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Spectrum of H,’°0 in the 2900 to 3400 cm™ Region*

RoOBERT A. ToTH AND JACK S. MARGOLIS

Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive,
Pasadena, California 91103

Measurements of line center positions of H»#0 in the 2900 to 3400 cm™ region have been
made at high resolution. This region contains absorptions of the (020) band and P-branch
ahsorptions of the (100) and (001) bands of H'%0. Values of the energy levels of the (020)
state were determined in which ground state energy levels derived by Fraley, Rao, and Jones
[J. Mol. Specirosc. 29, 312 (1969)] and Williamson, Rao, and Jones (J. Mol. Spectrosc. 40,
372 (1971)] were used in the analysis. A new set of ground state levels was obtained by an
iterative procedure.

INTRODUCTION

A knowledge of the positions and strengths of water vapor vibration-rotation lines
in the 2900 to 3400 cm™ region is important for the interpretation of atmospheric spectra
obtained for the purpose of detecting air pollutants which may be present in the atmo-
sphere and which have strong dipole transition intensities in this spectral interval (for
example HCl, NH;, NO,, C,H,, CoH,, and C,Hg). High resolution laboratory studies of
H,*0 line center measurements in the 3 um region have been done by Pugh and Rao (1),
Camy-Peyret ¢! al. (2), and Flaud and Camy-Peyret (3). High resolution measurements
of strengths and air-broadened widths of H,'°O lines in the 2950 to 3400 cm™ region
have been reported by Toth (4). Comparable measurements of H,*®0O in the 2900 to
3400 cm™ region are the subject of this study. The present investigation involves line
center measurements and the line strengths will be the subject of a forthcoming
publication.

The majority of the Hy!0 lines in the 3.3 um region are of the (020) band with the
band center at 3139.054 cm™. Also in this spectral interval are several P-branch lines
of the (100) and (001) bands. Previous laboratory investigations of H,'®*0 line center
measurements include an analysis of high resolution spectra of the (100) and (001)
bands covering the 3340 to 4030 cm™ region by Fraley ef al. (5). Williamson et al. (6)
observed the (010) band in the 1330 to 1967 cm™ region at high resolution. Calculations
of positions and rigid-rotor strengths of H,'*0 lines in the 2864 to 4435 cm™ region are
included in a tabulation of H;O transitions in the 2.7 um region reported by Gates ef al.
(7). The calculated line positions of the (020) band (7) are greater than those obtained
in this study; the maximum difference is ~1.6 cm™ for high K_; transitions and the

1 This paper presents the results of one phase of research carried out at the Jet Propulsion Laboratory,
California Institute of Technology, under Contract Number DOT-AS-20094, sponsored by the De-
partment of Transportation and under Contract Number NAS7-100 sponsored by the National Aero-
nautics and Space Administration.
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minimum difference is on the average 0.04 cm™ for transitions involving upper and lower
state K_; equal to 0 or 1.

EXPERIMENTAL DETAILS

The data were obtained with a 1.8 m Jarrel-Ash grating spectrometer with a 300 lines/
mm grating blazed at 5.7 pm in first order. Observations were made in first order for
the region 2900 to 3240 cm™! at a resolution of ~0.07 cm™!, and in second order for the
3240 to 3400 cm™! region at a resolution of ~0.04 cm™. The source was a 1000 W quartz-
iodine projection lamp and the detector was a PbS element which was cooled to approxi-
mately —80°C. A multitraversal cell of 2 m base length was used for all measurements.
The foreoptics, source, and detector were housed in a vacuum box which was connected
to the vacuum spectrometer and the absorption cell.

The oxygen 18 enriched H;O sample was obtained from the Bio-Rad Corporation.
The stated sample mixture ratio of Hs*O to H,'%0 was 1-to-1 and the H,*O impurity
was 0.19, of the sample. Sample pressures were measured with an oil manometer and
a capacitance pressure sensor. Sample pressures ranged from 2 to 8 mm Hg and the
path lengths ranged from 8 to 40 m with the gas samples at room temperature. The
H,'®0 line positions were calibrated from the known H,%0 absorptions (Z, 2, 3).

DATA ANALYSIS

The quantum assignments of the measured H,'®O lines were determined in the follow-
ing manner. Approximate locations of several H,'%0 absorptions were determined from
the listing of Gates ef al. (7). By this procedure, the strongest Hy'80 absorptions were
easily identified in the spectra. Additional methods were employed to assign weaker
transitions. These included: (a) determining approximate locations of H,'0 lines from
a knowledge of the frequency difference between identical transitions of H,'*O and
H,*0, (b) comparing the peak absorption of an H,!0 line to that of the same transition
of the H,'%0 molecule, and (c) calculating the line positions of the (100) and (001) bands
from the listings given by Fraley et al. (5). It was determined that the frequency differ-
ences between identical transitions of H,'%0 and H,'®0 ranged between 8 and 20 cm™
for the (001) and (020) bands and between 2 and 14 cm™ for the (100) band. It is
interesting to note that using a gas sample with 509, Hy'*0 and 509, H."*O greatly
simplified the task of identifying close lying lines since the intensity of a transition for
either isotopic specie is comparable except in a very few cases where resonance effects,
which alter the normal transition strengths, are different for the two molecules.

RESULTS AND DISCUSSION

Table 1is a listing of the line numbers, measured line center positions, upper and lower
rotational quantum numbers (JK_.K,), ground state energy levels, relative line
strengths, and band assignments. The line numbers pertain to the numbering of the
absorptions shown in Fig. 1. The relative line strengths S’ given in Table 1 were calcu-
lated from the expression;

§" = g-v-exp(—E"/kT)/(Q- ), (1)
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ABSORPTION —

Hy%0 SPECTRUM IN 2900-3400 cm~t REGION

TA3LZI 1 {CONT.)
ROTATIONAL
FREQ TRANSITION £
LINE -1 UPPER LOWER -1 STRENGTH
NUMSER 3] STATE STATE cN TEMP=295K  3AND
271 33360348 82 7 103 & 1440.295  .1424-C4  1CC
272 3337,374 53 3 64 2 752.185  .1162-03 13
273 3387.628 44 € S5S 1 733.673  .1451-C3  1GC
278 3337,711 44 1 53 3 732,573 .4474-C3 120
275  3383.C81 £3 3 42 2 314,46C  .134C-C2 ©2C
275 338,53 52 3 41 4 223.83C  .6257-C2 020
277  239C.264 1C 2 2 8 1 8  1CT#.772  L,986C-C4  C2C
278 3331,4393 53 2 54 3 751.280 L#115-03 130
272 3394.374 iC 1 8 11 2 1C  1518.75C  .3245-05  1CG
282 332,535 11 0 11 12 1 12  1551.192  .3312-35 1CS
280  33%4.695 11 1 11 12 € 12  1851.18C  .2771-05  1CO
281  3325,105 102 9 11 1 1T  1518.550  .3743-C5 10
282 3397.141 €2 4 ©3 2 €58.€23  ,2157-G3 100
283 3338,875 350 6 72 S 78G.48C  .3485-C3  CO1
z84  3359.219 €2 4 &4 3 751,040  .4022-€3  ©G1
285  3431.703 82 5 23 7 1211.19%  .l1458-04  1CD
286 3482.62€ €3 4 52 3 445,1€C  .2134-C2 €20
287 3434,293% 33 3 %3 2 373.29%  L,2533-02 120
268 340743229 §3 2 42 2 298.629  .4362-02 020
220 2930 2940 2950 2960
T T T T 1
19
| 10 Ty
o -
1 1 1 - 1
220 2930 240 2950 2960
27 2980 2% 3000 3010
T T T T T )
2
| | 3
Ly | | h‘
— L. — 1
210 29%0
3020 380
i T

241

Fi1G. 1. Scan of the 2920 to 3407 cm™ region of Hs80 and H'%0. The sample pressure was 4.7 mm Hg
and the path was 40 m. The isotopic ratio of the water vapor sample was 1-to-1 for Hs®O to H*O.
The stroke marks denote the H4!80 lines and only these are numbered.
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TABLE 2
‘Energy Levels (cm‘l) of the Ground State (000) and the (020) State of HZIBO
000 020 000 020
Fraley Williamson Fraley Williamgon

JKaK This Work et all et al This Work J KaKy This Work et gl et al This Work
00 O o o 0 3139.054 80 8 T40.930 THO.GHO  THO.OUT 3879.159

81 8 .000 741.013 741,009 3879.557
10 1 23.756 23.756 23.759 3162.823 81 7 481 879.481  879.482 Lobé.ghs
11 1 36.750 36.751 36,747 3183.004 82 7 .900 881L.902 881.895 Lo55.141
11 0 42,024 42,024 L2.023 3188.860 82 6 .230 980.230 980.227

83 6 .09 1001.718 1001.709 4206.661
20 2 69.930 69.932 69,94k 3209.228 83 5 J3L7 1047.317 1047.31k
21 2 8.995 78.995 78.988 320k, 719 8L 35 .620 1116.635 1116.620 4361.408
21 1 9k, 790 94. 790 94.790 32k2. 20 84k L 1126.480 1126.433 1126.437
22 1 133.480 133.479  133.482 3301.676 85 L 1245.369 1246.319
22 0 134,785 134.785  13h.784% 3302.776 85 3 1247.20 127,234

86 3 1399.Th
30 3 136.34% 136.344  136.34% 3276.27h
31 3 141,577 141,576 141.581 3286.604 90 9 916.250 916.261 %052,315
31 2 172.888 172.887 172.891 3321.429 91 9 916.300 916,341 Los5e.55
32 2 20k. 763 204,762 20k.76L 3373.081 91 8 1074779 207779 107,777 4alG, 259
32 1 210.800 210.800  210.799 3378.303 92 8 1075.920 1075.932 1075.522 4250,89
33 1 282.093 282.093  282.093 3483.850 92 7 1198.190 1198.19% 1198.187 4383.38
33 0 282.304 282.30k  282.305 3483.985 93 71 1211.190

93 & 1279.800 1279.822 1279.830 W77.06
Lo &4 221.237 221.237 22Ll.23% 3361.95 9Lk 6 1334.68
L1k 223.830 223.830 223.833 3368.041 g% 5 1355.19
L1 o3 274.793 274,811 274.793 3425.183
b2 3 298.629 298.629  298.622 3467.278 10 0 10 1109.808 hok3. 17
Lo 2 31k.460 31k.460  31L.L6L 3481497 10110 1109.770 4ok3.270
b3 2 379.293 379.293  379.293 3581.077 01 9 1e87.727
L3 o 380.700 380.700  380.702 3581.986 02 g 1288.264 Lhes.043
Ly 482.632 482.632  482.638 3727.199 102 9§ 1h433.06L
YL o 482.660 482.660  4B2.672 3727.208 103 8  14k0.295

103 7 1534.368
50 5 30k, 04k 32k.026  32%.03% 3465.180
51 5 325,216 325.19%  325.216 3468. 454 11 011 1321.%% Lys51.65
51 4 398.372 398.371  398.384 3551.730 11111 545176
52 4 Lk G117 BhaTe 3583.445 11110 1518.55
2 3 k5,160 445,360  h45.155 3612.465
53 3 500.595 500.604  500.59% 3702, 541 12112 1551.19 L677.85
53 2 505.727 505.726  505.7h5 3705.950
5k o2 60l 550 60b.Sk9 604,56k 3849.157
sh 1 &0k, 796 ok, 796  604.T9T 3849.277
55 1 733.673 733.708 ho27.45
55 0 733.678 733,712 4027.45

a. See Ref (5)

60 6 kL, 860 Lhk 848 Lhh.BEL 3585.€75
€1 6 hy5.355 hi5.354 L4536k 3587.347 b. See Ref (6)
61 5 541,183 541.183  541.169 3698.827
62 5 550. 447 550,447  550.456 3720.710
62 L 60L.246 601.246  601.252 3770.096
63 L 645,387 645,377 6L5.3T7 3847.785
63 3 658.€23 658.601  658.623 3857.06h
64 3 751.040 751.031  75L.046 3995.637
64 2 752,195 752,195  752.214 3996.206
65 2 880.079 880.100  880.079 hi7h.10
65 1 880.121 880.146  880.121 bl
66 1 1033.195 1033.548 1033.495 4379.87
66 0 1033.195 1033.548 1033.495
70 7 583.767 583.767  583.757 3723.643
71 7 583.972 583.972  583.972 372L.485
71 6 TOL.697 T0L.697  7OL.692 386h.321
72 6 706,608 706.608  T06.608 3878.187
72 5 780.440 780.428  780.4h1 3952.637
T3 5 812.753 812.753 812.746 4016.130
T3 & 839.561 839.561 839,56k 4036.200
T b 921.910 921.908  921.927 4166471
TL 3 925,698 925.698  925.688 4168.458
75 3 1050.990 1051.036 1051.010
75 2  1051.210 1051.334  1051.308
76 2 1204.172
76 1 120L.186
77 1 1378.98
77 0 1378.38
S, T, oAl a® a1 Y oat . £ . a1 ~ A i . 1 \ TY 18\
whnere g 1S une stalistical welgniing raClor 1or in€ grouna state I€vel (same as rix*v),

v is the line center frequency, E” is the ground state energy level, £ is Boltzmann’s
constant, Q is the rotational partition function and » is the band center frequency.
Values of S’ are of little value for the purpose of analyzing atmospheric spectra but they
were included in Table 1 because they are required in determining the vibrational band
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TABLE 3

Positions (cm™!) of H,'%0 and H,'°0 ILines which were Blended in the Spectral Data

K180 580
e Upper Lower b Upper Lower
Position J KK, J X,K, Band Position JK,XKy, JK,K, Band
2935.193 Lk 52 3 020 2935.154 63 3 7h k4 ®o
2980.387 54 1 65 2 020 2980.362 82 7 91 8 020
3087.192 62 5 63 4 020 3087.16 4o 4k k13 020
3095.945 101 21 2 020 3095.999 32 1 33 0 020
3101.156 21 2 30 3 020 3101.154 53 2 54 1 020
3110,5% 43 1 k4% o 020 3110502 73 b 7L 3 020
311,493 00 0 11 1 020 311%.438 20 2 21 1 020
3199.359 64 2 73 5 020 3199.k08 42 2 33 1 020
321k4.123 21 2 10 1 020 3214,093 52 3 51 bk 020
3220.4k42 ho 2 b1 3 020 ‘ggggﬁgo ﬁg g g; g gg
3223.326 72 5 81 8 020 3223.318 53 2 Ly 1 020
3260.427 51 5 Lo b 020 3260459 60 6 51 5 020
3262.517 61 5 74 4 100 3262.533 64 2 55 1 020
3263.275 72 5 71 6 020 3263.303 61 6 50 5 020
gggg:égé gg : g]; g g%g; 3066.26 22 0 11 1 020
3272.518 43 2 50 5 020 3272.518 80 8 92 7 001
3278.841 91 8 103 7 001 3278.81 66 1 77 0O 100
3293.093 71 6 70 7 020 3293.089 5L 1 66 0 001
3294,210 33 1 32 2 020 3294.215 72 6 717 ®o
3326.797 717 83 6 001 3326.827 81 7 93 6 001
3329.6Lk4 72 6 8L 5 00L 3329.680 64 3 75 2 100
3336.897 93 6 10L 7 100 3336.926 64 2 75 3 100
3340.298 10 1 10 90 9 020 3340.337 81 7 72 6 020
3364 .347 33 1 22 0 020 3364.359 91 8 82 7 020

a, See Ref. (3)
b. Celculated from energy levels given in this work and in Ref (5)

strength Sy, and F, a factor which accounts for the vibration-rotation effects, from
laboratory spectra used to determine values of the absolute line strength .S. S is expressed
as

S =S, §F-L )

where L is the rigid-rotor transition intensity. Values of E” given in Table 1 were deter-
mined from the analysis of the present data which is the subject of the following
discussion.

Values of the energy levels of the ground state and the (020) state are presented in
Table 2. Also included in Table 2 are values of E” reported in the work of Fraley et al.
(5) and Williamson et gl. (6). Values given in the first and last columns of Table 2 were
determined by the method of combination differences using ground state levels given
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in Refs. (5) and (6) as an initial set of E" and therefore deriving an initial set of energy
levels for the (020) state from the measured line positions. The initial set of upper state
levels were then used to determine new values for the ground state levels. This process
was repeated several times. This technique was used for the (020) band having 2 or
more observed lines with identical upper state quantum numbers. For levels of the (020)
state which are involved in only one observed transition, such as the 000 «<— 111 transi-
tion, the upper level was calculated from the measured line frequency and the ground
state level, obtained by the method given above. The same procedure was used to
determine ground state levels which were involved in only one observed transition. For
a few observed lines, it was not possible to determine values of either the upper state
or lower state levels such as those listed as line numbers 141, 260, and 262 in Table 1.
For these lines an approximate value of E” was entered in Table 1. The ground state
levels obtained in this work are, on the average, in good agreement with those given
in Refs. (5) and (6) with the exceptions being the levels 660, 661, and 752.

Several H,'%0 lines were blended with H,'®0 lines in the spectra to an extent that
these line positions could not be measured with very much accuracy. Table 3 is a listing
of these lines for both isotopic species along with their quantum and band assignments.
The H,'®0 frequencies are those given by Flaud and Camy-Peyret (3) and the H,*0
values were calculated from the levels of the ground and (020) states derived in this
work (given in Table 2), and also from the (001) and (100) levels given by Fraley
et al. (5).

RECEIVED: December 11, 1974
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