33 0 4021.19496 12 3929.74821 4 9 5 5 5181.71327 7  5098.9%381 8
4 0 & 3966.59425 4  3870.67749 & 9 5 4 S51846.93775 6  5098.86644 35
4 1 & 3969.27935 7  3873.13462 8 9 6 & 5326.18185 25  5245.62708 100
4 1 3 4019.82271 10 3923.56217 4 9 6 3 5326.39935 25  5245.71304& 10
4 2 3 4041.64371 T 3946.48766 11 9 7 3 5492.07087 25  5417.34993 300
4 2 2 4057.86437 T 3961.82973 ¢ 9 7 2 5492.07725 350  5417.37311 300
4 3 2 4116.33342 10 4025.20685 12 9 8 2 5676.53565 &0

4 3 1 4117.78566 6  4026.21155 20 9 8 1 5676.53565 40

& & 1 4214.56639 5 4127.72113 10 10 0 10 4842.72623 7 4743.95860 40
& 4 0 4214.60216 5 £127.59249 12 10 1 10 4842.73229 15 4743.98208 6
S 0 5 4067.86422 6  3971.71433 & 10 1 9 5016.94317 15  4919.10424 300
5 1 5 406B.62867 2  3972.80625 6 10 2 9 5017.44734 25  4919.62375 40
S 1 & 41%1.6957T2 6 4045.0717% 6 10 2 8 5160.82672 10  5062.59418 50
5 2 4 4157.26672 6  4060.1537% 10 10 3 8 5165.50781 12  50569.29435 300
5 2 3 4187.67206 8  4091.26670 3 10 3 7 5263.93195 10

S 3 3 4235.66213 S5 4144.59505 5 10 4 7 529%.06197 12

5 3 2 4240.12675 3 4147.98676 6 10 4 & 5345.28925 10  5239.90626 180
S 4 2 4335.03628 3 4249.82533 6 10 5 6 5422.67925 25  5326.23380 15
S 4 1 4335.33740 S5 4248.77093 7 10 5 5 5430.72622 25  5342.67699 40
5 5 1 4457.02193 40  4373.40091 40 10 6 5 5567.32600 300  5486.07889 40
5 5 0 4457.02615 8  4373.4017% 10 10 6 & 5568.08645 30  5486.38054 300
6 0 6 4186.92222 7  4090.43266 10 0 7 4 5657.65633 300
6 1 6 4187.25228 3 4090.89232 4 10 7 3 5733.23417 40

6 1 5 4282.22240 S 4185.57028 10 11 0 11 5051.52579 40 4952.01778 40
6 2 S 4288.33256 7  419.19610 10 11 111 5051.52796 20  4952.04885 40
6 2 & 4342.27665 7 4244.82865 10 11 110 5244.37621 15

6 3 4 437852498 &  4287.11428 5 11 210 5244.50863 10

6 3 3 4399.26524 4  4302.16382 7 11 2 9 5407.94126 25

6 & 3 447984184 T 43B7.17206 8 11 3 9 5410.27657 15

6 4 2 4481.21259 6  4394.56753 15 1 3 8 5533.33257 40

6 5 2 4601.83847 7 4518.07989 7 11 4 8 5552.33028 50

6 5 1 4601.88843 10  4518.08801 30 11 &4 7 5621.60364 15  5517.96607 300
6 6.1 4T46.49200 B0  4667.51172 15 11 5 7 5686.56764 30

6 6 0 4746.49250 60  4667.51140 30 11 5 6 S703.46118 40  5612.89671 40
7 0 7 4323.90776 3 4226.97829 6 1M 6 6 583212123 40

7 1 7 4326.04026 8  4227.16496 12 11 6 5 5834.32472 50

7 1 6 4440.03444 S 4343.17974 10 12 0 12 5278.16485 40 5178.4010% 300
T 2 6 4443.34298 3 4347.74861 25 12 112 5278.16565 80 $177.05495 300
7 2 5 4519.27514 10 &421.15734 10 12 111 5489.47765 40

T 3 S 4544.28458 7  4451.85665 25 12 211 5489.53304 40

7 3 4 ASTT.T0566 10 4479.52923 9 12 210 5671.82977 40

T 4 & 464874986 T 4556.90685 15 12 3 9 5819.20303 40

T 4 3 4653.13608 &  4565.81927 8 12 4 9 5830.26057 300

7 5 3 4770.96047 5  4687.03830 20 12 4 8 5923.03321 200

7 5 2 4771.23437 6  4687.07805 10 12 5 8 5972.54452 300

7T 6 2 4915.66732 B 4836.28431 40 12 5 7 6002.73086 50

7 6 1 4915.67534 20  4836.28742 20 13 013 5522.58392 20

7 7 1 5080.9915 15 5007.49515 20 13 113 5522.58392 20

7 7 0 5080.9%4915 15 5007.49515 20 13 112 5752.21200 500

& 0 8B 4478.87693 5  4381.45920 12 13 212 5752.23843 40

8 1 8 4478.92961 25 4381,4904& 10 13 2 11 5952.75250 200

8 1 7 461493175 7 4517.89563 18 13 3 11 5953.27833 50

8 2 7 4616.50215 10  4520.12709 40 13 310  6120.76700 300

8 2 &6 4&715.97970 4 £617.60571 &0 13 4 10 6126.80902 50

8 3 6 4AT31.63155 T  4637.79153 25 1% 016 57B4.82645 40

8 3 5 4783.25092 15  4683.94527 10 1% 11 5784.77631 40

8 4 5 4B41.26495 10  4749.24034 12 14 113 6032.58269 30

8 & & 4B52.05825 &  4763.10323 15 1% 212 6250.85811 300

8 5 & 4966.32685 30  4880.439%47 20 15 015 6066.38540 50

8 5 3 4965.38853 6 4880.55231 15 15115 _6064.38540 50
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TABLE 111

Rotational Energy Levels (em™) of the (001) and ( 100) Vibrational States of H,'*0O
(Estimated Uncertainties Given in cm™' X 10%)

J KgKe 601) (100) J KqKe 001) €100)

0 0 0 3741.54678 10 3649.68540 10 9 1 9  4643.32979 33 4548.48215 15
1.0 1 3765.09081 6 3673.05009 3 9 1 8 4MB4AIIH S 4704.30162 25
1 % 1 3776.98503 10 3685.53272 10 9 2 8 4799.11091 6 4705.29615 30
11 0 378230160 7 369077404 10 9 2 7 492161288 5 4825.63156 80
2 0 2 3810.6819 8 371841745 10 ¢ 3 7 4930.22535 7 4838.09525 40
2 1 2 3BIBTKIS & 3727.02M11 & 9 3 6 5004.71998 20 4907.84471 9
2 1 1 3834.65926 6 3762.71920 3 9 & 6 SOKT.4461 6 4957.34602 45
2 2 1 3870.07803 5 3779.88620 3 9 & 5 5069.45685 30 £981.58277 10
2 2 0 3871.49988 5 3781.20%40 25 9 5 5 S5171.29735 10 5090.66888 10
3 0 3 3876.04052 9 3783.58525 10 9 5 & S174.69051 15 5091.06685 20
3 % 3 3880.56321 2 3788.46519 S 9 6 4 5316.25326 10 5235.12756 40
31 2 3912.0283%% 8 3819.56442 7 9 6 3 5314.48513 7 5236.23179 15
3 2 2 309183 6 384996105 13 9 7 3 5478.42080 10 5406.046200 300
3 2 1 3047.32976 6 3856.04393 3 9 7T 2 S478.42970 30 5406.04826 40
3 3 1 4012.86538 15 3924.67196 7 9 8 2 5661.01620 30

3 3 0 4013.11596 9 3924.79604 6 9 8 1 5661.01620 30

6 0 & 395046345 7 386683471 & 10 010 4833.83222 15 4738.26494 10
4 1 4 3962.36785 & 3869.20412 6 10 110 4833.83755 30 4738.28690 35
4 1 3 4012.74105 9 3919.77188 7 10 1 9 5007.7B481 9 £913.16279 30
4 2 3 4034.20915 10 3942.21751 9 10 2 9 5008.10855 9 £913.64628 40
4 2 2 4050.54138 8 3957.48006 7 10 2 8 SIS1.72777 15 5056.79122 10
4 3 2 4108.42559 15 4020.22721 4 0 3 8 S156.21738 6 5063.10640 60
4 3 1 40997179 & 4021.20102 8 10 3 7 5255.30659 7 5157.97810 50
& & 1 4205.47841 10 4121.38933 7 0 & 7 5284.56048 7 5193.48290 60
4 4 0 420551568 15 412131215 20 10 & 6 5336.47107 25 5234.08295 S50
S 0 5 4060.51832 8 3067.64363 8 10 5 6 5412.20825 25 $318.47283 15
5 1 5 4061.28012 3 3968.68738 15 10 5 5 5420.65414 3 5335.00275 60
S 1 4 413449396 S £041.10791 & 10 6 5 5555.36961 10 5476.45376 30
S 2 4 4150.24588 S 4055.74723 S 10 6 & 5556.17899 1S

5 2 3 4180.31114 S 4087.16831 7 10 7 4 5719.49331 15 5646.20088 300
5 3 3 4227.83839 S 4139.56169 10 10 7 3 5719.53621 15

S 3 2 4232.81215 25 4142.46868 12 10 8 3 5902.68520 20

5 4 2 4325.95661 S 4242.98535 15 10 8 2 5902.68542 20

S 4 1 4326.27067 S 4242.28762 1 11011 5042.22019 40 4945.89326 10
S 5 1 4445.67449 12 4365.88772 15 1111 5062.22252 15 4965.92012 40
S 5 0 4446.67968 10 4365.83897 15 M 110 S5234.759% 6 5139.54865 25
6 0 6 4179.33103 & 4086.10335 8 1 210 5234.88475 11 5139.83861 40
6 1 6 4179.6509% 4 4085.53874 10 1" 2 9 s398.28271 10 5303.23145 40
6 1 5  4274.66406 & 4181.20421 25 11 3 9 5400.50663 38

6 2 5 4280.84742 & 4189.59377 11 1M 3 8 552.15909 20 5426.86487 300
6 2 4 4334.80255 8 4240.67336 9 1 4 B 554247464 4

6 3 & 4370.68155 7 4281.96749 9 11 4 7 561252199 40 5512.20890 300
6 3 3 439165303 7 4297.00422 9 11 5 7 5675.98316 10 5585.07229 40
6 & 3 4470.76908 6 4380.87731 3 M 5 6 569365517 40 5605.48287 40
6 & 2 447219937 5 4387.91083 7 M 6 6 582012753 35 5740.54381 40
6 5 2 4591.67669 10 4510.45231 10 19 6 5 582247291 40 5761.58776 50
6 5 1 4591.52928 20 4510.46651 10 11 7 5 5984.06926 80

6 6 1 4734.64852 40 £658.34718 25 117 4 5984.24135 150

6 & 0 4734.64955 40 4458.34772 25 12 012 5263.41380 30 5171.61187 40
7 0 7 4316.04093 10 4222.35902 8 12 112 5268.43030 80 5169.77109 40
T 1 7 4316.16787 8 4222.53453 20 12 111 47937313 20

7 1 6 4432.09857 6 4338.51961 10 12 211 S4TR.42422 55 5384.10390 50
7 2 6 4435.32663 5 4362.88788 S 12 210 5661.60382 15

7 25 451157291 5 4416.80386 10 12 310 5662.67037 50

7 3 5 4536.21815 22 4446.57895 25 12 3 9 5809.35561 15

7 3 & 4569.75867 3 4474.72438 25 12 4 9 5819.93673 50

7 & & 4639.66837 5 455018235 25 12 4 8 5913.69227 15

7T 4 3 4664.24533 7 4558.86959 20 12 5 8 591.76225 40

7 5 3 4760.58546 11 4679.27672 35 12 5 7 5993.24163 15

7T 5 2 4760.87461 5 4679.35281 20 12 6 7 6108.12702 100 6028.51890 50
7 6 2 4903.79516 20 4827.01377 15 12 6 6 6113.93560 40

7 6 1 4903.80311 30 4827.01721 10 12 7 5 6272.5153 200

7T 7 1 5067.39246 40 4996.61290 100 13 013 5512.35310 SO 5414.05971 80
7T 7 0 5067.39246 &0 4996.41290 100 13 113 5512.35340 40 5414.05971 80
8 0 8 4470.70141 16 4376.49563 20 13 112 5741.59870 80

8 1 8 4470.75185 30 4376.54335 4 13 212 S5741.61135 40

817 . 7 451283595 15 13 211 5961.94388 20

8 2 7 4608.12213 20 4514.96633 15 13 311 5942.43865 40

8 2 6 4707.90798 7 4612.89%40 10 13 310 6110.19355 80

8 3 6 4725.20405 15 4632.29088 15 13 410 6115.93416 &0

8 3 5 4775.18847 & 4679.18888 15 13 6 9 6235.07799 300

8 4 5 4B32.13416 8 4742.69215 15 13 5 9 6268.56517 40

8 4 & 4843.39937 10 4756.42115 10 % 014 5774.07262 15

8 S & 4953.93685 10 4872.49703 8 % 114 5774.02957 10

8 S 3 4955.05648 9 4872.75363 15 % 113 6021.40190 40

8 & 3 5097.01901 10 5019.62548 10 1% 213 6021.37622 40

8 & 2 S5097.07101 30 5019.64845 20 % 212 6239.44273 20

8 7 2 5261.00390 50 5189.40106 40 15 015  6053.09666 110

8 7 1 5261.01026 40 5189.40236 120 15 115  6053.09666 110

8 8 1 5442.82656 15 5378.26560 60 15 2 14 6317.92450 S0

8 8 0 5442.82656 15 5378.26560 60 16 0 16  6349.80428 40

? 0 9 4643.31016 S5 454844168 8 16 116  6349.80428 40
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TABLE 1V

Dipole Moment Expansion Coefficients Derived from Least-Squares Fits of H,'’O and H,'*0 Measured
Lines Strengths in the ( 100)-(000) and (001 )-(000) Bands ( Values in Debyes—Results Derived without
Fermi and/or Coriolis Interactions Included in the Analyses)

€100)-(000) band

w2170 ¥2'%
this_work Camy-Peyret et al.® this work 1 Flaud
3200-3600 e 3601-4130 cm ! 3117-3500 cm™ ! 3501-4153 cm ot al.
1 1.505(59)E-02 1.597(79)E-02  1.464(22)E-02 1.376(28)E-02  1.571(70)E-02  1.427(17)E-02
2 2.9T(161)E-05 -3.65(233)E-05 2.72(145)E-07 -3.18(27)E-05  2.37(56)E-05  1.51(69)E-07
3 -2.38(180)E-04 -8.3(368)E-05 3.45(116)E-04 -1.1B(24B)E-04  9.51(678)E-06
4 -1.28(65)E-03  -1.36(24)E-03  -1.295(39)E-03 -1.68(14)E-03  -9.85(146)E-04 -1.295(24)E-03
5  6.29(102)E-06  4.28(39)E-Dé  5.54(27)E-04 9.19(62)E-04  &.63(26)E-06  5.63(19)E-04
6 -6.50(960)E-05 -9.71(136)E-05 -6.83(307)E-07 7.47C108)E-05 -7.10(211)E-05 -2.15(132)E-07
7 -2.8(562)E-06  2.72(402)E-05 -4.38(281)E-07 1.02¢10)E-04  -4.98(69)E-05  -3.39(90)E-07
8 -2.69(108)E-05 -1.32(307)E-05 2.13(34)E-05  -5.57(195)E-05
9 S.4T(90B)E-05 -8.02(159)E-05 -5.57(52)E-05  -5.10(93)E-05
10 -1.15¢132)E-04  9.38(950)E-05 7.T2(44)E-05  -3.28(76)E-05
11 -2.33(441)E-05  3.09(55)E-05 2.70(20)E-05  2.50(43)E-05
12 -8.85(561)E-08  5.0(151)E-08 1.27¢191)E-08  1.79(66)E-07
13 4.14(535)E-06  1.14(182)E-06 -4.13(80)E-07  -1.30(16)E-06
1% 4.15(933)E-05  3.6(998)E-06 -2.07(607)E-06  8.64(139)E-05
15 4.9(122)E-06  1.98(227)E-05 4.2(265)E-07  -1.69(78)E-05
16 4.16(345)E-06 -3.36(181)E-06 -5.90(52)E-07  5.45(60)E-07
17 -5.62(551)E-05 -1.49(434)E-05 4. 7S(1B1)E-05 -9.07(437)E-05
18 7.1¢410)E-06  4.0(239)E-06 3.77(95)E-05  -3.23(186)E-05
19 -5.22(623)E-05  3.40(787)E-05 9.19(63)E-05  -1.26(28)E-04
N ] 75 109 T8
ox 6.2 10.6 7.3 9.5
(001)-(000) band
n2‘7o uz“o b
j this work Camy-Peyret et al.* this work Flaud et al.
1 7.133¢15)€-02  6.786(85)E-02 7.304¢8)E-02 6.850(70)E-02
2 1.193(90)E-05  2.01(74)E-05 6.95(39)E-06 8.23(450)€-06
3 -T.72(21)E-05  -8.59(240)E-05 -1.016(11)E-04  -6.62(180)E-05
4 -1.446(6)E-03  -1.410(89)E-03 -1.425(3)E-03  -1.407(60)E-03
S -1.936(85)E-05 -2.06(36)E-06
6 6.006(25)E-04  4.50(35)E-04 5.143(12)E-04  4.57(22)E-04
7 -S.148(64)E-05  -1.04(61)E-05 -1.780(25)E-05  -9.67(400)E-06
8 6.81(41)E-06 1.38(47)E-05 9.69(21)E-06 1.55(36)E-05
N 251 360
ox 8.5 7.1

a. Taken from Camy-Peyret et sl., ref. 10. Values given sbove differ from those given in ref. 10
for the (100)-(010) band in which the Fermi interaction between the (020) and (100) states
was removed.

b. Taken from Flaud et al., ref. 11. values given sbove differ from those given in ref. 11
for the (100)-(000) band in which the Fermi interaction between the (020) and (100) states
was removed.

c. N represent the mumber of line strengths used in the least-squares fit

d. o%X is the standard deviution Q’E:ltinn from the least-squares fit in percent.

X = {Tl(Spbg-Scat )/ Sobs) /Y2 100
min and max v are given in cm 'ond pertain to the minimum and meximum frequency range of
transitions used the least-squares fits.
values given within parenthesis are estimated uncertainties in the last digit(s).

an InSb element cooled by liquid N,. Each spectral run consisted of eight coadded
interferograms obtained over a time span of approximately 50 min. The composite
interferograms were transformed into spectra at the Kitt Peak facility.

III. SPECTRAL ANALYSIS AND ENERGY LEVELS

The line centers were measured with two computer programs. One, labeled LINE-
FINDER, determines line center positions and relative absorption peaks, and the other
uses the technique of nonlinear least-squares (NLLS) in which absorption line positions,
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1n an inter-

used in several of my previous studies (1, 2, 15-17). The measured line positions obtained
by both techniques were calibrated and corrected to H,'¢0, H,'’0O, and H,'30 wave-

tal values of 1
numbers and these standards were used in the previous studies (7, 2).

trengths and the majority of line center values. These computer algorithms have been

3

Itaneously

amu

fitted s
sed to determine experimen

Inuum parameters are

ique was u

dths, and cont

inewi
ode. The latter techn

represents the sum of the strengths of the two comparsble tramnaitions.
The rotational energy levels in the (100) and (001) vibrational states of both

isotopic species were derived by the addition to each measured transition wave-

o~c are observed minus computed Line positions in o 'x 105. Computed values darived from energy levels given in tsbie 2 and

ground state lavels given in ref. 14,

* ssterisk denotes s doubled abzorption with the quantum esaignment given for the stronger trancition. The etrength given

a. {o-c)X is the percent differonce betwosn tha observed and computed Line strength or the value of the computed strength {f the
active m

differance between the observed and cosputed values ia »£12X or larger in magnitude.
R is the ratio of tha observed Line strength derived in this study to the computed valus given in ref.

Xs sre estimsted uncertainties in the messured Line strengths given in percent

strengths, 1
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Ref. (15) for H,'’O and H,'%0. These results were weighted and
by

then averaged for each level. Table Il lists values of the rotational energy levels

he values.

approximation

iven in

The strength, S, of a H,O transition at the location » may be expressed to good

a comparable listing for H,'®0. Included in the tables are estimates of the uncer-
tainties in t

obtained by this method for the (100) and (001 ) states of H,'’O, and Table III is

number of the (100)-(000) and (001)-(000) bands the appropriate lower state
level g
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ly, and Qv

, & 18 the degeneracy due to the
, respective

101S.

he lower state, L, with the upper state, U. When

873/ 3hc
0= 0v X 0Or

1, O, partition funct
nuclear spin of the lower state level, k is the Boltzmann constant, 7 is the temperature,

E(L) is the lower state energy equal to the sum of the lower state vibrational energy,

C=
ingt

E(L)y= Ev(L) + Er(L),
Eq. (1), can be expressed as

iona

, given in

where Q is the partition function which can be expressed as the product of the vibra-

lement connect
T =296 K, Qg = 175.5 and 176.1 for H,'’O and H,'*0

moment matnx €

1, Qv, and rotat
Without considering near resonance effects, the vibration-rotation dipole moment

1.0004 for both species and for temperatures within 30°K of 300 K, Q(7T) = Q(296

K)[296/ T}

tiona
Ey (L), and rotational energy, Er(L), and R(L, U) is the vibration—rotation dipole

element, R(L, U)

where
and
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(2)

s

ANV, T, Ko, K.

”

[

. Coaputed vatues derived from energy levels given in table 2 and ground

transitions.

rabl
paiigt

j

R(L, U) = 2 u(j)x())
X(_]) — <V”, J”, K”,

represents the sum of the strengths of the two ¢

o-¢ aro observed minus computed Line posftions in

state levels given in ref. 14.

8. (0-¢)X {s the .ercent difference between the observed and computed line strength or the value of the computed strength if the

* asterisk denotes » doubled sbsorption with the quentum assignment given for the stronger transition. The strength piven
differsnce between the observed snd computed values fe 212X or larger in magnitude.

R is the ratic of the observed Line strength derived in this study to the computed value given in ref. 13

Xs are estimeted uncertsinties in the measured Line strengths given in percent
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(3)

10nS.

hich A(1) = &,

x for B-type transitions. The asymmet

top wave functions, AS(V, J, K,, K,), are expressed as an expansion of the symmetry-

adapted wave functions, s(J, K, v), as

ion cosines in w

f symmetry-adapted rotational wave funct

lement of the direct
d o

-type transitions an:

rx e

10NS 1n terms o

AS(V, J’ Ka, KC) = ‘IIVC(J9 K b Kc'lJ, K9 ’Y)S(J, K’ ’Y)a
where the C’s are coefficients of the wave functions, thus expressing the lower and

ly. x(1) is the mat
z for A

spective
ith «

where u(j) are the dipole moment coefficients, A(j) are the transformed transition
w1

moment operators, and prime and double prime denote upper and lower states, re-

upper state wave funct
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observed

lower
1 Kg K strength Xs

upper

J Ky Ke

o-¢

position

3757.38043 -39

3758.27905

observed
3758.9016
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-19
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67
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5
-9
5

s

3

0
-2
20
0

6

0
-10
]

7
-3
-4
10
-8
-6
-1
13
-12
0
-55

25
-40
-51

28

8

-3

24

13

-1

-100
0

1
-3

09617
34350
4918
0360
6193
33450
4219
9234
4426
25688
9475
8391
8140
0235
01279
05526
68810
9641

3815.91200
3816.44518
3818.42190
3821.9713
3843.9271
3891.5717

3759.4189

3760.8871

3761

3761

3762

3767.

3767.

3769.

m

3

3772

773

373

3774

377

3776

3.

3777,

3777
04692
88381
938
9730

3791.23336

3791.32021

*3792.2400 206
3792.76555

(4)

1 band

10na;

he vibrat

1st

i>1

S=1+ 2 a()y(h),

he band center frequency, and S,
F=f?

(v/v0)Sx(1)*gl1 — exp(—v/kT)lexp(—Ex(L)/kT)F/Qx,
, VoISt

S
Sy = 8| u(1)*voexp(— Ev( L)/kT/(3hckTQy),

In terms of the F-factor formalism, Eq. (1) becomes
strength. The coeflicients of the F-factor, a(), are related to the coefficients, u(j), of

the dipole moment matrix elements, x(J), by the following. Expressing F by

where F is the F-factor

where
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TABLE VII

Line Positions (cm™') and Strengths (cm™2/atm at 296 K ) Observed in the

(001)-(000) Band of H,''0

upper tower abserved
J Kg Ke

I Kake

cbserved

position

lower observed
4 Kg Ko strength Xs

upper

4 Kg K¢
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strength % (o-c)%"
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o-c

o-¢
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* ssterisk denotes s doubled sbearption with the quantum sssigrment glven for the stronger trancition. The strength given
represents the sum of the strengths of the two comparable trangitions.

o-c are observed minus computed line positions in e-"x 105. Computed valuss derived fram onergy levels given in table 2 and ground

state levels given in ref. 14.

Xe ore estimated uncertainties in the measured line strengths given in percent

a. (0-c)% is the percent difference between the observed snd computed line strength or the value of the computed strength {f the

differerce between the observed and computed values s =212% or largar in magnitude,

13

R is the ratio of the observed line strength derived in this study to tha computed value given in ref.

the a(j)’s and u(j)’s are related by

Jj>1

a(j) = u(j)/u(l)

(5)

x())/x(1) j> 1
The matrix elements involved in R(L, U) and used in this study are presented in

y(Jj)

tables in my recent papers (/, 2). The matrix elements involved in the B-type transitions
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TABLE VII—Continued
observed
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J KgKe strength Xs

upper
J KK
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2 to § are the ones given by Flaud and

and found to be necessary in the H,'®O analysis (/6) of the (010)~(000) band. The
parameters used in the A-type transitions of the (001)-(000) bands contain the same

The measured linestrengths were least-squares fitted using the expressions given in
Eqgs. (1)~(3)and outlined in Refs. (/, 2). The matrix elements of the direction cosines
were computed from the vibration-rotation parameters given in literature: (000) states
of H,'"0 and H,'®0 from Ref. (15), and the (100) and (001) states of H,'’O and

eight elements as those derived by Flaud and Camy-Peyret (/8).
and the values of the standard deviation in percent, ¢%, of the linestrength fits. ¢% is

portion of the entry for each band and isotopic species lists the number of lines fitted
defined by

Camy-Peyret (18) and the following 11 terms (j = 9 to 19) were empirically derived
H,'%0 from Ref. (9). It should be noted that the measured line strengths were nor-
malized to 100% of the isotopic sample, and these normalized values were used in the
analyses. Values and associated estimated uncertainties of the matrix elements of the
expanded dipole moment derived from the fits are given in Table IV. The lower

contain 19 terms in which the elements
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observed
strength Xs

upper lower
4 KeKe J KgKg

o-c

observed
position

TABLE VII—Continued
(o-c)x®
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upper Lower observed
J KgKe 4 KaKc strength Xs
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MmN e g - ~NO ~ NN - ~ - ——noNo o -3 ~ N -
B N e N e g NN Y N RN R NN R NO L PR P AR RO NN
cpeprh pepriEprp MMM M Mt e he pe M IR ERC e pehcia DI MM S IE AN SEMRCREN e e D
- ~n - ey — u o !]2 - 1 3 [4] MmN -
o -3 o -2-2-1 0 oo o

coomom -y » N - Wno Lol Rl ol 205' NN NG N Vo —-_—No
L g ..omma.mqnsm nw....._mo...,. R AL ELLEES CEAL T i
~ ~ Qe oM ~ ~ 935‘ o - 6 - L4l - -

535233!263231233225!6530‘24353133223222533‘SUSZLZSMAO!SSZJSJII
B82358885555885885888588888850858585583Y8585588588555388855555
w W w w w
mmumm.x.mn.u.a.m.amm.m.m.m RERRSMMZERILORRQUREIILaNRRRLNGRERACLUIEINLYE
NN O MIND AN — oMM ENNCOOMENN SRR MME NN N2 OMEONNOM TN M= MANMN oo~
N NN N r N YN YO rMOrOr O NINrrNONMe~OY NNt O 0ONINEONNe N IMNMAND G OO ¢ N -C -

CRNNN IR OIANADOINOBOMINNOEO O NOONYNNIMOOONNOR A ONNOANIAN O ON T IOMADOC®

MOONC LI EMMNNAEOINARON T MANDENDIMN OO T INOMMNORYOOMNMAONOINY - OITMNYOOD T
EECO NN T r NN NN OrOMr- NN N NN NN IO ONNINEON A2 eMUNTINOON YN -
WOOOVONNOINYOVOO ORI AMNOMAA C O NENOYNORONAAONORBOCrURTRNOANNCOOCYRROO

R T L e e e A AR LALEE TEFLLEL L E O EP L L LS S
N S T T L L T T L T L L L i P T R P L L L T
sRsEiltenicantane .zmmwmmmmmﬁwm&m%mm.,..mm.a.mm.mmmn.mwa_zm
g3 ENNNORY e SBR e Sy 3 5 SNASENNGST STty
EEEREER PR PP R E R R EE R B i B
x »

S TR T L P R L L R A R e EEE T LT
50%%@160642@%6%%%2@M9mmzm72|3M?M\9%861%7GZMSN%SNS777616JJ1.|M
61&%&3144“.&“9“MH!& 8&%5“666&%4%4&&3%& J%QN&MM%MLLLL&LLIS&HD&

- O F@6 MrN o~ Nw P ~ ~ - NN - N v

‘45‘0‘-222‘z3"222‘3321—!!(‘2‘-]’!232220!!’222-‘!22522"-’32‘.!.‘510‘-3‘-
2858888833888 83853588858588580cY88883558338YYNNRRRRYS58Y3

Sensdpdhgpitatiahiantbingniasdadydidhaiganaiihepiaiidl mmuu

OrMOMOOMON - MENNNAOITNMOM A rtON M- INO YO MM N O ONINEIM OO e NN O - =R
MMM NONNANNM M PO NMEMYE AN - ON"NOMNerrONOMM N —rrOrONr eI "MrOMO

MMARON - NMNNEIMNE IR CDONINMOR Y- AMNNINNYONMNMONMMOMONY - CTPMMME IO TN

CFONNO T OMNY NIt NOrMINNINONETNM*MANNE -~ MANY L OIN M eMNINVBNINANM T~ AN~ 0 MO0 N O
MMM IO r NN DO N rMAN Y ON e MNENS e NNrFANNM -~ ONNII M NMIMMMN~ON=M P NM N

MRMNCY T ANNMNE S NAR RO CrNOMBERNONCNMMMNAYOMIEIDNY IO T OINTRONINLLMNNO AN NN

18332
63330

3737
3737
373
3740
7a
3741
3742
3742
I7NT
3752
3755
3758
3759
3762
3763
3764
3767
3
3
3775
3777
3779
3787
3788,
3790
3793
3795
37
3808
8
3814
3815
3819
3820
3820
3824
3827,
3830
3832
3832
3832
3834
3835
3836
3836
3836,
3841
3841
3842
3844
1846
36
3846
3847
3849
3850
3850
3854

(6)

the (100)-(000) and

2
23

V1 —

h/(Es — Ej)
ha/(E; — Ej)

C33

CZ 3
CZ 2

0% = 100{ Z[Sops — Seatl/Sops]>/ N} '/,
C3Z

where N is the number of lines included in the fit. Measured linestrengths of transitions
strongly affected by resonance effects were not included in the analyses. Included in

Table IV are values of matrix elements derived in other studies
account the interactions between the three vibrational states (020), (100), and (001)

(001)-(000) bands of H,'’O by Camy-Peyret ez al. (10) and the (100)-(000) and
(001)-(000) bands of H,'*0 by Flaud ez al. (11). Those studies (10, 11) took into
and comparing those results with the present values involves uncoupling the Fermi-
type interaction between the (020) and ( 100) states. The method used in the first two
papers ({, 2) and used here was to apply the expressions
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TABLE VIil—Continued

obeerved upper Lower cbserved observed upper Lower observed
position o-c J KgKe J KyKc strength Xs (0-e)x" R position o-c J KgKe J KgKc strength Xs (o-c)X* R
3926.2243 -12 3 3 0 2 t 1 1.366-02 3 3.9 115139974759 0 11 3 8 10 3 7 4.106-03 4 s 1.05
3929.6032 -1 6 & 2 6 2 5 2.45E-03 4 4.186-03 1.12| 4000.3859 [ 6 3 3 5 1 & 6.40E-02 3 9.22E-02 1.17
393121466 6 9 5 5 8 5 & 390602 2 -1.8  1.17| 4003.1669 52 4 4 0 3 2 1 1.4TE-Q2 & -8. 1.13
3931.2440 ¢ 10 7 3 9 7 2 1.35E-03 7 1.56E-03 1.10| 4006.2929 0 13 4 10 12 4 9 7.50E-04 10 -2.5 1.03
3933.6463 -3¢0 9 5 4 B8 5 3 1.006-02 2 -3.9  1.14| 4007.7027 0 11 4 7 10 & 6 2.60E-03 10 1. 1.07
393460240 -3 8 2 6 7 2 5 4.02€-01 3 3.0 1.10( 4008.0670 0 12 5 7 11 5 6 9.60E-04 10 1.16E-03 1.10
3935.28875 -13 ¢ 3 7 8 3 6 1.43k-01 3 0.0 1.12( 4008.5360 0 12 3 9 11 3 8 3.756-03 3 3.27E-03 1.14
3937.18297 -15 9 4 6 8 & 5 6.85E-02 3 -3.9  1.14| 4009.0849 13 4 4 1 3 2 2 4.54E-03 4 5.126-03 1.12
3939.4268 -22 10 2 9 9 2 8 2.596-02 2 4.106-02 1.07) 40913379 0 5 3 3 4 1 4 2,93E-02 3 3.40E-02 1,10
3939.4868 0 11 111 10 110 1.25€-01 3 -2.7  1.12| 4097.61577 11 6 2 4 5 0 5 4.656-02 3 6.4 1.6
3939.5008 0 11 011 10 010 4.186-02 3 -2.6  1.12| 4020.2592 5 4 1 & 2 2 B.90-03 4 -0.5 1.15
3940.14202 -16 10 1 9 9 1 8 1.266-0 3 2,0 1.13{ 4026.5780 0 12 4 8 11 & 7 2.14E-03 3 3.3 1.00
3941.72380 1 331 2 1 2 25402 2 3.6 1.19{ 4035.41910 -5 6 4 2 S 2 3 3.16E-02 3 3.8 1.2
3942.38600 -5 B8 3 5 7 3 4 2.67-0% 3 -2.5 1.06] 4035.59740 4 5 & 2 4 2 3 2.15e-02 2 -6.h 1.1
3943.2437 -42 10 6 4 9 6 3 4.9TE-03 2 2.4 1.24{ 4035.7085 -3t 7 3 4 6 1 5 1.446-02 3 1.626-02 1.12
394467539 -8 4 3 1 3 1 2 B8.30E-02 4 4,7 1.12| 40511753 2 7 4 3 6 2 4 9.44E-03 & 5.4 1,08
I%B.6TAIS 4 9 2 7 8 2 6 5.85E-02 2 5.6 1.12] 4052.6448 -5 & 3 4 5 ) 5 7.006-03 4 7.87E-031.%0
I48.7878 -37 9 4 5 8 & & 1.706-02 2 2.21E-02 1.15| 40647140 18 6 4 3 5 2 4 7.12%-03 2 -1.7 115
395194558 8 10 3 8 9 3 7 1.926-02 3 1.7 1.12| 4070.6809 -8 8 & & 7 2 5 2.006-02 3 1.4 1.09
3953.0208 52 6 3 3 6 1 6 1.226-03 & 2.20E-03 1.15| 4073.55587 -5 725 60 6 6.25E-03 2 2.4 1.3
3953.71015 5 11 210 10 2 9 4.70E-02 2 -0.9  1.10] 4074.8503 14 $ 5 0 4 3 1 1.80E-03 10 2.27€-03 1.18
*3954.0416 -168 12 012 19 011  8.55E-02 & -0.3  1.14] 4076.21603 3 $ 35 1 4 3 2 S5.17E-03 2 6.80E-03 .14
3956.14803 0 11 110 10 1 9 1.65E-02 & 4, 1.15} 4080.36526 31 835 7 t 6 1.B4E-02 3 -2.9 1.2
3954.8470 77 6 5 1 6 3 4 6.60E-04 10 1.34E-03 4096.742 16 6 5 1 5 3 2 T7.91E-03 2 9.18E-03 1.15
3956.5726 12 10 & 7 9 4 6 B8.80E-03 3 4.4 1.11]409%.2303 -5 9 & 5 B 2 & 3,05-03 5 2.89E-03 1.06
3960.86377 0 10 2 8 9 2 7 6.33%-02 3 5.1 1.11] 4097.1406 -6 7 4 & 6 2 5 1.49%E-Q2 2 -2.8 1.10
3963.7905 0 11 6 & 10 6 5 1.60£-03 4 -7.0 1.13{ 4098.0396 -2 7 3 5 6 1 & 1.34-02 3 -6 1,18
3964.3226 -11 9 3 6 8 3 5 4.058-02 3 9.8 1.14]| 4099.6590 21 6 5 2 5 3 3 2.406-03 7 3.03e-03 1.08
396499620 0 5 3 2 4 1 3 3.086-02 3 3.7BE-021.17| 411,247 -8 7 5 2 6 3 3 2.57E-03 8  -5. 1.13
3945.4659 0 11 6 5 10 & &4 4.96E-04 & S5.696-04 4123.8884 13 753 6 3 4 6.7%-03 3 7.926-03 1.07
3966.05195 -8 5 2 3 4 0 4 3.54-02 3 6.3 1.18] 4124.5238 14 8 5 3 7 3 4 S5.556-03 2 -4.6 1.03
3967.23550 0 11 3 9 0 3 8 2.056-02 4 1.8 1.10] 41310392 39 8 2 6 7 0 7 7.75€-03 3 -6.7  1.12
3967.7508 0 12 211 11 210 S5.806-03 4 5.53£-03 1.12]| 4131.8798 -82 9 3 6 8 1 7 2.00E-0310 -6.8 1.05
3967.9602 10 12 111 31 110 1.6TE-02 2 0. 1.91) 6133.2492 6% 8 45 T 2 6 29803 3 3.2 1w
v3968.2468 56 13 113 12 112 2.21e-02 3 S35 1.11| 4136.2809 20 9 5 4 8 3 5 1.23E-03 2 5.4 1.04
3972.5737 -25 11 2 9 10 2 8 7.50€-03 S5 6.936-03 1.15] 4139.0939 -120 6 &6 0 5 & 1 1.306-03 8 2.50€-03 0.9
972.M78 29 11 5 7 10 5 6 4.006-03 5 -6.5 1.10] 4145.3257 -60 10 & 6 9 2 7 1.306-03 6 3.09€-03 1.07
3974.6417 -23 11 & 8 10 &4 7 9.206-03 3 -2.0 1.10] 4t46.4698 19 8 3 6 7 1 7 2.206-03 3 -4.4  1.09
3981.4034 0 13 212 12 211 5.656-03 4 7.0 1.18| 41494377 -7 10 5 5 9 3 6 1.97€-03 & 1.77E-03 1.01
3982.1763 0 14 V14 13 113 1.70-03 S -7.1  1.08] 4149.716 -0 8 5 4 7 3 5 1.62-03 4 -8.2 1.08
3982.2275 0 14 014 13 013 S.266-03 4 -3.5 1.12) 4161961 122 7 6 2 6 4 3 1.77€-03 5 2.926-03 0.98
3982.66343 -7 10 3 7 9 3 6 4.15E-02 3 7.9 1.10] 41730193 6 9 & & 8 2 7 4.VE-03 3 0.7 1.09
3983.2770 0 11 5 6 10 5 5 1.17E-03 10 1.356-03 1.05| 4177.9325 S6 9 5 5 8 3 & 2.55-03 10 2.86€-03 0.9%9
39844469 5 12 210 11 2 9 6.70E-03 7 6.5TE-03 1.08) 4180.6733 -3 8 6 2 7 & 3 1.54E-03 6 2.24E-03 0.97
3987.73340 0 10 4 6 9 & 5 1.836-02 2 2.45E-02 1.10| 4184.276 -253 8 6 3 7 4 & S5.816-04 10 7.50E-04
3991.223 0 12 4 9 11 & 8 9.2066-04 5 -2.8 1,06 4187.1303 -66 10 3 7 9 1 & 1.90£-03 3 2.11€-03 1.02
3991791 G 12 5 8 11 5 7 3.55-04 10 4.256-04 4187775 0 9 2 7 8 0 8 1.04E-03 4 -6.3  1.09
3994.7863 0 14 113 13 112 1.59%€-03 5 4.0 V.14 4196.5795 1% 9 37 8 18 3.12-03 3 -2.0 113
3996.9200 0 13 331 12 310 1.926-03 4 1.9 1.08| 4206.695 198 9 6 & 8 & 5 9.706-06 5 1.356-03 0.93
*3995.5423 55 15 115 14 114 2.00E-03 5 -5.0  1.09| 4216.043 135 10 4 7 9 2 8 5.406-06 5 -5.2
-0 Y - ~g3 v -10. 1

uz (J) = Copa(J) + Cozus(j)
p3 (J) = Caua(f) + Capa(j), (7)

where h3, is the first order coupling constants between the ( 100) state (labeled 3) and
(020) state (labeled 2). E5 and E, are the observed rotationless energy levels for the
(100) and (020) vibrational states and p,( ) are the matrix elements obtained in the
other studies (10, 11). u, (j) are the uncoupled constants representing the other studies
and the computed values are included in Table IV. The computed values of u”o(j)
were derived from Eq. (7) using the coupling constants, h3,, given in Ref. (9) for
H,'70 and H,'®0 and the matrix elements, u,(j), given in Refs. (10, 11). These
computed values represent a first approximation to the uncoupled constants. Higher
order terms, A%, etc., and more involved expressions than those given in Eq. (7) are
involved in obtaining a higher order approximation of n,” (j); however, the first order
results given in Table IV are good approximations.

V. RESULTS

Table V lists lines of the transitions observed in the (100)-(000) bands of H,''O.
Entries for the table include the observed line position, the observed minus the com-
puted line position (0-¢), rotational quantum assignments, the observed strength, the
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TABLE VIlI—Continued
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TABLE VII—Continued
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are presented in the table for a temperature of 296 K whereas the sample temperatures
of several of the spectra from which the strengths were determined were slightly different

from 296 K. These values were converted to the ones for T

296 K with the use of

Ref. (15).
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TABLE VII—Continued

observed upper Lower observed observed upper \ower observed
position o-c J KaKe J KgKo strength Xs (o-e)x* position o-c J KgKe J KgKe strongth Xs (o-c)X® r
3932.426 359 1Y 1YY 10 110 1.2%-0 4 2.0 1,231 4003.1268 0 13 5 9 12 5 B 3.30E-04 5 1.7 a7
3932.434 8 11 011 10 010 4.336-02 4 2.7  1.24| 4004.0106 57 5 33 & 1 & 3.266-02 5 -5.3  1.16
3932.8686 1 652 633 270410 -8.0 1.21| 4010.6310 0 13 310 12 3 9 3.27E-04 4 8.3 .27
3933.02165 -8 10 1 % 9 1 8 1.266-0f 3 0.8 1.18] 4010.75582 2 6 2 & 5 0 5 455602 3 -2.6 1.6
3933.87633 -40 3 3 1 2 1 2 2.55E-02 2 3.2 1.3 4011.81%& 19 5 &4 1 4 2 2 B.9E-G 3 3.2 1.1
3935.63893 0 8 3 5 7 3 4 2.88E-01 2 -0.1  1.15] 4019.4964 0 12 4 8 N & T 216603 S -0.8 1.09
39364733 3 10 6 5 9 6 & 1.636-03 2 3.6 1.99) 4027.04083 4 6 4 2 5 2 3 3.33-02 4 9.3 1.15
3937.08881 -7 4 3t 31 2 9.15-0 2 0.4  1.15] 4027.3364 -3 5 4 2 4 23 2.23:-2 3 3.9 1.1
3937.1229 -15 0 6 & 9 6 3 4.80E-03 & 1.9 1.17| 4028.57850 O 7 3 &4 6 1 5 1.426-02 3 1.74E-02 1.15
I937.6473 0 7 4 3 7T 2 6 3.45E-04 5 4.B5E-04 1.11| 4043.00741 -6 7T 4 3 6 2 & 1.00E-Q2 2 8.5 1.12
3940.9453 -35 5 5 1 5 3 2 4.43E-04 3 5.55E-04 1.09] 4045.4657%6 -7 6 3 & 5 1 5 7.44E-03 3 -5.7 1.1
3941.39055 5 9 27 8 2 & 5.72-02 3 2.5  1.18] 4056.60095 6 6 4 3 5 2 4 6.88-03 3 9.3 1.10
3943.01790 21 9 4 5 8 & & 1.T4E-02 2 2.30E-02 1.14| 4062.96675 24 8 4 4 7 2 5 2.006-02 4 3.0 1.4
3945.03160 -2 10 3 8 9 3 7 1.93k-02 2 0.1 1.15] 4065.9772 4 $ 50 4 3 1 178603 S 0.6 1.1
3046.1897 -18 10 5 & 9 5 5 3.906-03 3 -6.8 1.10} 4066.72665 -3 7 2S5 6 0 6 6.03-03 3 -5.4 0 1.13
3966.2T91 0 ¥ 7 & 10 7 3 2.00E-06 10 10.0 1.25} 4067.3830 13 5 5 1 4 3 2 S5.006-03 4 -5.0 1.05
3946.3069 10 6 3 3 6 1 6 1.16E-03 5 1.586-03 1.16| 4069.181 199 4 4 0 3 0 3 2.046-04 10 -3.6 1.12
3948.61746 &6 V1 210 VW0 2 9 4.B3E-02 3 1.8 1,19 0739 -4 335 7 146 1.83-023 -5 117
*3946.9587 -76 12 0 12 11 D11 6.356-02 4 -0.6 1.12| 4085.80050 6 6 51 53 2 T.ME-03 2 2.1 1.09
3947.02486 -3 11 110 10 1 9 1.666-02 3 4.7 1.23| 4089.2178 28 7 & 4 6 2 5 1.556-02 3 6.3 1.16
3950.0900 -13 10 & 7 9 4 & B.83E-03 4 -5.7  1.13] 4089.235 53 9 4 5 8 2 6 2.92-03 4 ~6.6 1.04
3952.0419% 3 10 5 5 9 3 4 1.17E-02 3 -5.0  1.14] 4102.2647 19 7 5 2 &6 3 3 2.456-03 4 3.7 107
3953.52820 9 10 2 8 9% 2 7 6.286-02 3 0.9 1.15| 4105.0371 44 S5 & 1 & 0 & 2.00E-04 10 2.0 119
3957.3914 7 93 6 B 35 4.0%0 3 4.7 1.17] 4115.20270 -11 753 63 & 6.TE-03 3 1.0 1.06
3957.6730 35 11 &6 6 10 6 5 1.606-03 3 -h4  1.12] 411550686 -8 8 5 3 7 3 4 5.58E-03 5 43 1.04
L0089 -4 5 3 2 4 13 JA4E-D2 2 4.00E-02 1.95] 412413025 7 8 2 6 7 O 7 7.99%-03 4 -3.0 1.6
395907713 0 5 2 3 4 0 & 3.566-02 3 -0.7  1.17] 4125.2246 51 9 3 6 8V 7 2.03-03 3 -6.0  1.13
3959.4527 0 11 6 S5 10 6 & 5.356-04 7 -3.7 1.13] 41255366 27 8 4 5 7 2 6 2.7BE-03 S 1.8 L0
3960.2183 -7 11 3 9 W0 3 8 2.07%-02 2 1.4 1.16| 4127.368 -6 9 5 4 8 3 S5 1.23€-03 3 0.4  1.08
3960.6366 37 12 211 Y1 210 5.61€-03 5 2.5 1.2% 4129.8564 -21 6 6 0 5 & 1 1.40€-03 & -8.9 0.9
3960.83055 0 12 111 11 110 1.686-02 2 2.2 1.20] 41309043 0 6 6 1 5 4 2 4.83E-04 3 -5.7  1.03
*3961.9492 76 13 113 12 112 2.15€-02 3 -2.1 1.21] 4138.2715 9 10 4 6 9 2 7 1.25-03 & 3.27E-03 1.18
3961.4846 -62 8 & & B8 2 7 1.64E-0h 10 4.18E-04 0.82] 4139.2175 -2 B8 3 &6 7 VT 2.14E-03 & -2.8 1.\
3965.2537 -2 11 2 % 10 2 8 7.2%-03 2 3.0 1.17] 4140.85644 -3 10 5 5 9 3 6 2.036-03 2 1.776-03 1.09
3I966.M4281 -9 11 5 7 1 5 6 4.00E-03 3 -6.83  1.11] AWN1ATS -9 85 & 7T 35 1.56-03 4 2.9 1.06
3966.8577 17 4 3 2 3 1V 3 1.16E-02 4 -7.8 1.09| 4148,1531 4B 6 & 2 5 0 5 5.35E-04 7 6.64E-04 0.99
3967.2000 0 12 7 5 11 7 4 1.856-04 10 9.7 1.23] 4151.61522 -37 7 6 1 6 4 2 B.48E-04 6 0.8 1.05
3968.0250 -7 11 & B 10 & 7 9.38E-03 & 2.0 151 4152.7617 43 T 6 2 6 4 3 1.82E-03 2 -5.2  0.99
3974.2727 0 13 212 12 211 S.13E-03 4 -0.5  1.18] 4159.2868 0 11 5 & 10 3 7 2.56E-04 4 3.8 097
3975.0632 0 16 114 13 113 1.656-03 3 4.0 1211 4165.5005 & 9 & 6 B 2 7 4.01E-03 3 4.6 1.12
3975.1069 -3 % 014 13 013 5.396-03 3 45 132/ 41695914 -9 9 5 5 B8 3 & 2.54E-03 3 1.6 1.03
3975.50890 -2 10 37 9 3 6 4. 226-02 3 4.2 1.96| 417137136 18 8 6 2 7T 4 3 1.61E-03 4 1.5 1.03
3977.16444 6 12 210 11 2 9 6.T8E-03 3 2.3 17| 41794937 70 11 &4 7 A0 2 8 2.04E-04 10 3.07E-04 1.09
3977.4542 -106 11 5 6 10 5 5 1.24E-03 3 -11.3  1.13| 4180.5437 19 10 3 7 % 1 8 2.006-03 & -5.3 1.7
3978.2292 0 12 6 7 11 6 6 1.58-04 10 -7.0  1.10] 4180.6998 -73 9 27 80 8 1.07E-03 5 1.3 121
3981.2715 -30 10 4 & 9 & 5 1.80E-02 3 2.56E-02 1.15| 4184.8798 52 12 5 7 11 3 B 2.606-04 4 9.5 1.01
3982.3696 0 12 6 6 11 6 5 4.33E-04 3 5.04E-04 1.02| 4188.0455 -47 9 6 3 8 4 & I.69E-0L 7 8.7 1.06
3984.4495 43 12 4 9 11 4 8 9.60E-03 5 2.6 1.16| 4189.22658 -3 9 3 7 8 1 B 3.01E-03 3 2.7 1.18
3085.4650 0 12 5 8 11 5 7 4.206-04 4 -1.5 1.19| 4197.6168 23 9 6 & B 4 5 1.006-03 2 1.1 0.9
3987.5580 0 14 213 13 212 5.006-04 5 1.9 1.22) 420097985 13 10 6 4 9 & 5 5.88E-D4 4 9.4 1,04
3987.6362 0 14 113 13 1192  1.44E-03 & -2.2 1.17} 4208.6608 Bk 10 4 7 9 2 8 5.626-04 2 8.6 1,16
3967.7851 0 13 311 12 330 Y.B7E-O3 5 4.3 1,147 42098070 © 8 7 3 7 5 2 3.5BE-Dk & .06E-04 0.38
*3988.4230 -75 15 115 14 1 14 2.006-03 3 2.1 1.30| 4210.8193 -4 11 6 5 10 & & 1.106-04 10 8.01E-05
3089.26573 0 13 211 12 210 4&.506-04 3 3.2 1.19| 422068902 -6 10 6 5 9 & 6 1.526-04 10 -11.2 0.3
3989.7923 158 11 3 8 10 3 7 4.26E-03 3 3.5 1.15| 4232052 -5 9 7 3 8 5 4 2.70E-06 7 -9.6 0.87
3993.29248 -3 6 3 3 5 1 4 5.69E-02 3 9.876-02 1.16] 4235.4700 2 1028 909 1.19-03 3 4.6 1%
399.7165 10 & 4 0 3 2 1 1.536-02 2 1.9 1.13] 4235.6951 0 11 5 7 10 3 8 4.856-04 5 4.32E-04 1.1%
3099.3693 0 13 410 12 & 9 7.50E-04 7 -2.9 1.1%| 423642424 0 11 3 B 10 1 9 2.046-04 2 -84 1.13
3099.7863 0 15 214 %6 213 3.20€-04 10 -10.9 1.12| 42399237 -8 10 3 &8 9 1 9 3.81E-04 5 -4.6 11
4000.72250 0 4 & 1 3 2 2 4.66E-03 3 -0.5  1.10) A245.6780 &4 1% 6 & 10 & T 2.41E-04 10 1.2 1.06
4000.8688 38 11 4 7 10 & 6 2.52-03 4 <6.1 1.09] 4253.3614 -75 8 5 3 7 % 6 2.036-04 W0 0.1 1w
4000.9933 4 12 3 9 11 3 8 3.48-03 3 2.6 1.14| 4254.2073 1 11 4 8 10 2 9 S5.55-04 2 -0.6  1.07
4001.41067 0 14 212 13 211 5.006-04 7 1.6 1.17] 4290.7053 98 91 3 9 10 110 4_24E-04 10 -7.0  1.10
*4001.5578 0 16 016 15 015 4.98E-04 3 -2.1  1.26] 4290.8131 7 123 9 11 110 1.81E-04 10 -8.6 1.08
4002.384690 -4 12 5 7 11 5 6 9.55€-04 3 1.196-03 1.12] & 1 1 10 11 0 1 1.63E-04 10 0.1 __1.21

Ref. (15). An asterisk next to the line position denotes a doubled absorption for which
two transitions were not adequately resolved in the spectra. The quantum assignments
given for these features are for the stronger of the two and the values of the observed
and computed strengths represent the sum of the strengths of the two comparable
transitions.

The computed linestrengths were derived from the dipole moment expansion coef-
ficients given in Table IV and Egs. (1)-(3). Not all of the linestrength measurements
given in Table V were included in the least-squares analyses. Strongly perturbed tran-
sitions were not included and, in addition, entries with % S = 15% were not included
because these transitions resulted in averaged values with uncertainties from as much
as 60% to possibly less than 10%. This range of uncertainty for each of these transitions
arises from one or more of the following reasons: (a) biending, (b) weakness of tran-
sition intensity, and (c¢) poor agreement between values derived from the various
spectra.
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Table VI is a listing comparable in content to Table V. This table lists the mea-
surements and computations for the (100)-(000) band of H,'30. Tables VII and
VIII are the listings for the (001)-(000) bands of H,'’O and H,'%0, respectively. A
few of the transitions given in Tables V-VIII do not have entries for R, which means
that those transitions were not included in the previous calculations (/2, 13). This is
because Refs. (12, 13) used an intensity cutoff criterion which includes the isotopic
abundance.
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