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This study involves measurements of*fD, H,*’0, and H*®0 vapor spectra for the region between 590 and 2582cm
The parameters derived from the data include line positions, energy levels, and linestrengths. The study involves high-
resolution line-position measurements with samples at room temperature in the (000)—(000), (010)-(010), and (010)—(000)
bands. The experimental frequencies were used along with microwave, far-infrared, and hot water emission measurements in
an analysis to obtain high-accuracy rotational energy level values in the (000), and (010) vibrational stgté® doH) <
20. The experimental linestrengths were fitted by least squares to a model in which the dipole moment was represented as a
series expansion containing up to 19 dipole moment matrix elements. The measurements in this work were more extensive than
reported in prior studies by this author for the (010)—(000) baadsss Academic Press

1. INTRODUCTION dipole moment foB-type transitions. In a recent report, Coud-
ert (11) used a new theoretical treatment which involved ar
In earlier studies by this author Coverin%]-lgo measure- analysis of a Iarge data set which included measurements
ments in the (010)—(000) band)( the (020)—(010) band2), line positions and strengths of the (010)—(000) band given i
and the (100)—(010) and (001)—(010) bar@s ¢ertain spectral My earlier paper X). The results of the linestrength study
regions were inaccessible for measurements due to the p&¥wed good agreement, on the average, with the measur
ence of a small amount of formamine onto the walls of a 6-¢flues and his theoretical model did not require a separation ¢
multiple transversal absorption cell. The present set of ddf data into sets which was required in my earlier analysis (
were recorded in 1995 and 1996 at the same facility and wifihis theory (1) appears superior to the one applied in R&f, (
the same 6-m absorption cell. However, the majority of tH&nd used here) especially for fitting linestrength values ove
unwanted contaminants were removed prior to recording th@veral orders of magnitude as was the case for the experime
data with the aid of a diffusion pump and water vapcﬁa| data set obtained in this study and a somewhat smaller b
absorptions can now be observed for the entire region abdu@ilar set given in Ref.1) for the (010)—(000) band of 4°0.
590 cri L. The main purpose of this study is to report new experimente
This study involves high-resolution measurements of lif€Sults and improvements, if necessary, of previous vallies (
center positions and strengths in the (000)—(000), (010)_(01339) with the_ analysis of the data being included as reference fc
and (010)—(000) bands of O and the (000)—(000) and future studies.
(010)—(000) bands of 1’0 and H'®0. The H,*®0 frequency
measurements were used to obtain high-accuracy values of 2. EXPERIMENT AND SPECTRAL ANALYSIS
rotational energy levels for the (000), and (010) vibrational
states ford = 20. These measurements were used in conjunc-The spectra analyzed in this study were recorded with
tion with microwave transitions given by Pearsehal. (4), Fourier transform spectrometer (FTS) located at the McMatl
far-IR measurements reported by Matsushehal. (5), labo- solar telescope facility at the Kitt Peak National Observatory
ratory hot water emission spectra between 370 and 930'cnThe experimental conditions are given in Table 1. The botton
obtained by Polyanskegt al. (6) and further studied by Vitet eight entries with total sample pressure4.86 Torr were used
al. (7), and sunspot hot water spectra analyzed by Polyaetkyin the line-position analysis. The first eight entries were alsc
al. (8, 9. Also included in the analysis were previous meaised in the self-broadened experimet)(and the following
surements by this author covering transition frequencies of teetries given with broadening agents,(M,, and air) were
(010)—(000) band of K®0 (1) and the (010)—(000) bands ofused in the analysis of the,® + N, and HO + air linewidth
H,*0 and H'®0 (10). and frequency-shift study which is another report that follows
The line study analysis included new measurements whi¢t8), and another study involving J& broadened by ©(14).
were used along with previous measuremedjsir{ a fitting Table 1 lists the spectral coverage of thg"¥ measure-
procedure which involved 19 expansion coefficients in thments obtained for each run, unapodized spectral resolutio
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380 ROBERT A. TOTH

TABLE 1

Experimental Conditions of Spectra Used
in the H,*®0 Measurements

unapodized
range of spectral path sample sample
measurements resolution length pressure temperature
(cm?) (cm™) (m) (Torr) (K)
1100 - 2400 0.0054 0.25 17.2 301
1100 - 2400 0.0054 0.25 23.2 301
1100 - 2400 0.0054 0.25 27.5 301
1100 - 2400 0.0054 0.25 29.0 302
1100 - 2400 0.0054 0.25 24.1 302
1100 - 2400 0.0054 1.75 18.7 302
1100 - 2400 0.0054 1.75 23.9 302
1100 - 2400 0.0054 1.75 28.5 302
1100 - 2400 0.0054 1.50 0.70, 507.5(OQ 301
1100 - 2400 0.0054 1.50 0.76, 408.0(OQ 301
1100 - 2400 0.0054 1.50 0.60, 299.0(OQ 301
1100 - 2400 0.0054 1.50 0.67, 552.2(OQ 301
1100 - 2400 0.0054 1.50 0.39, 460.9(0Q 301
1100 - 2400 0.0054 1.50 0.32, 460.8(0Q 301
1100 - 2400 0.0054 0.25 2.80, 247.9(N) 301
1100 - 2400 0.0054 0.25 2.78, 352.1(NQ 301
1100 - 2400 0.0054 0.25 2.82, 454.5(NQ 301
1100 - 2400 0.0054 0.25 2.84, 547.8(N9 301
1100 - 2400 0.0054 0.25 2.70, 275.2(air) 301
1100 - 2400 0.0054 0.25 2.75, 349.7(air) 301
1100 - 2400 0.0054 0.25 2.80, 468.2(air) 301
1100 - 2400 0.0054 0.25 2.83, 546.6(air) 301
*590 - 2600 0.0053 25 0.00 295
590 - 2600 0.0053 25 0.545 295
590 - 2600 0.0053 73 0.486 295
590 - 2600 0.0053 193 0.479 295
590 - 2600 0.0053 433 0.484 295
590 - 2600 0.0053 433 4.83 295
590 - 2600 0.0053 193 4.83 296
590 - 2600 0.0053 25 4.85 296
590 - 2600 0.0053 73 4.86 296

*H,%0 absorptions observed were due to 0.018 Tost®@ pressure in the
vacuum tank which enclosed the FTS and atmosphest€QH(total pressure was
600 Torr) in the spaces between the IR source and entry to the tank. The open spaces
were purged with cooled NThe optical path of the open spaces was approximately
55 m.

absorption path lengths, pressures, and temperatures. Saraptdosed the FTS contained a 2.39-m-long evacuated cell al
temperatures were inferred from readings of thermistor prob&sveral compartments which were purged with dry Whe
in thermal contact with the absorption cell walls, while theptical path from the exit of the 6-m cell to the entrance to the
sample pressures were measured with a Baratron gauge wittaauum tank was about 5.5 m. This setup greatly reduce
1- or 10- or 1000-Torr pressure head. The infrared radiatigmterference from the O spectral absorptions due to room air.
from a globar source was collected onto a helium-cooldebr one of the runs (73 m path, 0.486 Torr pressure) a sma
arsenic-doped silicon single element detector. Each FTS ramount of NO (0.2 Torr pressure) was added to the 2.39-nr
consisted of 12 or more coadded interferograms. The signedll for purposes of frequency calibration below 1200 ¢m
to-noise ratios of the spectra ranged from about 500/1 with th@e residual room air in the vacuum tank also containec
absorption path length at 25 m to about 130/1 with a 433-emough CQ so that the strong, lines were observed in all the
path length. The composite interferograms were transformspectra below 700 cit and these lines were also used for
into spectral data at the Kitt Peak facility. frequency calibration. The measured line positions were call
Medium-to-strong absorptions of ;PO contained added brated and corrected by reference to accuraf€® frequen-
contributions from a combination of narrow, low-pressure alzies (L, 2) for the region above 1200 c¢m and N,O (15) and
sorptions as a result of a small amount of water vapor ang COO, (16) positions covering observations below 1200 ¢m
(=200 um total pressure) in the vacuum tank that enclosed theA computer program of nonlinear least squares was used !
FTS and air-broadened, O absorptions that were caused bylerive experimental values of line positions, strengths, an
the H,'°0 content in the open spaces between the infraréidewidths from the spectral data listed in Table 1. This tech
source and the vacuum tank. These added, narrow, contribigue has been used in several previous studies [e.g., Re
tions were useful in the measurements of the stronger lin@$—(3) and (L0)].
using the scan, listed in Table 1, with the 6-m cell evacuated.All of the runs listed in Table 1 were used to obtain line-
The optical path from the 6-m cell to the vacuum tank whicktrengths and those with the shorter path lengths (0.25-1.75r
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FIG. 1. Unapodized observed and synthetic spectra gf*®l. The features are caused by a narrow, low-pressure (vacuum gDk H§1°O feature
superimposed on the roadened counterpart. The partial pressures representing the broadened features are 0.6@)Tamd(662.2 Torr (§) and the path
length is 1.5 m. The observed spectrum is overlaid with the respective synthetic spectrum, and the residue plot, shown in the upper portion, gives the
differences between the observed and synthetic spectra.

were used to derive the experimental values of the strondenk contributions were dwarfed by their respective long patl
lines of H,°0. In an earlier study by this authof)( the counterparts. Also linestrength measurements from the 6-1
strengths of the stronger lines were inferred from pressuill runs of the stronger lines were not used in the analysis
broadened H°O absorptions due to room air in the opticalherefore the observed strengths of the stronger lines we
path. The short path runs given in Table 1 represent datatermined from the pressure-broadened runs and the strong
obtained with two stainless steel absorption cells (1.5 at@nsitions from the foreign-broadened runs. The usable line
0.25 m in length) that were placed between the globar sousteength values derived from the self-broadened runs were ft
and the vacuum tank which encloses the FTS. All portions trinsitions with strengths between T0and 0.12 cm?#atm
the external path and the source enclosures were evacuatetbgreas for the foreign-broadened runs, only lines witl
using some newly installed apparatus, thus eliminating rosstrengths=0.07 cm ?/atm were reliable.
air in the optical path. Examples of the NLLS analysis of the foreign-broadening run:
The empty cell run given in Table 1Y with a path of 25 m are displayed in Figs. 1-4. Figs. 1 and 2 show'® lines
and 0.0 pressure was used to determine the effectiy® Hbroadened by ©and Figs. 3 and 4 show O lines broadened
absorption amount due to the low-pressure content in theg dry air. The low-pressure contributions appear on top of the
vacuum tank. By this procedure, it was determined that onfyessure-broadened counterparts. The observed spectra are 0
the stronger lines with linestrength valueslO 2 cm™%atm laid with the respective synthetic spectra and the residual plots a
were observed in the spectra. Therefore two line positions felmown in the upper portions of the figures and give the percel
a given HO absorption were input to the NLLS program fodifferences between observed and computed spectra. For a giv
the stronger lines: one representing the pressure-broadetredsition, the linewidth parameter for,®roadening is approxi-
contribution and the other for the low-pressure feature from theately 55% of that for air broadening and this effect is apparer
vacuum tank. It was not necessary to include two input lines oy comparing the @broadened lines displayed in Figs. 1 and 2
the NLLS routine for the 6-m cell runs because the vacuuwith the air-broadened lines shown in Figs. 3 and 4. Inspection

Copyright © 1998 by Academic Press



382 ROBERT A. TOTH

1‘[942.2 1942.4 1942.6 1942.8 1943

T T T v T " T T T
£.5 F ]
% 0 jvaAVAVAVAnVAVVan\ n'\/!\wu V VV A AN\ /\ /\_, vAvA\[[\ \]’\WAVV (\v /V\\ V/\U¢VM"‘V""AV}“"€
s V WA :

-1 Es L ! . 1 . I L 1

pTRANSMISSI_gN

0.2 .

o . 1 " 1 L : L I
1942.2 1942.4 1942.6 1942.8 1943
1942.189 cm=! 1943.083

FIGURE 2

Figs. 1 and 2 show the pressure-broadened components ongssignments of the observed transition frequencies which e
little wider than the Doppler-width counterparts. However theompassed a tremendous amount gf® transitions involv-
respective parameters of the two components were easily deteg vibrational transitions ranging from the (000)—(000) band
mined from the operation of the NLLS program and thereforgoward and beyond the (001)—(001) band withalues=38.
accurate pressure-broadened parameters (linestrength, linewititie composite compilation of the laboratory data listings were
and frequency-shifted position) were obtained from th®H O, obtained by this author through the internet. Also obtained ir
spectra. this fashion was a listing of thei69) derivation of the energy
levels for the several vibrational bands involved in the ob-
3. FREQUENCY MEASUREMENTS served transitions. The sunspoj'fD frequencies used in the
present analysis were taken from Re). (

The rotational energy levels derived in my earlier wotk (  Over 200 transitions in the (000)-(000) band and a fev
for the (000) and (010) vibrational states of*fD are, on the frequencies in the (010)-(010) and (010)—(000) bands given i
average, accurate for the majority of the levels given btle emission listings6-9) were also measured in this study
suspect for a few of the highdrand/orK, term values. The and a comparison of the line positions indicates that the emi
frequency measurements from the present set, especially Sl values are, on the average, higher than those in this wo
transitions of the (000)—(000) band above 590 ¢mhave by 4.5 x 104 cm™* with an uncertainty in their values of
provided the necessary information to obtain more accurat$.2 X 10™* cm™, and in a few cases, the differences
values for these suspect term values for the ground state. Theseeeded=0.002 cm*. Their laboratory data6( 7) were
data also provided additional energy level values not includetitained by flowing water vapor through a 1.2-m hot cell with
in the earlier work {). Recent measurements and analysis tiie pressure maintained atl5 Torr. Pressure-induced fre-
hot water laboratory emission spectfa {) covering the 370— quency shifts could be as large 29.0006 cm* (12) at this
930 cmi ! region and further studies of hot water in sunspgiressure for many of the observed transitions which may, i
and laboratory emission spect@ @) (to 1011 cm?) in this part, explain the rather large derived uncertainty0(00032
region have provided accurate information on the quantuem ) in their values.
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FIG. 3. Unapodized observed and synthetic spectra gf°®. The features are caused by a narrow, low-pressure (vacuum tgdk H§O feature
superimposed on the air-broadened counterpart. The partial pressures representing the broadened features are ZjJ&fAdr84B.7 Torr (air) and the path
length is 0.25 m. The observed spectrum is overlaid with the respective synthetic spectrum, and the residue plot, shown in the upper portion, gives the
differences between the observed and synthetic spectra.

Pearsoret al. (4) measured the frequencies of 30 millimeterall rotational levels with) = 7 and the majority of the levels
and submillimeter-wave transitions of,}O between 100 and with J = 8 andj = 9 and several witld = 10.
600 GHz (3.3-20.0 cmt) which included transitions of the The measurements obtained in the present study $6%CH
(000)—(000), (010)-(010), (020)-(020), (100)—(100), anidclude 1288 transitions in the (010)—(000) band, 306 lines ir
(001)—(001) bands. This represents almost the same numbethef (000)—(000) band, and 49 frequencies in the (010)—(01(
measurements made in previous studies covering frequendiasd. Also included were measurements of 75 lines in th
only in the (000)—(000) and (010)—(010) bands and the§200)—(000) band of kt%0 and 31 lines in the (000)—(000)
previous results were used in my earlier analydisdf the band of H'’O and several measurements in the (010)—(000
(000) and (010) vibrational states. Pearstral. (4) list all of bands of the two isotopic species. The measurements from ti
the measurements (69 in all) with references to the previougs (bottom eight given in Table 1) were weighted and thel
studies. In all, Pearsoet al. (4) give a measurement uncer-averaged with measurements made in earlier studied@
tainty of about 100 kHz (0.3 10 ° cm™%). incorporated in this analysis. In all, the transition frequencie:

Matsushimaet al. (5) measured 137 pure rotational transiwere determined to an absolute accuracy of 0.0001 ‘cor
tions in the (000)—(000) band from 0.5 to 5 THz (18.5-162 etter for the majority of the lines with an uncertainty in the
cm™ 1) at high accuracy using a tunable far-infrared spectrorftecision of the measurements 06610 ° cm .
eter. Six of the transitions that they measured were also mea-
sured by microwave technique$) @nd the agreement between 4. ENERGY LEVELS
the two sets of measurements for these six lines is excellent: on | .4
the average, the difference is less than 0.14 MHz §0.50 ° A HO
cm 1Y) in magnitude. The combination of the microwave and The procedure used here to derive the energy levels from tt
far-IR data for the ground state includes transitions that involveeasured frequencies is the same as that outlined in Bef. (
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FIG. 4. Unapodized observed and synthetic spectra gf*®l. The features are caused by a narrow, low-pressure (vacuum gDk H31%0 feature
superimposed on the air-broadened counterpart. The partial pressures representing the broadened features are ZOj&idr2{b.2 Torr (air) and the path
length is 0.25 m. The observed spectrum is overlaid with the respective synthetic spectrum, and the residue plot, shown in the upper portion, gives the
differences between the observed and synthetic spectra.

Initially, combination difference frequencies (CDFs) in thevell as emission data6¢9 involving the (000) state. The
ground state were determined from measurements in the (018jrission observed frequencies were modified to the calibratic
(000) band and were used in conjunction with (000)—(00@jsed in this study: reducing those values by 4.0 *cm ™.
band measurements. In the earlier repbytiie lowest) levels Also, because of their rather high uncertaintie§.2 X 104

of the ground state were fitted together with use of the Harom ™%, the emission data were only used in the analysis whe
iltonian that is caused by Watsof7) containing terms up to the upper rotational levels to be derived were sparse in th
and includingk® and those term values derived by this techsther data.

nigue were used in this work. These levels include lhe 1 After the ground state term values and associated estimat:
levels and te 2 1 1level. The other levels were determined byincertainties were derived, the rotational levels in the (010
the method of adding to the CDFs and the pure rotatiorsthte were determined from the (010)-(000) and (010)—(01(
transition frequencies the determined values of the lower roteand measurements by adding to each measured transiti
tional level. These results were weighted and averaged with frequency, the appropriate lower state energy level. Thes
highest weight given to the microwave and far-IR measuressults were weighted and averaged for each level. As was t!
ments. The majority of the levels wijh= 9 and five levels for case for the ground state analysis, the highest weight was give
J = 10 were derived by this method using only microwadp ( to the microwave 4) measurements and the emissi@+9
and far-IR 6) observations because of their superior accuraayata were only included when other measurements of th
and these results were given uncertainties based on theirdesired levels were scarce.

spective estimated accuracies which, over all, were better than

1.1 X 10 °cm *. By this procedure, 24 lines in the (000)g H,70 and %0

(000) band measured in the present study and many CDFs were

not included in the analysis. The remaining analysis of the The same procedure use for the*#0 analysis was followed
ground state levels included measurements from this studyfaisthe analysis of the rare oxygen species using frequency me
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TABLE 2
Energy Levels of the (000) and (010) States of H,*°0O, H,*’0, and H,'®0 in cm~*2

---------------------- {000) == mmmmmm e 1 J
J K Kc H2160 H217o H218o Hzlso H2170 H2180
0 0 O 0.0 0.0 0.0 1594.74630( 5.) 1591.32565( 5.) 1588.27567( 10.)
i 0 1 23.794350( .5) 23.77351( 2.) 23.754902( .5) 1618.55716( 6.) 1615.11512( 2.) 1612.04601( 2.)
11 1 37.137118( .5) 36.93111( 2.) 36.748647( .5} 1634.96709( 4.) 1631.31501( 3.) 1628.06006( 3.)
1 1 0 42.371743( .5) 42.18694( 2.) 42.023428( .5) 1640.50584( 2.) 1636.87274( 2.) 1633.63471( 3.)
2 0 2 70.090805( .5) 70.00467( 2.) 69.927440( .5) 1664.96455( 2.) 1661.45949( 4.) 1658.33390( 3.)
2 1 2 79.496378( .8) 79.22734( 2.) 78.988654( .5) 1677.06142( 2.) 1673.34734( 2.) 1670.03711( 3.)
2 1 1 95.175932( .5) 94.97054( 2.) 94.788645( .5) 1693.64994( 1.) 1689.99276( 2.) 1686.73337( 3.)
2 2 1 134.901638( .8) 134.14527( 3.) 133.475798( .7} 1742.30564( 4.) 1738.02754( 2.) 1734.21852( 3.)
2 2 0 136.163914( .5) 135.43118( 2.) 134.783115( .7) 1743.48633( 1.) 1739.22848( 3.) 1735.43774( 3.)
3 0 3 136.761650( .8) 136.53762( 2.) 136.336669( .7) 1731.89669( 3.) 1728.26026( 2.) 1725.01689( 4.)
3 1 3 142.278479( .5) 141.90241( 2.) 141.568060( .7) 1739.48369( 1.) 1735.66575( 2.) 1732.26277( 2.)
3 1 2 173.365800( .8) 173.11009( 2.) 172.882910( .7) 1772.41349( 5.) 1768.70419( 2.) 1765.39801( 3.)
3 2 2 206.301422( .5) 205.48182( 2.) 204.755913( .7) 1813.78756( 1.) 1809.44407( 2.) 1805.57671( 2.)
3 2 1 212.156358( .8) 211.43578( 1.) 210.799282( .7) 1819.33510( 2.) 1815.07905( 3.) 1811.29062( 4.)
3 3 1 285.219338( .5) 283.56166( 3.) 282.09458( 3.) 1907.45138( 2.) 1902.15935( 2.) 1897.45282( 2.)
3 3 0 285.418566( .8} 283.76776( 3.) 282.30709( 3.) 1907.61573( 2.) 1902.32895( 2.) 1897.62724( 2.)
4 0 4 222.052755( .8) 221.62081( 2.) 221.23401( 1.) 1817.45115( 5.) 1813.61195( 4.) 1810.18732( 2.)
4 1 4 224 .838378( .8) 224.30423( 1.) 223.828555( .7) 1821.59680( 2.) 1817.62639( 4.) 1814.08716( 4.)
4 1 3 275.497035( .5) 275.13055( 2.) 274.80321( 2.) 1875.46966( 2.) 1871.65496( 4.) 1868.25385( 3.)
4 2 3 300.362283( .8) 299.43892( 2.) 298.62018( 1.) 1908.01630( 2.) 1903.56907( 3.) 1899.60894( 2.)
4 2 2 315.779529( .5) 315.07849( 1.) 314.45946( 1.) 1922.90108( 2.) 1918.65776( 3.) 1914.88091( 2.)
4 3 2 382.516883( .8) 380.80593( 4.) 379.29162( 4.) 2004.81567( 3.) 1999.46329( 2.) 1994.70331( 5.)
4 3 1 383.842507( .5) 382.17599( 4.) 380.70252( 3.) 2005.91700( 1.) 2000.59878( 2.) 1995.87013( 2.)
4 4 1 488.107689( .8) 485.20903( 2.) 482 .64357( 2.) 2129.59918( 2.) 2122.93237( 5.) 2117.00849( 4.)
4 4 0 488.134159( .8) 485.23684( 2.) 482.67262( 2.) 2129.61861( 3.) 2122.95273( 6.) 2117.02971( 2.)
5 0 5 325.347903( .8) 324.66099( 2.) 324.04675( 3.) 1920.76651( 3.) 1916.67358( 4.) 1913.02264( 3.)
5 1 5 326.625464( .5) 325.88023( 3.) 325.21574( 1.) 1922.82904( 3.) 1918.65480( 3.) 1914.93352( 2.)
5 1 4 399.457515( .8) 398.87940( 2.) 398.36052( 3.) 2000.86301( 2.) 1996.85377( 5.) 1993.27689{( 5.)
5 2 4 416.208734( .5) 415.12802( 2.) 414.16819( 2.) 2024.15264( 1.) 2019.55169( 3.) 2015.45396( 3.)
5 2 3 446 .510667( .5} 445.79344( 2.) 445.15858( 4.) 2053.96866( 3.) 2049.71212( 4.) 2045.92267( 2.)
5 3 3 503.968093( .8) 502.17968( 2.) 500.59627( 1.) 2126.40768( 3.) 2120.97240( 7.) 2116.13858( 2.)
5 3 2 508.812047( .8) 507.17439( 2.) 505.72884( 2.) 2130.49428( 2.) 2125.17883( 3.) 2120.45465( 2.)
5 4 2 610.114421( .8) 607.15929( 2.) 604.54422( 3.) 2251.69528( 3.) 2244.95965( 6.) 2238.97495( 2.)
5 4 1 610.341157( .8) 607.39740( 2.) 604.79294( 3.) 2251.86248( 2.) 2245.13452( 6.) 2239.15705( 4.)
5 65 1 742.073013( .8) 737.62061( 9.) 733.67939( 2.) 2406.14089( 2.) 2397.77881( 5.) 2390.35358( 4.)
5 5 0 742.076282( .8) 737.62415( 9.) 733.68310( 7.) 2406.14305( 3.) 2397.78115( 3.) 2390.35608( 3.)
6 0 6 446.696587( .8) 445.71922( 5.) 444 .84623( 2.) 2041.78049( 2.) 2037.39776( 4.) 2033.48870( 3.)
6 1 6 447.252348( .5) 446.24496( 2.) 445.34623( 1.) 2042.75329( 3.) 2038.32509( 5.) 2034.37691( 6.)
6 1 5 542.905774( .5) 541.99683( 3.) 541.18017( 3.) 2146.26372( 2.) 2141.94454( 4.) 2138.08859( 2.)
6 2 5 552.911385( .5) 551.60938( 2.) 550.45085( 2.) 2161.28604( 4.) 2156.47142( 3.) 2152.18212( 2.)
6 2 4 602.773486( .5) 601.96080( 7.) 602.23786( 1.) 2211.19059( 2.) 2206.85500( 3.) 2202.99275( 3.)
6 3 4 648.978686( .8) 647.07220( 2.) 645.38263( 3.) 2271.71221( 2.) 2266.15787( 2.) 2261.21753( 2.)
6 3 3 661.548903( .5) 659.98679( 3.) 658.61010( 3.) 2282.58956( 3.) 2277.32399( 6.) 2272.64614( 2.)
6 4 3 756.724776( .8) 753.70510( 2.) 751.03301( 2.) 2398.38146( 3.) 2391.56739( 3.) 2385.51357{( 3.)
6 4 2 757.780178( .8) 754.81181( 8.) 752.18752( 3.) 2399.16545( 2.) 2392.38680( 7.) 2386.36587( 3.)
6 5 2 888.598735( .8) 884.07779( 9.) 880.07636( 4.) 2552.85723( 2.) 2544.40996( 5.) 2536.90967( 2.)
6 5 1 888.632640( .8) 884.11390( 6.) 880.11463( 3.) 2552.87968( 2.) 2544.43388( 10.) 2536.93489( 4.)
6 6 1 1045.057939( .8) 1038.76539( 15.) 1033.19414( 6.) 2733.96268( 3.) 2723.62232( 10.) 2714.44436( 9.)
6 6 0 1045.058330( .8) 1038.76595( 30.) 1033.19456( 8.) 2733.96292( 3.) 2723.62280( 40.) 2714.44446( 10.)
T 0 7 586.243542( .8) 584.94089( 3.) 583.77780( 2.) 2180.64288( 3.) 2175.93741( 5.) 2171.74074( 3.)
7 1 7 586.479178( .8) 585.16194( 2.) 583.98653( 2.) 2181.08986( 3.) 2176.36028( 4.) 2172.14324( 1.)
7T 1 6 704.214044( .5) 702.88597( 3.) 701.69433( 3.) 2309.73018( 4.) 2304.99914( 3.) 2300.77427( 4.)
7 2 6 709.608206( .5) 708.01636( 3.) 706.59783( 2.) 2318.53988( 3.) 2313.44576( 2.) 2308.90606( 4.)
7 2 5 782.409819( .5) 781.37727( 2.) 780.45286( 2.) 2392.59252( 2.) 2388.07275( 4.) 2384.04199( 3.)
7 3 5 816.694228( .5) 814.61075( 3.) 812.76176( 3.) 2439.95442( 3.) 2434.22907( 2.) 2429.13504( 3.)
7 3 4 842.356585{( .5) 840.86487( 5.) 839.54954( 2.) 2462.87526( 2.) 2457.67610{( 3.) 2453.05763( 2.)
7 4 4 927.743894( .8) 924 .64153( 6.) 921.89590( 2.) 2569.50794( 2.) 2562.59955( 2.) 2556.46217( 4.)
7 4 3 931.237097( .8) 928.29587( 3.) 925.69983( 3.) 2572.13915( 2.) 2565.34541( S5.) 2559.31399( 2.)
7 5 3 1059.646645( .8) 1055.05411( 7.) 1050.99030( 3.) 2724.04142( 3.) 2715.50255( 3.) 2707.92173( 3.)
7 5 2 1059.835444( .8) 1055.25530( 6.) 1051.20326( 3.) 2724.16709( 3.) 2715.63588( 8.) 2708.06223( 2.)
7 6 2 1216.189759( .8) 1209.81339( 4.) 1204.16951( 4.) 2905.43060( 4.) 2894.98645( 10. 2885.71721( 5.)
7 6 1 1216.194499( .8) 1209.81842( 9.) 1204.17496( 2.) 2905.43346( 2.) 2894.98966( 6.) 2885.72063( 10.)
7 7 1 1394.81415( 1.) 1386.41873( 20.) 1378.98643( 14.) 3109.91150( 4.) 3097.34225( 45.) 3086.18826( 13.)
7 7 0 1394.81420( 1.) 1386.41898( 9.) 1378.98643( 14.) 3109.91161( 5.) 3097.34225( 45.) 3086.18826( 13.)

2The values given within parentheses are estimated uncertainties in the last digits.
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8 0 8 744.063655( .8)  742.39857( 4.) 740.91235( 3.) 2337.46325( 2.) 2332.40026( 10.) 2327.88508( 5.)
8 1 8 744.162658( .8) 742.49085( 5.) 740.99874( 3.) 2337.66680( 1.) 2332.59152( 3.) 2328.06602( 4.)
8 1 7 882.890321( .8)  881.09903( 4.) 879.49487( 3.) 2490.35404( 2.) 2485.15129( 4.) 2480.50570( 6.)
8 2 7 885.600207( .8) 883.65191( 2.) 881.91415( 6.) 2495.16582( 2.) 2489.72633( 3.) 2484.87728( 3.)
8 2 6 982.911707( .8) 981.49596( 4.) 980.22238( 3.) 2595.81290( 4.) 2590.96402( 7.) 2586.63359( 3.)
8 3 6  1006.115929( .8) 1003.78133( 3.) 1001.70586( 2.) 2630.19257( 3.) 2624.22928( 3.) 2618.92134( 3.)
8 3 5  1050.157656( .5) 1048.65714( 4.) 1047.32865( 5.) 2670.78960( 5.) 2665.60912( 4.) 2661.00404( 4.)
8 4 5  1122.708530( .8) 1119.48803( 4.) 1116.63623( 2.) 2764.69742( 2.) 2757.66597( 3.) 2751.41854( 5.)
8 4 4  1131.775561( .8) 1128.93814( 3.) 1126.43916( 2.) 2771.69012( 5.) 2764.94432( 3.) 2758.96016( 7.)
8 5 4  1255.166746( .8) 1250.49869( 6.) 1246.36855( 10.) 2919.63292( 2.) 2910.99637( 9.) 2903.32966( 4.)
8 5 3  1255.911532( .8) 1251.29115( 4.) 1247.20616( 5.) 2920.13200( 4.) 2911.52516( 7.) 2903.88643( 3.)
8 6 3  1411.611435( .8) 1405.14811( 16.) 1399.42806( 4.) 3101.12382( 5.) 3090.56812( 7.) 3081.20101( 4.)
8 6 2  1411.641877( .8) 1405.18093( 4.) 1399.46336( 4 ) 3101.14216( 5.) 3090.58788( 10.) 3081.22215( 10.)
8 7 2 1590.69006 ( 2.) 1582.19624( 16.) 1574.67800( 25.) 3306.29516( 6.) 3293.60285( 15.) 3282.34196( 20.)
8 7 1 1590.69069( 2.) 1582.19672( 16.) 1574.67845( 15.) 3306.29552( 3.) 3293.60356( 10.) 3282.34264( 24.)
8 8 1 1789.04284( 4.) 1778.30779( 25.) 1768.80148( 15.) 3530.95752( 6.) 3515.93481( 20.) 3502.60781( 20.)
8 8 0 1789.04284( 4.) 1778.30779( 25.) 1768.80148( 15.) 3530.95752( 6.) 3515.93481( 20.) 3502.60781( 20.)
9 0 9 920.168343( .8)  918.10200( 2.) 916.25779( 3.) 2512.28282( 2.) 2506.82584( 4.) 2501.95936( 4.)
9 1 9 920.209983( .8) 918.14050( 8.) 916.29360( 5.) 2512.37563( 2.) 2506.91246( 15.) 2502.04083( 3.)
9 1 8  1079.079575( .8) 1076.80099( 3.) 1074.76308( 4.) 2688.07989( 3.) 2682.37533( 3.) 2677.28341( 3.)
9 2 8  1080.385427( .8) 1078.02032( 8.) 1075.90952( 4.) 2690.59359( 4.) 2684.74692( 4.) 2679.53359( 3.)
9 2 7  1201.921495( .8) 1199.96295( 3.) 1198.19966( 2.) 2818.39806( 3.) 2813.05657( 7.) 2808.28033( 5.)
9 3 7  1216.231248( .8) 1213.56231( 4.) 1211.18576( 3.) 2841.43075( 2.) 2835.15251( 4.) 2829.56108( 2.)
9 3 6  1282.919103( .8) 1281.26845( 6.) 1279.79767( 3.) 2904.67039( 3.) 2899.39855( 9.) 2894.70566( 3.)
9 4 6  1340.884869( .8) 1337.48949( 3.) 1334.47935( 4.) 2983.32302( 4.) 2976.12209( 3.) 2969.72205( 4.)
9 4 5  1360.235330( .5) 1357.55585( 8.) 1355.19916( s ) 2998.76631( 4.) 2992.13633( 8.) 2986.25913( 12.)
9 5 5  1474.980775( .8) 1470.22554( 5.) 1466.01837( 14.) 3139.47578( 3.) 3130.73149( 4.) 3122.96952( 6.)
9 5 4 1477.297357( .8) 1472.68499( 9.) 1468.61221( 8.) 3141.04598( 3.) 3132.39268( 6.) 3124.71649( 7.)
9 6 4  1631.245475( .8) 1624.69354( 6.) 1618.89634( 7 ) 3320.92978( 3.) 3310.25716( 4.) 3300.78715( 7.)
9 6 3  1631.383001( 1.0) 1624.84233( 12.) 1619.05587( 10.) 3321.01334( 9.) 3310.34699( 9.) 3300.88304( 3.)
9 7 3 1810.58328( 3.) 1801.98494( 16.) 1794.37475( 1 ) 3526.62488( 4.) 3513.80024( 18.) 3502.42285( 10.)
9 7 2 1810.58791( 2.) 1801.99017( 9.) 1794.38045( 8.) 3526.62745( 3.) 3513.80312( 10.) 3502.42601( 10.)
9 8 2 2009.80498( 6.) 1998.95625( 19.) 1989.35195( 1 ) 3752.41595( 10.) 3737.25325( 30.) 3723.80404( 12.)
9 8 1 2009.80510( 2.) 1998.95635( 19.) 1989.35195( 10.) 3752.41622( 5.) 3737.25325( 30.) 3723.80404( 12.)
9 9 1 2225.46914( 4.) 2212.16617(300.) 2200.40535( 25.) 3994.26025( 9.) 3976.58649( 25.) 3960.90900( 50.)
9y 9 o0 2225.46914( 4.) 2212.16617(300.) 2200.40535( 25.) 3994.26025( 9.) 3976.58649( 25.) 3960.90900( 50.)
10 0 10 1114.53218( 3.) 1112.02499( 10.) 1109.78708( 4.) 2705.09685( 4.) 2699.20781{ 4.) 2693.95617( 5.)
10 1 10 1114.54987( 2.) 1112.04116( 5.) 1109.80211( 3.) 2705.13959( 3.) 2699.24745( 4.) 2693.99338( 4.)
10 1 9 1293.01816 ( 4.) 1290.22818( 6.) 1287.73485( 3.) 2903.14605( 3.) 2896.91783( 15.) 2891.35977( 3.)
10 2 9 1293.63404( 1.) 1290.79853( 3.) 1288.26735( 2.) 2904.42833( 3.) 2898.11899( 4.) 2892.49216( 2.)
10 2 8 1437.96860( 2.) 1435.36731( 8.) 1433.02899( 2.) 3058.39842( 5.) 3052.43092( 4.) 3047.09238( 4.)
10 3 8 1446.12824( 1.) 1443.04107( 4.) 1440.28806( 5.) 3072.72635( 5.) 3066.05164( 3.) 3060.10398( 3.)
10 3 7 1538.14948( 2.) 1536.15667( 6.) 1534.36837( 5.) 3162.25889( 5.) 3156.73632( 6.) 3151.80973( 8.)
10 4 7 1581.33597( 2.) 1577.68835( 5.) 1574.44957( 4.) 3224.54657( 5.) 3217.11097( 11.) 3210.49931( 6.)
10 4 6 1616.45303( 3.) 1613.90094( 7.) 1611.65357( 8.) 3253.73798( 4.) 3247.24322( 16.) 3241.48623( 5.)
10 5 6 1718.71880( 2.) 1713.84955( 10.) 1709.53976( 15 ) 3383.26542( 3.) 3374.39338( 8.) 3366.51786( 2.)
10 5 5 1724.70541( 4.) 1720.18418( 12.) 1716.19952( 15.) 3387.40068( 3.) 3378.75881( 4.) 3371.09898( 4.)
10 6 5 1874.97300( 5.) 1868.33073( 12.) 1862.45488( 5.) 3564.70504( 4.) 3553.91092( 10.) 3544.33447( 6.)
10 6 4 1875.46186( 5.) 1868.85882( 9.) 1863.01980( 1 ) 3565.00356 ( 4.) 3554.23163( 11.) 3544.67620( 5.)
10 7 4 2054.34525( 3.) 2045.63885( 12.) 2037.93395( 1 ) 3770.71136( 5.) 3757.74618( 8.) 3746.24537( 3.)
10 7 3 2054.36868( 3.) 2045.66456( 7.) 2037.96200( 15.) 3770.72451( 6.) 3757.76049( 15.) 3746.26098( 15.)
10 8 3 2254.28383( 5.) 2243.31375( 45.) 2233.60265( 2 ) 3997.50835( 10.) 3982.19397( 40.) 3968.60945( 40.)
10 8 2 2254.28442( 4.) 2243.31440( 80.) 2233.60315( 30.) 3997.50855( 8.) 3982.19397( 40.) 3968.61025( 40.)
10 9 2 2471.25497( 2.) 2457.83590( 50.) 2445.95450( 60.) 4240.94214( 6.) 4223.11065( 40.) 4208.52029( 20.)
10 09 1 2471.25497( 2.) 2457.83590( 50.) 2445.95450( 60.) 4240.94214( 6.) 4223.11065( 40.) 4208.52029( 20.)
10 10 1 2701.88862( 6.) 2685.84239( 90.) 2671. 62985(100 ) 4497.19262( 15.) 4467.82595 (300.)
10 10 0 2701.88862( 6.) 2685.84239( 90.) 2671.62985(100.) 4497.19262( 15.) 4467.82595 (300.)
11 011 1327.10996( 4.) 1324.12157( 8.) 1321.45434( 8.) 2915.87433( 3.) 2909.51494( 2.) 2903.84380( 5.)
11 111 1327.11762( 2.) 1324.12830( 20.) 1321.46052( 5.) 2915.89430( 4.) 2909.53331( 6.) 2903.86092( 3.)
11 110 1524.84791( 2.) 1521.51755( 9.) 1518.54258( 5.) 3135.76472( 1.) 3128.98788( 6.) 3122.94139( 5.)
11 2 10 1525.13599( 3.) 1521.78224( 6.) 1518.78799( 4.) 3136.41252( 2.) 3129.59052( 13.) 3123.50601( 9.)
1 2 9 1690.66438( 3.) 1687.38292( 5.) 1684.43944( 4.) 3314.85561{ 3.) 3308.19035( 10.) 3302.22942( 5.)
1 3 9 1695.06865( 3.) 1691.48503( 12.) 1688.28644( 5.) 3323.26983( S.) 3316.11966( 7.) 3309.74535( 10.)
1 3 8 1813.22339( 2.) 1810.66703( 8.) 1808.36235( 7.) 3441.03957( 3.) 3435.06637( 10.) 3429.72577( 3.)
11 4 8 1843.02965( 2.) 1839.03757( 10.) 1835.48680( 20 ) 3487.39929( 2.) 3479.64817( 20.) 3472.75147( 8.)
1 4 7 1899.00816( 5.) 1896.45521( 8.) 1894.19577( 6.) 3535.87050( 4.) 3529.44342( 10.) 3523.74055( 5.)
11 5 7 1985.78490( 5.) 1980.75352( 18.) 1976.29723( 11.) 3650.50913( 5.) 3641.47384( 40.) 3633.45155( 8.)

Copyright © 1998 by Academic Press



WATER VAPOR MEASUREMENTS

TABLE 2—Continued

387

11
11
11
11
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
14
14
14
14
14
14

L-RRV-R-- - RN IS A O

I
oo

W WO e, s dWwWwNNMEEO

o R R R
NN+ HOO

WW XN e s WwWw DN RNO

o R
= MO O

WNNKHRO

OCHRHMNNWWABRULWOOOG®

e
ISEY

11
11

o
c o

O HMNNWWD ANV O®WOY

el el sl el
COMKNNWW

NWWwd AN ®®®WY

e
NS

13
13
12
12

1998.99530 (
2142.59770(
2144.04633(
2321.81303(
2321.90574 (
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1994.66386( 7.)
2135.85851( 10.)
2137.41981( 15.)
2312.99648( 90.)
2313.09788( 30.)
2511.16195( 50.)
2511.16608( 25.)
2726.85000(300.)
2726.85010(300.)

1554 .33465( 5.)
1554.33768( 5.)
1770.71182( 11.)
1770.83503( 7.)
1956.23540( 15.)
1958.35815( 25.)
2102.55395( 25.)
2120.51612( 17.)
2202.89734( 90.)
2270.10752{ 14.)
2296 .59750(100.
2426.94740( 60.)
2430.92450( 90.)
2603.86680(400.)
2604.20620(400.)
2802.27550(400.)

1802.59895( 6.)
1802.60001( 6.)
2037.79639( 5.)
2037.85408( 10.)
2242.21211( 6.)
2243.29282( 50.)
2410.54103(300.)
2421.16090( 90.)
2530.58221(300.)
2580.93620(400.)
2625.43660(400.)
2741.10220(400.)
2749.99050(400.)

2918.97770(400.)

2068.84310( 80.)
2068.84365( 80.)
2322.71550(200.)
2322.74833( 7.)
2545.49096( 80.)
2546.03735( 40.)

1990.85680( 10.)
2129.89782( 10.)
2131.56620( 15.)
2305.19600( 50.)
2305.30620( 15.)
2501.45280( 80.)
2501.45732( 20.)
2714.86380(300.)
2714.86488(300.)

1551.20212( 4.
1551.20496( 8.
1767.22511( 12.
1767.33865( 6.
1952.67815( 30.
1954.65356( 10
2099.56255( 10
2116.56486( 4
2200.43888( 80
2265.43837( 10.
2293.01020( 50.
2420.88520( 25.
2425.12370( 30.)
2595.97519( 20.)
2596.33830( 50.)
2792.34100(400.)
2792.35623(300.)
3006.84720(400.)
3006.84800(400.)
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1798.96549( 7
1798.96637( 7
2033.76570( 4.
2033.81822( 5
2238.03200( 10.
2239.02987( 35.
2406.76989( 13.
2416.78280( 50.)
2527.68887( 90.)
2575.97175( 50.)
2622.00927( 40.)
2734.89597( 50.)
2744.34556( 40.)
2910.04058 (100.)
2911.06346{ 80.)
3106.38800(500.)
3106.44527(200.)

2064.67225( 80.)
2064.67291( 20.)
2318.11367( 20.)
2318.13865( 20.)
2540.67115( 30.)
2541.17266( 20.)

3659.90403 (
3832.25183(
3833.14442(
4038.35156(
4038.40347(
4265.97432(
4265.97639(
4510.90161(
4510.90161(
4769.23273(
4769.23273(
5037.34010(
5037.34010(
3144.56930(
3144.57877(
3386.05234(
3386.37950(
3587.66670 (
3592.42392(
3738.54326 (
3770.87890 (
3843.41048(
3940.51948(
3959.25347(
4123.28533(
4125.59912(
4329.32444(
4329.49585(
4557.54625 (
4557.55498 (
4803.82047(
4803.82060( 40.
5064.14116( 10.)
5064.14116( 10.)
5334.86062(100.)
5334.86062(100.)
5612.49312(200.)
5612.49312(200.)
3391.12616(
3391.13066(
3654.04886 (
3654.21514(
3877.08862(
3879.72071(
4052.81094 (
4074.03868(
4174.03876(
4252.44845(
4285.64751(
4437.39976(
4442.71318(
4643.38020( 20.
4643.87064( 3.)
4871.94815( 20.)
4871.97898( S.)
5119.37392( 80.)
5119.37500( 80.)
5381.55291(100.)
5381.55291(100.)
5654.78017(100.)
5654 .78017(100.)
3655.48270( 10.)
3655.48514( 3.)
3939.74645( 3.)
3939.83187( 2.)
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4183.38901(
4184.83123(

3651.36020( 8.)
3821.33008( 40.)
3822.28735( 40.)
4025.23810( 50.)
4025.29633( 40.)
4250.85300(300.)
4250.85555( 60.)

3137.70051( 4
3137.70941( 4.
3378.69726( 6
3378.99966( 4
3580.27923( 35.
3584.72610( 10.
3731.75210( 40.
3762.72160( 6.
3836.95240( 50.)
3931.26571( 25.)
3950.91300(300.)
4112.22326( 50.)
4114.53294 (400.)

3383.70953( 8
3383.71324( 19
3646.08238( 5.)
3646.23492( 5.)
3868.96959( 5.)
3871.41260( 20.)
4045.34602( 40.)
4065.29988(400.)
4166.97610(400.)

-)
-)

4277.25987(400.)

3647.48050( 40.)
3647.48100( 40.)
3931.13348( 40.)
3931.21109( 40.)
4174.74175(400.)
4175.95020(360.)

3643.79532( 8.)
3811.64162( 10.)
3812.68000(300.)
4013.61061( 40.)
4013.67143( 15.)
4236.76675( 40.)
4236.76895( 40.)
4477.87060(300.)
4477.87060(300.)

3131.57518(
3131.58339(
3372.13552(
3372.41741(
3573.67544( 15.
3577.86090( 3.)
3725.96590( 40.)
3755.45790( 12.)
3831.07000(300.)
3923.04636( 20.)
3943.49850( 40.)
4102.04310(400.)
4104.73143(400.)
4303.65260(200.)
4303.86622(400.)
4527.26690(400.)

wWnwa
Ll

3377.08554( 5.)
3377.09926( 4.)
3638.97577( 11.)
3639.11710( 10.)
3861.71645( 5.)
3864.00035( 10.)
4038.65476( 8.}
4057.66655( 40.)
4160.83557(200.)
4234.00588(400.)
4270.01836 (200.)

4421.70320(300.)

3640.34227( 40.)
3640.34344( 12.)
3923.44902( 40.)
3923.52195( 15.)
4166.66191(300.)
4167.85026( 15.)
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TABLE 2—Continued

---------------------- {000) —===-—-m—mmmm e B et 113 1 1) T
3 K K, Hzlso H217o H218O 32160 H217o nﬁleo
14 3 11 2739.42833( 3.) 2734.34220(400.) 2729.76880(300.) 4382.77967( 16.) 4366.48340(300.)
14 4 11 2746.02344( 3.) 2740.41880(400.) 2735.41921( 20.) 4396.05147( 3.) 4386.74110(400.) 4378.55929( 40.)
14 4 10 2880.83417( 4.) 2876.88720(400.) 2873.32307(100.) 4525.23963( 9.)
14 5 10 2918.24498( 4.) 2912.22640(400.) 2906.84900(400.) 4585.34940( 40.) 4565.87427(400.)
14 5 9 2983.39633( 8.) 4638.35065( 60.)
14 6 9 3084.83573( 6.) 3077.63530(400.) 3071.21889(400.) 4774.04405( 15.)
14 6 8 3101.44105( 10.) 4785.00030( 50.)
14 7 8 3264.33751( 4.) 3247.04704( 70.) 4980.22302( 18.)
14 7 7 3266.51439( 12.) 4981.46892( 20.)
14 8 7 3464.88738( 4.) 5208.89725( 50.)
14 8 6 3465.07000( 40.) 5208.99237(100.)
14 9 6 3685.40842( 10.) 5457.23704(100.)
14 9 5 3685.41901( 10.) 5457.24248(100.)
14 10 5 3922.33083( 15.) 5721.09750( 60.)
14 10 4 3922.33083( 20.) 5721.09750( 60.)
14 11 4 4172.15220( 60.) 5996.69061(200.)
14 11 3 4172.15220( 60.) 5996.69061(200.)
14 12 3 4431.63822( 60.)
14 12 2 4431.63822( 60.)
14 13 2 4697.66719(200.
14 13 1 4697.66719(200.)
14 14 1 4967.04078(200.)
14 14 0 4967.04078 (200.)
15 0 15 2358.30142( 4.) 2352.98827( 50.) 2348.24680( 50.) 3937.57154( 5.) 3928.94380( 50.) 3921.24790( 25.)
15 1 15 2358.30170( 6.) 2352.98860(100.) 2348.24680( 50.) 3937.57324( 20.) 3928.94380( 50.) 3921.24810( 25.)
15 1 14 2631.26882( 5.) 2625.41069(300.) 2620.17300(400.) 4243.10965( 3.) 4233.81173( 40.) 4225.51964( 15.)
15 2 14 2631.28362( 6.) 2625.41889(500.) 2620.18800(400.) 4243.15411( 3.) 4233.84680( 50.) 4225.55707( 40.)
15 2 13 2872.27422( 5.) 2866.12270(500.) 2860.65671( 30.) 4506.73386( 7.) 4497.70240(400.) 4488.52332( 40.)
15 3 13 2872.58046( 4.) 2866.40110(500.) 2860.90850(300.) 4507.52255( 10.) 4489.39005(400.)
15 3 12 3080.17871( 3.) 3068.82218( 30.) 4728.22116{ 4.) 4710.03271(400.)
15 4 12 3083.86522( 10.) 3071.92687(150.) 4736.24160( 35.)
15 4 11 3244.60060( 5.) 3239.67510(500.) 3235.24366(400.) 4894.58590( 5.)
15 5 11 3269.53951( 5.) 3257.08115(400.) 4938.25310( 60.)
15 5 10 3360.60037( 8.) 3356.48770(500.) 3352.82921(400.) 5015.70425( 10.)
15 6 10 3443.19200( 7.) 3428.99980(400.) 5132.50028 (100.
15 6 9 3472.88133( 7.) 5152.96620(100.)
15 7 9 3624.18143( 6.) 5339.49000(200.)
15 7 8 3629.09646( 10.) 5342.34760(120.)
15 8 8 3824.49837( 12.) 5568.09129(100.)
15 8 7 3824.99775( 10.) 5568.35430( 30.)
5 9 7 4045.28584( 15.) 5817.08046 (150.)
15 9 6 4045.32180( 20.) 5817.09810( 60.)
15 10 6 4283.30580( 50.) 6082.41010(200.)
15 10 5 4283.30825( 50.) 6082.41010(200.)
15 11 5 4534.96335( 60.)
15 11 4 4534.96375( 60.)
15 12 4 4796.97025( 80.)
15 12 3 4796.97025( 80.)
15 13 3 5066.22887( 60.)
15 13 2 5066.22887( 60.)
16 0 16 2660.94520( B8.) 2654.94766(300.) 2649.60481( 90.) 4237.32076( 10.) 4228.02847( 40.) 4219.74131( 20.)
16 1 16 2660.94535( 12.) 2654.94779(300.) 2649.60481( 90.) 4237.32083( 10.) 4228.02847( 40.) 4219.74131( 20.)
16 1 15 2952.38650( 5.) 4564.08630( 7.) 4545.29570(400.
16 2 15 2952.39365( 6.) 4564.10968( 5.) 4554.31785(500.) 4545.31320(400.)
16 2 14 3211.05594( 10.) 3197.97600(200.) 4847.18930( 35.)
16 3 14 3211.21261( S.) 3198.07980( 50.) 4847.62216( 10.)
16 3 13 3437.27732( 15.) 3424.17000(400.) 5089.33655( 30.)
16 4 13 3439.30670( 30.) 3425.88846(300.) 5094.08458( 15.)
16 4 12 3623.76486( 10.) 5280.09573(100.)
16 5 12 3639.53790( 20.) 3625.79671(300.) 5310.23971( 10.)
16 S5 11 3758.39667( 10.) 5415.48887(100.)
16 6 11 3822.24590( 7.) 5512.01410( 25.)
16 6 10 3870.20154( 8.) 5546.73975(100.)
16 7 10 4006.07315( 10.) 5720.72045( 35.)
16 7 9 4016.13442( 10.) 5726.68746 (150.)
16 8 9 4206.33172( 10.) 5949.21700( 40.)
16 8 8 4207.56190( 20.) 5949.87125 (200.)
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TABLE 2—Continued

---------------------- (000)---------""--;;-—----“' --—----;;'"‘——-"“-‘--(Olg?’------—-—-—-°'--;—-—----—
17 1

3 K, K, H2160 B, 7% %% 1,70 5%
16 9 8 4427.12102( 35.)
16 9 7 4427.22645( 20.)
16 10 7 4665.97371( 20.)
17 0 17 2981.35920( 20.) 4554 .65190( 30.) 4544.65299( 50.) 4535.74571( 40.)
17 1 17 2981.35920( 20.) 4554 .65190( 30.) 4544.65299( 50.) 4535.74571( 40.)
17 1 16 3291.14905( 15.) 4902.61401( 5.)
17 2 16 3291.15355( 20.) 4902.62658( 10.)
17 2 15 3567.17320( 30.) 3552.49481(400.) 5204.74861( 25.)
17 3 15 3567.25420( 30.) 5204.98857( 10.)
17 3 14 3810.93659( 8.) 5466.40269( 8.)
17 4 14 3812.04672( 10.) 5469.18470( 60.)
17 4 13 4017.90825( 7.) 5680.54750( 50.)
17 5 13 4027.50616( 20.) 5700.48173(100.)
17 5 12 4174.28733( 20.) 5835.28649 (100.)
17 6 12 4221.03970( 25.) 5911.62868( 20.)
17 6 11 4291.90670( 30.) 5965.71452( 35.)
17 7 11 4409.34403( 35.)
17 7 10 4428.11400( 40.)
17 8 10 4610.02150( 40.)
17 8 9 4612.79063( 15.)
17 9 9 4830.61350( 60.)
17 9 8 4830.89460( 40.)
17 10 8 5070.00948 (100.)
17 10 7 5070.03158( 50.)
18 0 18 3319.44785( S0.) 4889.48760( 25.)
18 1 18 3319.44785( 50.) 4889.48760( 25.)
18 1 17 3647.46003( 40.) 5258.61700(200.)
18 2 17 3647.46113( 40.) 5258.62316 (100.)
18 2 16 3940.54462( 25.) 5579.35830( 80.)
18 3 16 3940.58703( 30.) 5579.49150( 30.)
18 3 15 4201.25281( 20.) 5859.61579 (200.)
18 4 15 4201.85865( 20.) 5861.24000 (150.)
18 4 14 4427.16426( 30.) 6095.51400 (100.)
18 5 14 4432.85969( 40.) 6108.28000(150.)
18 5 13 4606.16827( 45.)
18 6 13 4638.64463( 20.)
18 6 12 4735.84521(100.)
8 7 12 4833.20812( 20.)
19 0 19 3675.11340( 20.) 5241.74169( 15.)
19 119 3675.11340( 20.) 5241.74169( 15.)
19 1 18 4021.21410(150.) 5632.04248( 15.)
19 2 18 4021.21460(100.) 5632.04788( 50.)
19 2 17 4331.06635( 50.) 5970.92917(100.)
19 3 17 4331.08904( 50.) 5971.00428 (200.)
19 3 16 4608.22313( 30.)
19 4 16 4608.55740({ 40.)
19 4 15 4851.82035( 30.)
19 5 15 4855.15165( 40.)
19 5 14 5052.66880( 30.)
20 0 20 4048.25225(200.) 5611.33160(100.)
20 1 20 4048.25225 (200.) 5611.33160(100.)
20 1 19 4412.31235(200.) 6022.79300(250.)

surements from this study and those of the (010)—(000) bardicimal, where those with six places were derived entirel
given in Ref. (L0). The result of this analysis gives added levelsom the analysis of microwaved) and far-IR ) measure-
for the ground state to those listed in the earlier wa®.(These ments for the (000) state of /O while those given with five
additional levels were for the highdrandK, values. significant figures past the decimal for the ground state o

H,'®0 were taken from Ref.10).
C. Table 2

Table 2 lists values of the rotational energies obtained in this 5. LINESTRENGTHS
study for the (000) and (010) states along with associated,
estimated uncertainties given within parentheses. The value3he strengthS, of an H,O transition at frequency may be

are given with either six or five significant figures after thexpressed to good approximation by
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TABLE 3

Matrix Elements Used in the Expansion of the Dipole Moment

for B-Type Transitions of Water Vapor

10

11

12

13

14

15

16

17

18

19

<J K|A’ () |J'K’'>/<T K|® (x) | T’ K+AK> AK =31
J (J'+1) + J(J+1)
K2 + K2
K2 - K2
K'2 - K - 2m
(K’2-K?) (K’2-K*-2m)
J(J+1) - 2m(m-1) + (2m-1)KAK - KZ -1
[(J*-KAK-1) (J’-KAK-2) (J" +KAK+2) (T’ +KAK+3) ]2
K’237 (J'+1) - K2J(J+1)
K% - K*
(K’2-K?) [T’ (3" +1) + J(J+1)1]
K'2(J'%+J")2
K:S
Kre
K237 (J’ +1)
K:G _ KG
J’(J’+1) if m=0 and J=K,6 or J'=K’ , otherwise = 0
J’(J'+1) if m=0 and J=K, or J’=K '-1, otherwise = 0

J’(J’+1) if m#0 and J=K_, and J’'=K ' , otherwise = 0

J'-J =0, +1
m= [J°(J"+1) - J(J+1)1/2

K’'-K = nAK

S=C(/Q)(g/T)[1— exp(—v/KT)]
X exp(—E(L)/KT)|R(L, U)J?,

peratureE(L) is the lower state energy equal to the sum of the
lower state vibrational energy, (L), and rotational energy,
Ex(L); and R(L, U) is the vibration—rotation dipole moment
matrix element connecting the lower state,with the upper

where state,U. WhenT = 296 K, Qs = 174.6 andQ,, = 1.0004 for
H,'0 and for temperatures within 30° K of 300 R(T) = Q
C = 8m°/3hc (296 K) [296T]32
Q=0Q,X Qg Without considering near resonance effects, the vibration
rotation dipole moment elemerR(L, U), given in Eqg. [1], can
and be expressed as
E(L) = BEv(L) + Er(L), [1]

whereQ is the partition function which can be expressed as the
product of the vibrationalQ,,, and rotational Qg, partition

R(L, U) = > u(j) x (j)
i

x(j) = (J"KEKLKVTA()IVH KK, (2]

functions;g is the degeneracy caused by the nuclear spin of the
lower state levelk is the Boltzmann constant; is the tem- whereu(j) are the dipole moment coefficient&(j) are the
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TABLE 4

Dipole Moment Expansion Coefficients Derived from Least-Squares Fit
of the (010)—(000), (000)-(000), and (010)—(010) Bands of H,*®0

j (010) - (000) band (010) - (000) band (010) - (000)band
1 1.301(32)x10? 1.295(32) x107?* 1.305(45) x10*
2 5.48(191) x10°° 1.48(163)x10°® 7.46(634)x10°¢
3 5.91(59) x10* 5.31(372)x10°° -2.24(11) x10™
4 -5.72(57) x107 -6.98(70) x1073 -6.32(32) x107?
5 -1.86(242) x10™* -3.01(150)x10™* -1.44(108)x10™*
6 -4.83(242) x10°° -3.61(126)x10°° -1.70(76) x107°
7 2.12(42) x10™* 5.78(202)x10°° 1.44(180)x10°®
8 -4.26(85) x107° -1.85(130)x10°® ~-1.39(21) x10°®
9 -1.21(24) x107°® -1.19(54) x10°° -3.20(561)x1077
10 6.74(34) x10°° 2.28(91) x10°° 1.87(10) x10°°
11 1.08(16) x107° 4.27(192) x10-¢ 5.35(375) x1077
12 -2.26(814)x10°° 1.00(640)x10°° -3.68(166)x10"°
13 -1.15(40) x1077 3.99(398)x10°® 6.14(430)x10™°
14 -5.34(240) x10°¢ -4.20(189)x10°¢ 1.92(29) x10°®
15 2.04(112)x10°® -8.75(744) x10°¢ 2.41(181)x1077
16 -3.54(53) x1077 -1.32(918) x10°® -6.92(104)x10°®
17 9.7(150) x10°° 4.8(159) x107° -1.34(518)x10°®
i8 1.9(155) x107° 3.1(122)) %107 -7.9(577) x10°¢
19 5.59(727)x10°° 2.2(241) x10°° 1.0(126) x10°°
NP 284 482 337

0%° 2.57 2.62 3.45

min v 839.643cm™ 1403.462cm™ 1801.324cm™
max v 1399.204cm™ 1799.616cm™ 2568.790cm™?

j (000) - (000) band (010) - (010) band

1 1.778(95)x10° 1.796(9) x107°

2 -8.16(285)x10™* 1.87(9) x10*

3 1.45(25) x1073 1.13(6) x1073

4 -5.7(241) x10™* 2.47(12) x1073

5 -1.18(41) x1072 -5.76 (29) x10°3

6 2.92(146)x10™* 5.31(27) x10°*

7 -2.64(661)x107* -1.29(6) x1073

8 -1.19(352)x10°% -1.83(9) xi10™*

9 3.30(99) x107%

10 1.16(98) x10°° -7.96(40) x10°¢

11 2.85(86) x107°

12 -8.7(117) x10°°

13 9.44(377)x10°®

14 -1.30(32) x10°®

15 -6.26 (250) x10°° -1.62(8) x10°

16 -2.41(72) x1077

N 226 24

0%° 5.59 4.13

min v 590.331cm™ 601.592cm™

max v 1196.025cm™? 793.705cm™*

Note.Values given in Debyes.

2 Values given within parentheses are uncertainties in the last digit(s).
PN represents the number of line strengths used in the least-squares fits.

© g% is the standard deviation resulting from the least-squares fit in peEREE[(Sops — Sead/Sond

N} %2 x 100.

transformed transition moment operators and prime aid Refs. (1) and (L0) and also used here and are given in

391

double prime denote upper and lower states, respectiveliable 3. The matrix elementg(j), were derived from the
X(1) is the matrix element of the direction cosines in whickiibration—rotation frequency constants given in Ré&j. for
A(1) = ®, with a = zfor A-type transitions and: = x for the (000) and (010) states of,}¥0. The coefficientsu(i),

B-type transitions. The asymmetric-top wavefunctionsyere determined from a least-squares fit of the experiment:
[JK K., are expressed as an expansion of symmetry-adapliegstrengths using Egs. [1] and [2] and the elements give
in Table 3. Measured linestrengths were normalized to :
The matrix elements involved iR(L, U) were presented temperature of 296 K by using Eq. [1] and lower state

wavefunctions as discussed in Ref).(
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TABLE 5
Line Positions (cm~?) and Strengths (cm~2/atm at 296 K) Observed
in the (010)-(010) Band of H,**0?

observed upper lower lower = = c-eeemmeee- strength---~------—--
position (o-c) J Ka Kc J Ka Kc energy observed s computed (o-c) %
590.60010 -16. 8 4 4 7 1 17 2181.08986 1.70E-05 15. 2.37E-05 -39.4
601.59233 21. 8 5 3 7 2 6 2318.53988 2.34E-05 8. 2.41E-05 -3.0
602.13081 7. 12 3 9 11 2 10 3136.41252 1.05E-05 8. 1.04E-05 1.0
607.55591 67. 6 6 0 5 3 3 2126.40768 3.88E-06 5. 4.01E-06 -3.4
609.71606 4. 11 2 9 10 1 10 2705.13959 8.10E-05 8. 8.73E-05 -7.8
618.17328 30. 13 3 9 10 O 10 2705.09685 2.66E-05 32. 2.89E-05 -8.6
622.84006 -98. 7 6 2 6 3 3 2282.58956 7.66E-06 15. 7.16E~06 6.5
625.66409 22. 12 5 8 11 2 9 3314.85561 1.47E-05 6. 1.49B-05 -1.4
633.72130 5. 7 6 1 6 3 4 2271.71221 2.22E-05 6. 2.17E-05 2.3
635.11436 18. 12 4 9 11 1 10 3135.76472 2_45E-05 21. 2.86E-05 -16.7
638.24850 -6. 8 6 3 7 3 4 2462.87526 2.32E-05 5. 2.31R-05 .4
645.88043 27. 9 5 4 8 2 7 2495.16582 5.54E-05 24. 4.37E-05 21.1
650.14023 S. 9 6 4 8 3 5 2670.78960 5.11E-06 28. 6.24E-06 -22.1
660.03462 -3. 10 6 5 9 3 6 2904.67039 1.26E-05 4. 1.25E-05 .8
661.09963 12. 9 4 5 8 1 8 2337.66680 3.03E-05 10. 2.88E-05 5.0
661.18758 -16. 8 6 2 7 3 S 2439.95442 6.66E-06 16. 7.63E-06 -14.6
664.78212 317. 13 5 9 12 2 10 3587.66670 1.64E-06 15. 1.63E-06 .6
666.43141 -3. 13 3 10 12 2 11 3386.37950 9.97E-06 8. 9.38E-06 5.9
671.77240 0. 12 210 11 1 11 2915.89430 1.10E-05 13. 1.09E-05 .9
676.54954 -5. 12 310 11 0 11 2915.87433 3.30E-05 12. 3.25E-05 1.5
682.24561 -15. 12 6 7 11 3 8 3441.03957 1.75E-06 15. 3.46E-06 -97.7
687.98590 -44 . 13 410 12 1 11 3386.05234 3.09E-06 7. 2.99E-06 3.2
690.82072 -5. 9 6 3 8 3 6 2630.19257 1.77E-05 4. 1.72E-05 2.8
696.80661 -48. 10 5 5 9 2 8 2690.59359 8.60E-06 20. 6.67E-06 22.4
708.26008 -70. 14 510 13 2 11 3877.08862 1.39E-06 15. 1.36E-06 2.2
711.52929 -86. 7 7 O 6 4 3 2398.38146 4 .15E-06 15. 3.02E-06 27.2
721.23373 62. 14 6 9 13 3 10 4052.81094 6.18E-07 15. 4.57E-07 26.1
723.57274 -7. 10 6 4 9 3 7 2841.43075 3.01E-06 8. 3.30E-06 -9.6
732.50967 -18. i3 211 12 1 12 3144 .57877 1.10E-05 7. 1.11E-05 -.9
734.15616 15. 8 7 2 7 4 3 2572.13915 4 _37E-06 5. 4 .45E-06 -1.8
735.15150 9. 13 311 12 0 12 3144.56930 3.60E-06 15. 3.70E-06 -2.8
736.78743 -15. 8 7 1 7 4 4 2569.50794 1.50E-06 5. 1.50E-06 0
741.36215 -20. 10 4 6 9 1 9 2512.37563 2.96E-06 15. 2.97E-06 -.3
742.00255 -6. 14 411 13 1 12 3654.04886 2.51E-06 12. 2.53E-06 -.8
755.47550 -20. 11 5 6 10 2 9 2904 .42833 7.50E-06 6. 6.97E-06 7.1
760.41818 11. 11 6 5 10 3 8 3072.72635 4 _.47E-06 11. 4 .51E-06 -.9
761.93012 9. 9 7 2 8 4 S5 2764.69742 4 .22E-06 13. 3.96E-06 6.2
771.94530 25. 10 7 4 9 4 5 2998.76631 2.40E-06 8. 2.52E-06 -5.0
784.61337 -21. 11 7 5 10 4 6 3253.73798 5.78E-07 15. 4 .35E-07 24.7
787.40148 -1. i0 7 3 9 4 6 2983.32302 9.87E-07 15. 8.52E-07 13.7
788.38923 -6. 15 312 14 2 13 3939.83187 6.23E-07 15. 6.50E-07 -4.3
792.25824 -11. 14 2 12 13 1 13 3391.13066 1.23E-06 15. 1.15E-06 6.5
793.70515 8. 14 312 13 0 13 33%91.12616 3.24E-06 1. 3.42E-06 ~5.6
802.32924 -5. 12 6 6 11 3 9 3323.26983 6.97B-07 15. 5.43E-07 22.1
822.84008 -87. i2 5 7 11 2 10 3136.41252 4 _72B-07 15. 6.22E-07 -31.8
830.73081 -10. 11 4 7 10 1 10 2705.13959 2.50B-06 15. 2_.25E-06 10.0
832.78261 -69. 9 8 1 8 5 4 2919.63292 8 .43E-07 15. 6.66E-07 21.0
850.28955 29. 13 6 7 12 3 10 3592.42392 6.67E-07 15. 4 .65E-07 30.3
851.24876 4. 15 2 13 14 1 14 3655.48514 7.82E-07 15. 9.67E-07 ~-23_7

energies given in Table 2. A fitting scheme used in Reffs. ((010)—(000) bands of H1°0 and H'®0 are similar to those given

and (L0) was also used in the present work for the analysis Refs. () and (L0), especially for the leading dipole ternr(1),

of the measured linestrengths of the (010)—(000) band which is directly related to values of the strongest linestrengths ¢

H,®0 in which the measurements were separated into seisband. Therefore, it appears conclusive that the linestreng

with each set representing a frequency interval. values of the strongest transitions given in the prior studie$d
The analysis of the (010)—(000) band of*fD included over are accurate. The linestrengths of the (010)—(000) band,5tH

100 lines measured in this study with strength@.5 cm %atm  were not analyzed in this study; however, the results given in Re

(normalized to 100% of species) plus the measurements giver{lifi) should be accurate.

the earlier studyl(0) for the weaker transitions. The results for the The dipole moment matrix elementsj), obtained from the

Copyright © 1998 by Academic Press



WATER VAPOR MEASUREMENTS

TABLE 6

Line Positions (cm~?) and Strengths (cm~2/atm at 296 K) Observed
in the (000)-(000) Band of H,*®0?

393

observed upper lower lower = = —---eoeeeoo- strength----w--co-ooo
position (o-¢) J Ka Kc J Ka Kc energy observed %s computed (o-c) %
595.52928 -17. 11 6 6 10 3 7 1534.36837 2.40R-05 15. 1.71E-05 28.8
598.02230 2. 12 4 9 11 1 10 1518.54258 1.15E-04 7. 1.20E-04 -4.4
606.14407 0. 7 5 3 6 0 6 444.84623 1.10E-05 9. 1.04E-05 5.9
612.52280 -5. 12 6 7 11 3 8 1808.36235 2.80E-05 9. 2.55E-05 9.0
614.20030 -12. 9 4 5 8 1 8 740.99874 8.83E-05 5. 8.72B-05 1.2
617.34993 -8. 9 6 3 8 3 6 1001.70586 1.02E-04 3. 1.01E-04 1.1
617.41000 0. 15 510 14 4 11 2735.41921 1.50E-06 15. 1.37E-06 8.4
623.29360 0. 13 5 9 12 2 10 1952.67815 6.71B-06 15. 8.56E-06 -27.6
627.95330 -12. 7 7 0 6 4 3 751.03301 1.85E-05 5. 1.85E-05 .2
631.21760 -3. 12 210 11 1 11 1321.46052 3.90E-05 4. 3.81E-05 2.3
633.19925 3. 12 310 11 0 11 1321.45434 1.20E-04 8. 1.14BE-04 4.7
634.29320 0. 14 4 10 13 3 11 2239.02987 3.50B-06 15. 2.63E-06 24.9
634.83300 -62. 6 6 1 5 1 4 398.36052 2.80E-06 15. 1.82E-06 34.9
635.33342 0. 13 6 8 12 3 9 2099.56255 3.10E-06 15. 3.40E-06 -9.8
639.43125 1. 13 310 12 2 11 1767.33865 3.85E-05 4. 3.87E-05 -.6
640.29000 0. 10 5 5 9 2 8 1075.90952 3.05B-05 7. 2.85B-05 6.5
648.97825 8. 8 7 2 7 4 3 925.69983 3.05E-05 5. 2.93E-05 3.8
649.55750 -19. 13 4 10 12 1 11 1767.22511 1.47E-05 6. 1.28E-05 13.2
651.83400 -4. 10 6 4 9 3 7 1211.18576 2.00E-05 8. 1.98E-05 1.2
652.78260 5. .8 7 1 7 4 4 921.89590 9.30E-06 7. 9.99E-06 -7.4
662.59064 ~11. 8 5 4 7 0 7 583.77780 2.60E-05 3. 2.59E-05 .5
668.81700 0. 14 510 13 2 11 2238.03200 6.50E-06 15. 7.19E-06 -10.7
677.74426 4. 9 7 2 8 4 5 1116.63623 3.37E-05 2. 2.81E-05 16.5
682.73470 ~-9. 10 7 4 9 4 5 1355.19916 2.01E-05 6. 1.91E-05 5.1
686.82692 -12. 13 211 12 1 12 1551.20496 3.97E-05 4. 3.93E-05 .9
687.82780 5. 13 311 12 0 12 1551.20212 1.35B-05 10. 1.31E-05 2.8
695.35990 -7. 10 4 6 9 1 9 916.29360 8.40B-06 6. 8.54E-06 -1.7
695.95060 2. 14 3 11 13 2 12 2033.81822 4.10E-06 10. 3.71E-06 9.5
697.73368 -5. 8 6 3 7 1 6 701.69433 1.31E-05 6. 1.24E-05 5.7
701.65351 0. 14 4 11 13 1 12 2033.76570 1.10B-05 3. 1.11E-05 -.6
701.77942 0. 12 7 6 11 4 7 1894 .19577 5.60E-06 8. 5.09E-06 9.0
702.58920 -25. 11 5 6 10 2 9 1288.26735 2.75E-05 3. 2.87E-05 -4.5
703.48250 -15. 06 7 3 9 4 6 1334.47935 6.75E-06 4. 6.48E-06 4.0
709.60170 0. 13 7 7 12 4 8 2200.43888 1.00E-06 15. 7.13E-07 28.7
717.59820 -2. 8 8 1 7 5 2 1051.20326 4_.10E-06 7. 4 .22E-06 -2.9
717.81120 2. 8 8 0 7 5 3 1050.99030 1.36E-06 10. 1.39E-06 -2.3
719.35817 0. 14 7 8 13 4 9 2527.68887 5.00E-07 15. 7.89E-07 -57.7
725.10596 -6. 9 5 § 8 0 8 740.91235 4.95E-06 6. 5.09E-06 -2.9
730.85660 -3. 11 7 4 10 4 7 1574.44957 1.06E-05 2. 1.05E-05 .6
736.83725 -1. 12 6 6 11 3 9 1688.28644 3.70E-06 6. 3.32E-06 10.2
739.40135 -12. 9 6 4 8 1 7 879.49487 3.95B-06 8. 3.95E-06 -.1
741.70475 -3. 14 212 13 1 13 1798.96637 4.16E-06 7. 4 _.14E-06 .5
742.14589 10. 9 8 2 8 5 3 1247.20616 1.80E-06 12. 1.94E-06 -7.6
742.20725 8. 14 312 13 0 13 1798.96549 1.20E-05 4. 1.24E-05 -3.4
742.98335 -5. 9 8 1 8 5 4 1246.36855 6.00E-06 8. 5.85E-06 2.5
750.68353 0. 15 312 14 2 13 2318.13865 2.70E-06 5. 2.93E-06 -8.7
753.81320 0. 15 412 14 1 13 2318.11367 1.00E-06 25. 9.74E-07 2.6
760.85150 0. 12 7 5 11 4 8 1835.48680 1.60E-06 8. 1.54E-06 3.7
764 .99025 -19. 10 8 3 9 5 4 1468.61221 4.95E-06 4. 4.75E-06 4.1
767.58460 -18. i0 8 2 9 5 5 1466.01837 2.07E-06 5. 1.59E-06 23.1
774.22232 11. 12 5 7 11 2 10 1518.78799 1.77E-06 15. 2.47E-06 -39.3
784.39360 -6. 11 4 7 10 1 10 1109.80211 6.10E-06 5. 6.64E-06 -8.9
787.69180 0. 10 6 5 9 1 8 1074.76308 7.65E-06 10. 7.81E-06 -2.0
789.69200 0. 13 6 7 12 3 10 1954 .65356 2.20E-06 15. 2.87E-06 -30.6
793.28197 0. 10 5 6 9 0 9 916.25779 7.00E-06 5. 7.23E-06 -3.4
794 .22487 -27. 8 7 2 7 2 5 780.45286 1.11E-06 15. 8.13E-07 26.7
794 .49860 0. 13 7 6 12 4 9 2116.56486 1.80E-06 15. 1.66E-06 7.7
795.98380 0. 15 213 14 1 14 2064.67291 3.80E-06 8. 3.59E-06 5.6
796.23625 0. 15 313 14 0 14 2064.67225 1.20E-06 15. 1.20E-06 .1
800.97754 25. 9 9 0 8 6 3 1399.42806 7.78E-07 15. 7.52E-07 3.3
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TABLE 6—Continued

observed upper lower lower = = —-----eeeme- strength---------—-—-
position (o-c) J Ka Kc J Ka Kc energy observed %s computed {(o-c)%
805.71546 0. 16 413 15 1 14 2620.17300 7.00E-07 15 7.03E-07 -.4
814.15171 -66. 9 7 3 8 2 6 980.22238 4.88E-07 15 5.09E-07 -4 .4
816.05900 0. i2 8 4 11 5 7 1976.29723 6.40E-07 15 4 .54E-07 29.0
826.89835 -28. 10 9 2 9 6 3 1619.05587 9.00E-07 10 9.03E-07 -.3
839.73440 11. 10 7 4 9 2 7 1198.19966 1.80E-06 6 1.77E-06 1.8
841.00690 0. 13 8 5 12 5 8 2265.43837 6.30B-07 15 5.38E-07 14.6
842.16338 41. 11 6 6 10 1 9 1287.73485 1.20E-06 7. 1.27B-06 -6.0
849.72920 0. 16 214 15 1 15 2348.24680 3.90B-07 15. 3.16E-07 19.0
849.83300 0. 16 314 15 0 15 2348.24680 1.80E-06 20. 9_50E-07 47.2
854.67062 0. 13 5 8 12 211 1767.33865 1.50E-06 10. 1.59E-06 -6.2
866.51041 26. 11 5 7 10 0 10 1109.78708 8.17E-07 15. 9.27E-07 -13.5
878.05708 -5. 9 6 3 8 1 8 740.99874 9.33E-07 15. 7.72E-07 17.2
878.97836 0. 12 4 8 11 1 11 1321.46052 5.25B-07 15. 5.32E-07 -1.3
902.34285 23. 12 6 7 11 1 10 1518.54258 1.35E-06 12. 1.45E-06 -7.6
943.98393 ~10. 12 5 8 11 0 11 1321.45434 8.92E-07 15. 9.33E-07 ~4.6

a. (o-c), observed minus computed line positions in cm-]' X 105. The computed values and

the lower state energies are derived from the energy level values given in Table 2. ts’s
are estimated uncertainties in the measured line strengths given in percent. (o-c)%,
observed minus computed line strength values given in percent. Computed values are
derived from constants obtained in this work and given in table 4.

individual least-squares fits of fO are given in Table 4. measurements are not given in Table 4 because they prove
Included in the listing are the numbeN, of experimental improvement over prior values given in ReflOf. Also the
values included in the fit, the standard deviatia, in linestrength measurements of the (000)—(000) bands,biaH
percent, and the spectral range of lines used in each analyaisd H,*°0 were not analyzed; however, they can be compute
0% is defined as to adequate accuracy using the dipole moment parameters
the (000)—(000) band of J1°0 which are given in Table 4.

c% = {E [(Sobs_ Scal)/SObS]Z/N}l/2 X 100. [3]

6. RESULTS

The values given in parenthesis in Table 4 are the uncertainties
in the coefficients and these were determined by varying theThe listing for the (010)—(000) and (000)—(000) bands of
value of each parameter while holding the others constant. TH&"®O are not given in this report. However, they will be
uncertainty of the parameter was established when the standamekented in a following paper discussing linewidth measure
deviation of the computed strengtlag, was equal to twice the ments (3). The results for the (010)—(010) band are given here
standard deviation of the least-squares fit, 2 and listed in Table 5. The table lists the observed frequency

Inspection of the table shows that the results for the (010)e difference between the observed and computed freque
(000) bands are given in terms of sets with each set represants, (0—c), the rotational quantum assignment, lower sta
ing a frequency interval. The same was also found in my earlienergy level, observed strength, estimated uncertainty in tt
work (1) in which the theory in the present state is not adequateeasured strength in percents%omputed strength, and the
to take care of all the necessary measurements in one fittpgrcent difference between the observed and compute
procedure. Inspection of Table 4 shows a few terms of tisérength, (0—c)%. Measured strength values with $615%
(010)—(000) and (000)—(000) band with uncertainties muekpresent uncertainties ranging between 50% and possibly le
larger in magnitude than the values. For practical purposes, than 10% for one or more of the following reasons: (a) blend
values for these terms can be set to zero; however, they wing, (b) weakness of the transition, and (c) only one measure
included to indicate their magnitude and sign. ment was obtained for that line. Values witts% 15% were

It was not necessary to separate the data into frequerbg result of poor agreement between the linestrength value
intervals for fitting the pure rotational bands because the ranggrived from the various spectra. Linestrength values include
of linestrength values were within the range (all strength valugsthe least-squares fits were those for whick €68% for the
within about three to four orders of magnitude of each othe{(10)—(000) band and &&= 10% for the (000)—(000) band and
for the theory to operate sufficiently well with all measure%s = 14% for the (010)—(010) band. The computed strength
ments included in one fitting procedure. were derived from Eq. [1] with the dipole moment parameters

The results from the H®0 analysis of the (010)—(000) bandgiven in Table 4 and energy levels given in Table 2. The
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TABLE 7
Line Positions (cm~?) and Strengths (cm~2/atm at 296 K) Observed
in the (000)-(000) Band of H,*’0?

observed upper lower Jower = ~emmceeeooeo strength--~—mweweeo—-
position (o-c) J Ka Kc J Ka Kc energy observed 3s computed {o-c) %
598.99870 13. 12 4 9 11 1 10 1521.51755 2.20E-05 5. 2.17E-05 1.3
609.33400 -89. 7 5 3 6 0 6 445.71922 1.90E-06 20. 1.90E-06 .1
615.06460 -40. 9 4 5 8 1 8 742.49085 1.80E-05 25. 1.59E-05 11.9
616.28037 0. 12 6 7 11 3 8 1810.66703 5.05E-06 15. 4.63E-06 8.4
621.06070 -30. 9 6 3 8 3 6 1003.78133 1.80E-05 6. 1.84E-05 -2.2
624.70300 220. 13 5 9 12 2 10 1956.23540 1.50E-06 15. 1.54E-06 ~2.9
632.10680 -30. 12 210 11 111 1324.12830 6.50E-06 5. 6.90E-06 -6.2
632.71600 212. 7 7 © 6 4 3 753.70510 2.50E-06 25. 3.37B-06 -34.7
634.23646 -12. 12 310 11 0 11 1324.12157 2.25E-05 8. 2.07E-05 8.0
638.55100 275. 13 6 8 12 3 9 2102.55395 6.00B-07 15. 6.15E-07 -2.6
639.70390 -210. 13 310 12 211 1770.83503 5.24E-06 15. 6.94E-06 -32.4
655.29581 ~70. 10 6 4 9 3 7 1213.56231 3.40E-06 10. 3.60E-06 -5.9
665.55720 -60. 8 5 4 7 0 7 584.94089 6.18E-06 10. 4.74E-06 23.3
694.37868 -6. 11 6 5 10 3 8 1443.04107 5.00E-06 5. 4.96E-06 .8
696.49000 188. 14 311 13 212 2037.85408 6 .50B-07 15. 6.64E-07 ~2.1
702.26205 -9. 8 6 3 7 1 6 702.88597 2.37E-06 10. 2.26E-06 4.5
703.86487 -46. 11 5 6 10 2 9 1290.79853 4 _.80B-06 8. 5.18E-06 ~-8.0
723.05162  -87. 8 8 1 7 5 2 1055.25530 7.07B-07  15. 7.65E-07 -8.2
727.82697 0. 9 5 5 8 0 8 742.39857 1.16E-06 15. 9.29E-07 19.9
735.40950 -3. 11 7 4 10 4 7 1577.68835 2.06E-06 4. 1.91E-06 7.1
739.43947 0. 12 6 6 11 3 9 1691.48503 4.39E-07 15. 6.04E-07 -37.6
742.89095 0. 14 212 13 113 1802.60001 1.00E-06 15. 7.46B-07 25.4
743.43840 0. 14 312 13 0 13 1802.59895 2.08E-06 4. 2.24B-06 -7.6
743.59451 0. 9 6 4 8 1 7 881.09903 7.91E-07 15. 7.20B-07 9.0
748.45766 0. 9 8 1 8 5 4 1250.49869 8.43E-07 15. 1.06E-06 -25.2
770.62900 24, 10 8 3 9 5 4 1472.68499 1.00E-06 5. 8.62B-07 13.8
774.81526 0. 12 5 7 11 210 1521.78224 3.00E-07 15. 4.44E-07 -48.0
784.41420 15. 11 4 7 10 110 1112.04116 1.15E-06 15. 1.20E-06 -4.8
791.53015 41. 10 6 S5 9 1 8 1076.80099 1.40E-06 10. 1.42E-06 -1.8
795.74755 0. 10 5 6 9 0 9 918.10200 7.01B-07 15. 1.32E-06 -87.8
797.31562 -91. 11 8 3 10 5 6 1713.84955 4.89E-07 15. 5.15E-07 -5.3

a. (o-c), observed minus computed line positions in cm—1 X 105. The computed values and

the lower state energies are derived from the energy level values given in Table 2. %s’'s
are estimated uncertainties in the measured line strengths given in percent. (o-c¢)%,
observed minus computed line strength values given in percent. Computed values are
derived from constants obtained in this work and given in table 4.

computed line positions were determined from the levels giveamples near or at room temperature with absorption pal
in Table 2. lengths up to 433 m. The transition frequencies were detel
It was stated earlier in this report that the linestrengths of theined to an absolute accuracy of 0.0001 ¢nf3 MHz) or
(000)—-(000) bands of $?0 and H'’O could be adequately better for the majority of the lines with an uncertainty in the
computed from the k°0 dipole moment parameters of thisprecision of the measurements of610~° cm™*. These data
band. This is displayed in Table 6 for,}fO and Table 7 for were used in conjunction with microwavé)( far-IR (5), and
H,>0. These tables are given in the same format as thattat water emission spectr&+£10 along with previous mea-
Table 5. The computed frequencies were derived from tB@rements reported by this authar {0 to determine accurate
energy level values given in Table 2 and the computeglues for energy levels for the (000) and (010) vibrationa
strengths were calculated using Eqg. [2] and, as noted, t@tes of H*®O, H,'’O, and H'®0. The methods used to
parameters for the (000)—(000) band of,'*D given in  determine the ground and higher state energy level values a
Table 4. the same as that discussed and applied in RefThe analysis
was limited to transitions that are or may be observed in eart
7. DISCUSSION AND CONCLUSIONS atmospheric experiments.
Three other studies of high-resolution,¥¥0 absorption
The line positions of over 1700 lines of,8 were measured frequency measurements involving the (000)—(000) or (010}
at high spectral resolution and low sample pressures with t#f@0) bands were reported by Guelachvii), Johns {9), and
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Paso and Hornemar2@). These data were not included in the REFERENCES

present analysis because the majority of the measurements

(18—2Q were of the stronger transitions of which the levelsi. R. A. Toth,J. Opt. Soc. Am. B, 22362255 (1991).

involved were well covered in the measurements from th@&. R. A. Toth,J. Opt. Soc. Am. B0, 15261544 (1993).

present study as well as the very high accuracy measurementg}- A- Toth,J. Opt. Soc. Am10, 20062029 (1993). _

from microwave 4) and far-IR 6) studies which were included 4. J. C. Pearson, T. Anderson, E. Herbst, F. C. De Lucia, and P. Helminge

. . . . . . Astrophys. J379, L41-L43 (1991).

in the analysis. Also the weaker transitions involving higher s g matsushima, H. Odashima, T. lwasaki, S. Tsunekawa, and K. Takag

and/or K, levels reported in Refs.18—20Q were also well J. Mol. Struct.352 353,371-378 (1995).

covered in the data used in this study with an overall highe§. O. L. Polyansky, J. R. Busler, B. Guo, K. Zhang, and P. BernatMol.

precision due to the high optical paths applied here which were SpPectrosc176,305-315 (1996).

at least 10 times larger than used in any of the earlier studie§. %\_/g'éj('lgg%”yson' and O. L. Polyansiyion. Not. R. Astron. So@87,
The experimental linestrengths were fitted by least squares tQap_ | . polyansky, N. F. Zobov, S. Viti, J. Tennyson, P. F. Bernath, and L.

theoretical model developed and used earlierl(). The model Wallace,Science277, 346348 (1997).

included 19 matrix elements with several terms empirically de. O. L. Polyansky, N. F. Zobov, S. Viti, J. Tennyson, P. F. Bernath, and L.

rived. The model is not perfect, which is reflected by the necess{ta/ \é\/aﬂacgil- g/'o(')- Stfpg‘;tcfoicr:]ﬂ fejgé 182 (1992)

o separate the qata of the (010)-000) band é}ﬁa into three 11. L. H. Coud’ert,J.pMol. Spectros;:181,246—273 (1997).

sets. However, it was not necessary to separate the data ¥¥R. A Toth, L. R. Brown, and C. Plymate, “Self-broadened widths and

frequency intervals for fitting the pure rotational bands because frequency shifts of water vapor from 590 cfto 2400 cnt,” J. Quant.

the range of linestrength values were within the range (all strength Spectrosc. Radiat. Transf@g, (1998), 529-562.

values within about three to four orders of magnitude of eadf- R- A. Toth,J. Quant. Spectrosc. Radiat. Transfer,press.

other) for the theory to operate sufficiently well with all measuré L+ R- Brown, R. A. Toth, and C. Plymatd, Quant. Spectrosc. Radiat.
Transfer,in preparation.

ments included in one fitting procedure. 15. R. A. Toth, Appl. Opt.30, 52895315 (1991).
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