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AND 
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The intensities of about 90 lines of the Y, + Ye and Ye + Ye bands of HG80 have been 
measured using a Fourier transform spectrum of natural water vapor. The constants involved 
in the rotational expansion of the transformed transition moment operators corresponding 
to these bands have been determined through a fit of these line intensities. The constants 
obtained are used to compute the whole spectrum of the ~1 + Y* and ~2 + ~8 bands of Hz% 
providing reliable line positions and intensities. For lines involving perturbed levels a com- 
parison is given with the results obtained for Hp160 and it is shown that the results for one 
isotopic species cannot be transferred directly to another one. 

INTRODUCTION 

High-resolution studies demand both precise line positions and intensities. To calcu- 

late the Hz’*0 spectrum, in addition to the isotopic shift of the vibration-rotation lines, 

one has to decide how to compute their intensities. Usually, to obtain the absorption of 
an isotopic substituted molecule, it is assumed that the transition moment does not 

change very much from one isotopic species to another. Then the absorption of the less 

abundant isotope is derived from the absorption of the main isotope by multiplying by 

the isotopic ratio. For example in the case of water, one is used to multiply the ab- 

sorption of HP0 by 0.00204 (natural abundance) to get the absorption of HP0 (I,.?). 

However, we know from the study of the rotational energy levels of the (110) and (011) 
vibrational states of Hz180 (3) that the influence of the resonances is very sensitive to 

the isotopic substitution. Consequently, it is quite evident that the intensities of lines 

involving perturbed levels cannot be correctly estimated by the method described above. 

Under these conditions, we have decided to calculate directly the HP0 spectrum in the 
1.9~rrn region using realistic vibration-rotation wavefunctions and an appropriate transi- 

tion moment operator expansion. 
The line positions have been derived from a new set of energy levels (4) and line 
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FIG. 1. Curve of growth for a Voigt profile. 

TABLE I 

Agreement between Observed and Calculated Line Intensities for the 1.9-&m Bands of Hz*W* 

432 533 

404 505 

312 413 

440 541 

321 422 

322 423 

303 404 

331 432 

313 414 

515 514 

202 303 

221 322 

110 211 

1 1 1 212 

0.7060 x 10-4 6.7 

0.9661 x 10-4 7.2 

0.7872 x 10‘3 3.1 

0.1768 x 10-3 4.0 

0.3648 x 10-3 1.3 

0.1103 x 10-Z 5.8 

0.1301 x 10-3 7.3 

0.1588 x 10-3 11.8 
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64 3 0.7691 x 10-4 

827 0.5936 x 10-4 

817 0.214” x lOA 

735 0.307” x 10-4 

725 0.9135 x 704 

7 34 0.2479 x 10-4 

836 0.3403 x 10-4 

74 3 0.3703 x 10-4 

734 0.408” x 10-4 

0.8525 7. 10-3 

0.3935 x 10-3 

0.2734 x 10-4 

0.3678 x 10-3 

0.2126 x 10-3 

0.2526 x 104 

0.1105 x 10-2 

0.3654 x 10-q 

0.4337 x 10-4 

0.110, x lo-* 
0.4286 7. 10-3 

0.3435 7. 10-4 

0.3478 7. 10-3 

0.122” x 10-Z 

0.9325 x lo+ 

0.3709 x 10-3 

0.2348 x 10-3 

0.3668 x 10-q 

0.11”” x 10-3 

0.6865 x m-4 

0.3176 x 10-4 

0.3754 x 10-4 

0.7538 x 10-q 

0.678, x 10-q 

0.2293 x lo+ 

0.2623 x 10-4 

0.9814 x 104 
0.2295 x 10-4 
0.3605 x 10-J 

0.4068 x 1 o‘+ 

0.49,” x 10-4 

* The meaning of the diff eren ts columns is : 
N”, vibrational assignment of the transition consisting of two numbers which correspond to the 

rpper and lower states with the abbreviation 0 for (000), 6 for (llO), and 7 for (011); 
Q, computed wavenumber (cm-r) of the transition ; 
J’K.‘K,’ and JK.K,, rotational quantum numbers, respectively, of the upper and lower levels; 
ksp (obs) ksP (talc), observed and calculated values of the line intensity in cm* atm-r ; 
% = 100 X 1 kep (obs) - ksP (talc) ) /kp (ohs). 

The temperature is equal to 296 K. 
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intensities have been deduced from a Fourier transform spectrum of water vapor where 

the abundance of HP0 was the natural one. From these experimental data on line in- 
tensities, the constants appearing in the transformed transition moment operator have 

been deduced following the theoretical formulation proposed in Ref. (5). Finally, using 

these constants, we have calculated the whole spectrum of the YI+ vz and vz •l- v3 
bands of H2180. 

EXPERIMENTAL LINE INTENSITIES 

The spectrum of natural water (0.204% Hzi80, 0.037% H2170) has been recorded 

with a Fourier transform interferometer (resolution 0.015 cm-l) with a pressure’ 

P= 1.77 X lo+ atm at 296 K. At this pressure both collisions and Doppler effects 

contribute to the line broadening. In these conditions, the absorption coefficient CY(~) 

(in cm-l) at the wavenumber u is related to the reduced Voigt profile as (7) : 

44 
- = K(x, r) = y 
ff0 J 

+m exp( -t”) 
- dt, 

7r __m y2 + (x - t)" 

+ 
, 

Y = z (1% 2% x = ~D~(log2):, -fL = yLop, 

where krP is the line strength or integrated absorption coefficient at unit pressure 

(usually in cmP2 atm-I), yo is the Doppler half-width, ye is the Lorentz half-width at 

pressure P, and (~0 is the wavenumber at the line center. 

TABLE II 

Constants Involved in the Expansion of the Transformed Transition Moment Operator “~‘2 for HP0 

Band j "Aj "Pi 

1 Qx - o.oo2198 f 0.00031 

VA 4 fi Qy . J,) 0.119 a x 10-3 

(y,+\)*) 

5 [Qp, , iJy) 0.646 = x 10-4 

1 Q2 0.018306 * o.qoo22 

v=7 

(v*+Y3) 4 ~[(Qx,iJy) - [iQy ,J,I] (- 0.1166 * 0.041)~10-~ 

All the results are in D . The errors quoted are 99% 

statistical confidence intervals. 

a Constrained to the Hp 160 value given in Ref.[ 61. 

1 A slight readjustment of the measured pressure has been done to improve the absolute precision of 
the results using the intensities of some HP0 lines computed in Ref. (6). 
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TABLE III 

Rotational Constants for the (CK!O), (ilO), and (011) States of HpO* 

(000) 

0.0000 

27.531075* * 0.000098 

14.522139* * 0.000056 

9.2379858 * 0.000022 

( 0.315966 l 0.00013 ) x10_' 

(-0.56923 l 0.0017 ) x10-2 

( 0.12531, * 0.00015 ) x10-2 

( 0.12884 l 0.0015 ) x10-2 

( O.51o146 * 0.00044 ) x10-3 

( 0.11560 * 0.0012 ) x10-3 

(-0.171g h 0.016 ) 110-4 

(110) 

j221.2507 l 0.017 

29.8577 * O.cill 

l4.48187 i 0.0026 

8.91213 * 0.0016 

( 0.5207 * 0.018 ) x10-1 

(-0.7485 * 0.048 ) x 10-2 

( 0.137Fz3 * 0.0030) x10-2 

( 0.2763 * 0.028 ) x10-2 

( 0.584, * 0.016 ) 110-3 

( o.3275 f 0.089 ) x,O-~ 

(-O.59o * 0.27 ) x10-4 

(011) 

5310.4636 + 0.01, 

29.1757, * 0.0039 

14.608E7 * 0.0078 

8.95778 * 0.0012 

( 0.48865 f 0.0!,40) x10-' 

(-o.7673 * 0.01, ) 110-2 

( 0.14563 + 0.0017) x 10-* 

( 0.3350 * 0.01, ) x10-2 

( 0.606, * 0.013 ) x10-3 

( 0.2626 * 0.012 ) x10-3 

(-o.3696 * 0.037 I x10-4 

H” JK (-0.1286 * 0.018 ) x1o-7 
H;r ( 0.5257 * 0.013 -6 

) x10 ( o.700 * 0.11 

h" 
K ( 0.2710 A 0.016 ) x10-4 ( 0.69q9 I 0.094 

h" ( 0.26766 
J 

* 0.005, ) x10-6 ( 0.3254 * 0.076 

L" K t-0.405, * 0.024 ) x10-6 (-0.1012, l 0.009c 

L" 
KKJ ( 0.485 A 0.26 )x,67 

) II d 
)x10_4 
) x 10-6 
i) x10-5 

C;: (-0.10E8 * 0.024 ) 110-b (-0.420 * 0.15 ) x10-6 

COUPLING CONSTANT 

h 76 = -0.3029* * 0.0013 

* All the results are given in cm+ and the quoted errors are 99% confidence intervals. 

The curve of growth method (8, 9) has been used for the computation of the line 
strength kVP. For that we have calculated the function X(A,y) defined as follows: 

where 
I 

+UJ 

m, y) = i 1 - expC--AK& Y)W, 
-co 

A = cd and X = w (log 2)$. 
TD 

1 is the absorption path and W the equivalent width (i.e., the area under the absorption 

line). 

For Hz0 self-broadening, -y&O can appreciably vary from one line to another around the 

mean value of 0.3 cm-r atm-’ and this yields to variation of y between approximatively 

0.4 and 0.6. On account of the maximum value measured for Win the studied spectrum, 

the corresponding values of X are less than 1.7. Thus using Jansson and Korb’s tables 

(10) we can see that the maximum error on A due to an uncertainty on y does not 

exceed 11%. Since we are close enough to the linear region of the curve of growth y is 

not a very sensitive parameter. We have precisely sampled the curve of growth (Fig. 1) 

for the mean value 0.5 of y using a program (11) based on Gautschi’s algorithm (12) 
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TABLE IV 

Calculated Rotational Energy Levels for the Vibrational States (000), (llO), and (011)” 

(OW) 

O.OW 

69.928 

2%; 
133Ll76 
134.783 

221.235 
223.829 
274.806 

:z%: 
3791292 
380.703 
482.645 
482.674 

324.049 
325.217 
398.364 
414.170 
445.161 
500.598 

645.385 
658.612 

:::% 
sao:o77 
880.115 

1033.199 
1033.199 

(110) 

a 5221 .a53 

a 5244.638 
a 5259.985 
a 5265.540 

a 5355.559 
a 5362.300 
a 5395.301 
a 5433.542 
a 5439.258 
a 552?.687 
a 5523.825 

a 5439.042 
a 5442.595 
a 5496.480 
a 5525.992 
b 5541.938 
a 5617.514 
a 5620.550 
c 5736.603 
c 5736.618 

a 5539.815 
a 5541.520 
a 5619.298 
c 5639.843 
b 5670.891 
a 5737.168 
a 5745.000 
b 5856.945 
b g5:.;;; 

.5003:527 

a 5657.882 
a 5658.660 
a 5761.345 
a 5774.149 
a 5825.533 
a 5880.033 
a 5892.847 
c 6001.747 
b 6002.178 

6147.797 

%(Oll) (011) 

a 53TO.464 

a 5379.770 

: ::z% 
a 5450:102 
a 5451.446 

a 5445.420 
a 5451.681 
a 5484.983 
a 5519.538 
d 5527.727 
a 5605.984 
a 5606.195 

a 5529.089 
a 5531.868 
a 5586.738 
a 5612.642 
a 5630.880 
a 5702.278 
a 5703.668 
a 5815.705 
a 5815.733 

a 5630.107 
a 5631.461 
a 5709.979 
a 5727.510 
a 5761.120 
a 5822.48, 
a 5827.517 
a 5936.608 
a 5936.846 
a 6077.102 
a 6077.105 

a 5748.529 
a 5749.126 
8 5852.216 
a 5862.761 
a 5916.825 
a 5966.013 
a 5978.889 
a 6081 .888 
a 6082.990 
a 6122.399 
a 6222.435 
b 6307.488 
a 6387.489 

leading to a quick computation of the Voigt profile. Then the reciprocal curve of growth 

A(X) has been obtained by a least-squares fit expanding A with respect to X as a 
polynomial of degree 7 for X varying from 0 to 1.7 with a rms of 0.6 X 10m7. Using 

this polynomial we have then calculated the line strengths kuP from the measured values 
of the equivalent width W. However, since the automatic determination of the equiva- 
lent width W (13) does not provide us with the true value of W, wings and baseline cor- 

rections are necessary (14). Being close to the linear region of the curve of growth, the 

general correction formula reduces to Eq. (12) of Ref. (15). The final results concerning 
the intensities appear in Table I. The precision on the measurements is about 10%. 

CALCULATED LINE INTENSITIES 

The method for calculating vibration-rotation line intensities has been described else- 
where (5) and used successfully for HP0 (6,16,17). It takes into account simultaneously 
the inlIuence of the centrifugal distortion, of the variation of the rotational constants 
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with the vibrational quantum numbers, and of the resonances. For that purpose, the 
matrix elements of the transformed dipole moment operator are taken between real- 

istic vibration-rotation wavefunctions of the lower and upper states of the transition. 

More precisely, the relevant part of this operator can be expanded as : 

P’Z = ,$, lOWz(ol with ZI = 
6 for (IlO), 

=-I 7 for (011). 

“p’s is the transformed transition moment operator which can be written as : 

vp’z = C “/.t,‘jvAj, 
j 

where the ‘Aj’s are rotational operators (see Table II) and the “p’j are constants to be 
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TABLE IV-Continued 

8 A letter in front of an energy level means that the experimental value Eoba has been used in the 

least-squares fit. Moreover, the value of 6 = jEaba - ECaIC ( (in cm-l) is such that: for a, 0 X lOWa < 6 

<20 X 10-a for b, 20 X 1OW < 6 6 40 X 1OW for c, 40 X 10-s < 6 $ 80 X 10el for d, 80 X 10e8 < 6 

< 140 X lo-*. For the ground state, the levels introduced in the fit are those of Ref. (7) leading to a 

rms of 3.5 X 10” cm-‘. 

determined to give the best agreement with the experimental line intensities. The wave- 

functions used to calculate the matrix elements of O/J’.Z have been taken from Ref. (3). 

In this reference the wavefunctions were calculated using the rotational constants 

listed in Table III and the corresponding energy levels are gathered in Table IV. 
As suggested by the Editor, these two tables are reproduced here because they have 

come out very badly in Ref. (3). 
As can be seen in Table I which lists the experimental intensities, there are relatively 

few lines belonging to the y1 + y2 band. This should be expected since this band is 

weaker2 than v2 + va roughly by a factor 30. Thus, practically, the only lines of v1 -I- vz 
band actually seen in the spectrum are those whose intensity is enhanced by perturba- 
tion. Under these conditions we have been compelled to fix the value of the constants 
appearing in the rotational correcting terms of the expansion of Q’z to the value obtained 
for HP0 (6). So, in addition to the constants ‘p’j relative to the v2 + va band the only 
constant allowed to vary for the y1 + v2 band is the vibrational part $‘I of the trans- 
formed transition moment operator corresponding to this band. The final values of the 
¶p’lr’j introduced in the fit appear in Table II. 

It is satisfying to see that the constants ‘p’j for Ht180 are comparable to those of 
HPO. A statistical analysis of the relative differences between observed and calculated 

e Moreover, we may recall that the spectrum used for measuring He’80 intensities is a spectrum of 

natural water vapor in which the amount of H1180 is 0.2049J. 
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TABLE V 

Computed List of the Lines of the YI + ~2 and ~2 $ Ye Bands of Hz180 at 296 Ka 

NO SlCMl J’KI’KC’ .I KA KC E INTEWSITY NO SICMl .J’KI’KC’ J K1 KC E JNTEWSITY 

70 “976.411 

1 0 4986.016 0 5002.865 
70 5012.652 
LO 5012.721 
LO 5020.264 
60 5025.490 
70 5030.347 
70 5036.892 
60 5039.005 
60 5041.171 
70 5051.364 
70 5051.839 
to 5052.848 
70 5053.886 
70 5043.894 
LC 5059.966 
70 5061.956 
LO 5068.843 
10 5012.389 
70 5072.742 
70 5073.132 
70 5071.019 
10 5017.024 
LC 5077.385 
70 5079.494 
70 5oat.008 
tic 5oa1.064 
60 5082.511 
70 5083.928 
70 508L.098 
70 5087.300 
LO 5090.417 
70 5090.713 
70 5093.299 
70 5094.017 
70 5094.214 
60 5094.471 
60 5096.677 
70 $0~6.902 
70 5098.616 
70 5099.705 
10 5099.735 
70 5104.276 
LO 51Ob.208 
70 5108.415 
70 5109.916 
70 5110.035 
60 5113.095 
10 5113.152 
60 5113.827 
70 5114.909 
70 5115.489 
70 5117.943 
60 5118.549 
70 5121.QOj 
10 5121.971 
60 5124.234 
70 5124.648 
60 5125.200 
60 5127.344 
70 5128.515 
LC 5128.163 
10 5130.334 
70 5130.951 
LO 5131.730 
,O 5132.092 
60 5132.0L5 
70 5132.205 
10 5lj4.686 
70 5134.713 
‘0 5134.869 
70 5135.501 
70 5136.380 
70 5139.336 
Lo 5140.338 
6G 5141.064 
6@ 5141.456 
70 5143.603 
70 5143.773 
60 5143.975 
10 5144.971 
70 5145.607 
‘0 5146.703 
60 5148.562 
70 5150.512 
70 5153.244 
70 5156.158 
70 5156.244 
60 5156.951 

i:: .O83; 
133. a5 .z 

k%:,': 
505:730 
645.385 

1g.t:; 

:::.::: 
658.609 

1767.335 
jao.703 

1551.195 
1551.195 
379.291 

1684.437 

:x 
1518:541 
1518.798 
1321.457 
1321.464 
1279.800 
1433.030 
505.130 
282.306 

ZE:% 
1574.u5a 
1440.291 
210.800 

1279.800 
1267.727 
1709.575 
7288.271 
445.346 
298.621 

1198.210 
1355.221 
1109.765 
1109.801 
380.703 
550.453 

I2i1.191 
(3 4.485 

2 10 7.331 
204.758 

1074.763 
325.216 

1075.911 
980.229 

1468.L16 
324.047 
916.258 
916.297 

1047.331 
282.306 
134.785 
414.170 

1126.443 
645.385 

1OOl.711 
314.461 
223.829 

1619.071 
133.477 
879.493 

1116.639 

%X6' 
881.917 

;?;:;g 

160.456 

;;;::63: 
740.918 

1247.210 
1246.3BO 
379.291 
141.568 

K:% 
706.599 

0.6EOD-25 10 5157.280 
0.555D-25 60 5157.540 
O.a73D-25 10 5157.823 
O.,lZD-24 70 5158.775 
0.1580-24 70 5159.887 
0.1210-24 70 5159.981 
0.583D-25 60 5162.231 
0.586D-25 60 5164.022 
o.lalD-24 60 5164.240 
0.855D-25 70 5164.744 
0.750D-25 60 5164.879 
O.aZlD-25 70 5165.141 
0.5990-25 60 5165.145 
0.7460-25 60 5165.650 
0.5950-25 70 5165.800 
0.1790-24 60 5167.740 
0.2540-24 70 5168.794 
0.779D-25 IO 5168.901 
0.733D-25 10 5166.969 
0.808D-25 IO 5171.230 
o.lazD-24 IO 5171.407 
0.6040-25 60 5172.356 
0.4960-24 60 5174.137 
0.165D-24 70 5177.054 
O.lOZD-24 70 5177.088 
0.792D-25 70 5177.922 
O.?3aD-24 60 5182.oll 
0.3480-24 60 5182.675 
O.llBD-24 60 5183.068 
0.3290-24 IO 5183.077 
0.1070-24 70 5183.297 
0.2220-24 
0.1860-24 

70 5184.335 
60 5184.490 

0.3400-24 60 5184.4Qa 
O.l67D-24 70 5184.655 
0.5030-25 70 5185.252 
0.4980-24 70 5185.570 
0.105D-24 10 5185.722 
0.204D-24 70 5186.115 
0.6650-24 70 5186.204 
0.2670-24 10 5188.377 
0.416D-24 60 5192.553 
O.l25D-23 60 5195.341 
0.9560-25 70 5196.989 
0.9040-25 10 5197.024 
0.196D-24 70 5191.934 
D.987D-25 70 5198.073 
0.301D-24 70 5198.472 
0.94913-25 10 5198.992 
O.l25D-23 70 5199.238 
0.609D-25 70 5201.675 
0.4110-24 60 5202.616 
0.5670-24 70 5205.040 
O.l35D-24 60 5206.382 
0.1540-24 70 5206.654 
0.2850-23 70 5206.822 
O.Q49D-24 60 5207.220 
O.a4lD-25 70 5207.441 
0.1430-24 70 5207.947 
O.l06D-24 70 5209.376 
0.501D-25 10 5210.178 
0.2261)-24 70 5210.591 
O.a17D-25 IO 5210.943 
0.1390-23 10 5211.165 
0.243D-24 60 52ti.708 
0.213D-24 70 5213.265 
0.524D-25 60 5215.428 
0.3640-24 70 5215.935 
0.940D-24 60 5216.705 
0.7110-24 10 5220.917 
0.617D-25 70 5224.184 
0.624D-25 60 5225.196 
0.275D-23 70 5225.490 
0.390D-23 60 5225.529 
0.24913-23 70 5226.690 
0.5060-25 10 5227.851 
0.6160-25 70 5230.466 
0.1,80-24 60 5230.820 
O.lQbD-23 70 5233.100 
0.586D-23 10 5234.070 
0.2160-24 70 5236.968 
O.l03D-24 10 5240.642 
0.3l,D-24 70 5240.660 
0.1580-24 60 5241.186 
O.i15D-24 70 5243.431 
0.578D-23 70 5245.345 
0.965D-24 70 5246.292 
O.lElD-23 70 5247.791 
0.1550-24 60 5247.925 
0.148D-24 10 5248.535 

6 4 2 
3 13 

; :: 

% t: 
6 4 3 

: $? 
6 0 6 
2 12 
6 16 
5 2 3 1 0 1 
6 i 4 
2 12 
5 14 
5 3 2 
2 0 2 
b 5 1 
6 5 2 

3 0 i 
2 1 I 
7 17 
6 6 0 

:z: 
3 12 
5 4 1 
5 0 5 
5 4 2 

7 16 
10 1 
4 3 2 
10 1 
4 0 4 
: 3 1 
6 1 : 
3 3 1 
Ir i 3 
L I6 
5 14 
? 12 
B 2 7 
4 4 0 
4 4 1 
5 4 1 
3 2 1 
3 2 1 
: ; : 
3 2 2 

3; 0' 
3 3 0 

:: 3 1 

4 2 j 
4 0 4 
4 2 3 
4 3 1 
6 16 

: i' 2 4 i 3 
4 0 4 4 2 3 
4 4 1 5 3 2 
5 15 5 14 
* 11 3 12 
12 6 7 2 5 
2 2 0 P 2 1 

7 4 j 
3 2 2 
8 6 3 
8 11 
6 2 4 
7 4 4 
7 3 4 

z :: 
7 0 7 
3 0 3 
7 17 
5 3 2 
2 12 
6 4 3 
2 2 1 
6 15 
6 3 3 
3 2 1 
: : : 
5 2 3 

2: 5' 
L 3 4 

z:: 
3 12 
2 2 0 

6 4 1 
lx,” 
a 3 6 
5 14 
6 2 5 
2 11 
6 5 1 
6 5 2 

z : : 
5 2 4 
7 3 5 
2 2 0 
5 3 3 

3 :,; 
5 2 4 
5 15 
6 3 4 
4 2 2 
4 3 2 
6 15 

: : 3' 

; t I 
5 4 2 

t:: 
P 1 II 
5 i 4 
5 15 

3 0 3 I 1 0 
2 0 2 
2 2 1 
2 0 2 
Q 3 : 

1 
: 
2 

j 2 2 
I 0 1 
3 0 3 
3 2 2 
2 2 1 
9 3 6 
2 0 2 
3 13 

925.704 
204.158 

1399.437 

:x;: 
921:900 
839.555 

%:%: 
583.782 
136.338 
583.985 

';Z 
751.036 
133.471 

z::.:;,' 
2lo:aoo 

1051.20, 
1050.994 
445.159 
445.159 

::;::;: 

:%%: 
112.884 
134.785 
701.695 

1204.171 
11;;:;;; 

210.800 
752.191 
444.853 
751.036 
445.159 
445.346 

1001.711 
398.361 
550.453 
94.789 

880.115 
880.080 

EZ:; 
414.170 
812.766 
134.785 
500.597 
42.024 

324.047 
414.110 
325.216 

;m: 
319.291 
541.179 

:;:%: 
9801229 
604.794 
604.547 

%E 
223.829 
414.170 
325.216 
298.621 

:;;::;: 

%:z 
319:291 
223.829 
298.621 
505.730 
398.361 
112.684 
780.456 
210.800 

'z::: 
136:338 

:;::Z:; 
1279.800 

69.928 
141.568 

0.142D-23 
0.849D-25 
O.,O'ID-24 
0.529D-25 
0.25aD-23 
0.4810-24 
0.1700-24 
pX;-;: 

0:109D:22 
0.203D-24 
0.362D-23 
O.l32D-24 
0.3650-24 
0.5270-25 
0.2120-24 
0.35813-23 
0.1620-23 
0.95LD-24 
0.5650-24 
O.la9D-24 
0.421D-24 
0.244D-24 
0.9170-23 
0.51aD-23 
O.llQD-24 
O.l22D-24 
0.463D-24 
0.960D-25 
0.3130-24 
O.l46D-24 
0.588D-25 
0.107D-24 
0.4070-24 
0.7770-24 
0.6020-23 
0.2350-23 
O.l21D-22 
O.,79D-22 
O.lZaD-24 
O.l7QD-22 
0.6460-24 
0.192D-24 
0.231D-24 
0.693D-24 
0.732D-23 
0.723D-24 
0.4138-23 
0.8120-25 
O.lElD-24 
0.2500-23 
0.5030-24 
0.2610-22 
0.8630-24 
0.84813-23 
0.4120-24 
0.586D-24 
0.336D-24 
0.2691)~24 
0.153D-24 
0.8610-23 
0.5640-25 
0.2580-23 
0.8610-24 
0.113D-24 
0.5271)-23 
0.373D-24 
0.421D-24 
0.320D-24 
0.1280-22 
O.l16D-22 
0.589D-23 
0.2460-23 
0.5960-25 
0.7450-23 
0.332D-22 
0.175D-223 
0.8198-25 
O.lL3D-23 
0.303D-22 
0.4620-24 
0.1600-22 
0.5600-24 
0.415D-24 
0.395D-22 
0.546D-23 
0.834D-24 
0.603D-25 
0.1450-24 
O.llBD-22 
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TABLE V-Continued 

ii 
70 

ii 
bC 

::::2; 
5258:960 

:::;.g 
5261:519 
5261.821 
5264.095 
5267.118 
5269.578 
5272.275 
5272.514 
5275.236 
5276.569 
5277.196 
5277.461 

5298.181 
5302.165 
5305.303 
5305.335 
5306.091 
5306.258 
5306.492 
5306.544 

::z% 
5300:730 
5310.633 
5313.017 
5315.104 
5315.318 
5315.988 
531b.745 

5316.923 

::::% 
5323:675 
5324.098 
5324.373 
5325.621 
5326.919 

5332.2bO 
5332.299 

:;::% 
5333:05a 
5333.091 
5333.261 
5333.506 
5334.023 
5334.614 

::::%1 
59381562 
5338.762 
5340.179 
5340.780 
5341.187 
5342.286 
5342.357 

:3:3':13 
5343:423 

:3:x$ 
5346:955 

2 Y 2 4 1 1 13 1 
3 12 3 0 3 
11 0 2 11 
11 l 
b 2 5 : it 
3 12 2 2 1 
10 1 
4 2 2 

3 13 3 12 
5 2 4 5 2 3 
2 21 2 12 
0 0 0 IO 1 
7 3 4 7 2 5 
3 13 2 0 2 

::: 
7 3 4 
5 0 5 

212 211 
4 0 4 3 13 
5 3 2 5 2 3 
4 2 3 4 2 2 
4 2 3 4 14 
43,514 

Q 4 6 4 3 1 e:: 
4 14 3 0 3 
f: 1 4 0 4 

111" 

36.750 
274.803 

';:% 

60:::38 

wi 
274.803 
78.990 

I;;;.;;; 

221:234 
78.990 

701.695 
23.756 

172.884 
445.159 
78.990 
23.756 

780.456 
69.928 

;;m 
94:709 

141.568 
445.159 
314.461 

:;i:",Z 

'::?:ii 
136.338 

't::,':: 
324.047 

GJ~ 
134.785 
210.800 
13b.338 
134.785 
223.829 
505.730 
204.758 
36.750 

133.477 
1;;;.;;; 

298:b21 
221.234 
298.b21 
42.024 

::t% 
282:3Ob 
282.095 
379.291 
925.704 
500.597 
36.750 
78.990 

752.191 

%:% 
298.621 

$%:: 
482.676 

E;::E 

E$R 
0:o 

324.047 

1:E:; 
1247:210 

94.789 
1246.380 
1051.207 

'%:% 
680.080 
141.568 

::;% 
812:76b 

::::::i 

ywo”-;: 

0:3030-24 
"o.m;-;4' 

0:403D-24 
O.b36D-25 
0.1230-22 
0.2210-24 
0.2700-22 
0.7220-25 
0.2020-24 
0.5360-25 
0.5560-24 
0.6410-25 
0.5900-24 
0.6900-23 
0.2980-23 
0.7000-25 
0.2330-22 
0.501D-25 
0.2560-24 
0.7390-24 
0.727D-25 
0.458D-23 
0.2410-24 
0.505D-24 
0.2190-23 
0.6240-25 
0.1330-24 
0.8810-25 
0.6860-24 
0.854D-24 
0.9470-25 
0.3170-22 
0.1670-24 
0.7730-24 
0.1300-22 
0.6000-25 
0.7130-23 
0.2580-24 
0.1470-22 
0.7620-24 
0.6460-23 
0.5390-24 
O.lOQD-22 
0.4450-22 
0.1120-24 
0.1960-24 
0.1220-24 
0.2710-24 
0.1700-24 
0.4940-24 
0.5250-23 
0.6400-23 
0.344D-22 
O.l15D-22 
0.1590-22 
O.llOD-23 
0.2210-23 
O.l84D-24 
O.l48D-22 
0.1058-23 
0.788D-23 
0.3160-23 
0.9290-23 
0.2630-23 
0.2180-24 
0.5970-23 
0.3760-24 
0.1790-22 
0.579D-25 
0.24lD-23 
0.8578-23 
O.b73D-24 
0.98lD-25 
0.3541)-24 
0.112D-224 
0.187D-24 
0.338D-24 
0.10213-23 
0.3400-24 
0.9201)-24 
0.276D-23 
0.26313-23 
0.6750-23 
0.2250-23 
pm;-:; 
. - 

0.1370-23 

60 
70 

ii 

70 
70 
ii 
70 

5347.109 
5348.066 
5348.895 
5349.776 
5351.363 
5351.626 
5351.676 

:::E% 
5353:110 

::::.::a 
5354:279 

:::a%: 
5356:3b6 
5356.401 
5357.259 
5350.799 
5360.267 
5362.493 
5362.828 
5362.909 
5363.712 
5364.930 

::E% 
;;g:g 

5368:802 
5370.341 
5372.690 
5374.777 
5315.490 

:;:P% 
:;;p; 

5383:200 
5384.757 
5386.061 
5306.835 
5386.896 
53R.479 
5389.119 
5389.182 
5390.192 
5390.302 
5390.340 
5391.408 
5392.749 
5392.941 
5396.761 
5398.733 
5398.996 
5399.318 
5400.353 
5403.4bO 
5406.715 
5406.861 
5407.632 
5407.762 
5407.684 
5408.871 
5413.195 
5413.854 
5415.794 
5417.904 
5418.959 
5420.081 
5420.177 
5421.358 
5422.71, 
5423.910 
5424.112 
5424.479 
5424.831 
5427.469 
5427.686 

:::~~~~~ 
5430:350 
5433.097 
5433.642 
5434.881 
5435.170 
5439.426 
5439.668 
5440.113 
5443.182 

:1:. :2: 
444:ess 

1619.071 
505.730 

1399.471 
1399.437 
1204.177 
.1204.170 
172.884 
36.750 

645.385 
379.291 

69.928 
398.361 
740.999 
740.918 
69.928 

136.338 

133.477 
221.234 

324.047 
210.800 

204.758 
221.234 

444.853 
324.047 
210.800 
202.095 

398.361 
324.047 
541.179 
274.803 
23.756 

445.346 
444.653 

;.$pp; 

0:163D-24 
0.729D-25 
;.g;;;-:; 

0:24lD-24 
0.7170-24 
0.2390-24 
0.52111-24 
O.l06D-22 
0.640D-24 
O.l92D-23 
0.8368-25 
0.44bD-22 
0.9670-25 
0.2530-24 
0.26bD-24 
;.m;p;; 

0:105D-24 
0.31bD-24 
0.4411)-23 
O.l43D-24 
y;;;-;; 

0:423D-24 
0.1410-24 
0.1750-23 
0.2550-24 
0.1480-24 
0.4440-22 
0.734D-25 
0.1730-22 
O.j06D-24 
0.1820-24 
O.b09D-25 
0.4160-24 
0.1750-23 
0.8300-24 
0.1770-22 
O.b71D-25 
0.1390-23 
O.B07D-24 
0.2440-24 
0.9480-25 
0.1400-22 
0.1530-22 
0.4660-23 
0.7580-24 
0.4920-22 
0.6080-23 
0.5610-25 
O.blYD-25 
O.l2OD-24 
0.1610-24 
0.3100-24 
0.1960-23 
O.tZlD-23 
0.1370-23 
~.;;;;-g 

0:832D-23 
0.1350-22 
0.3010-24 
0.3960-22 
;m;-:: 

0:139D-24 
0.255D-22 
0.380D-23 
0.1148-22 
0.3260-24 
0.9680-23 
0.0710-24 
0.2930-22 
",m;-:: 

0:855D-24 
0.2360-24 
;.;;;;-g 

0:287D-24 
0.6920-24 
0.4220-24 
O.lOOD-22 
0.1880-22 
0.6290-23 
0.8490-25 
O.lZBD-22 
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TABLE V-Continued 

HO SIGlA J'KA'KC' J KA KC E IITBWITY HO SlGWA J'KA'KC' J KA KC E llTEN?JTY 

‘0 5444.c4j 
60 5444.385 
7O 5446.664 
70 5446.813 
70 5446.916 
7C 5448.587 
70 5449.902 
60 5451.465 
60 5451.153 
70 5452.826 
70 5453.846 
i0 5453.960 
70 5454.17G 
70 5454.283 
70 5454.379 
70 5457.798 
70 5465.413 
70 5466.287 
70 5466.971 
70 5468.537 
70 5468.572 
70 5470.519 
70 5470.869 
70 5411.677 
70 5473.161 
70 5477.334 
70 5478.190 
70 5479.835 
70 5480.643 
60 5461.177 
70 5481.482 
70 5482.191 
70 5482.218 
70 5404.221 
70 5466.220 
70 5486.660 
70 5488.720 
70 5488.752 
70 5491.447 
70 5494.480 
7c 5494.543 
70 5495.288 
70 5495.296 
‘0 5496.056 
70 5498.761 
70 5500.289 
70 5500.628 
70 5501.533 
70 5502.767 
,o 5506.840 
70 5507.831 
70 5507.838 
70 5511.404 
70 5511.907 
70 5512.066 
60 5512.956 
70 5514.656 
70 5516.019 
70 5516.520 
70 5517.116 
60 5517.630 
70 5519.812 

: : 
2 3 

f : 
2 5 
2 7 
3 6 

2 4 2 3 W: 
2 2 314.461 
3 1 380.703 
IS 740.999 

0.6020-25 
0.769&24 
0.7420-23 
0.4240-23 
0.3360-24 
0.5740-23 
0.1110-24 
0.7671)-25 
0.61913-25 
0.1110-24 
0.1960-22 
0.4390-23 
0.146%23 
0.363D-z23 
O.l09D-22 
0.472[3-24 
0.7160-21 
O.i45D-26 
0.106D-z22 
0.5678-23 
0.1890-23 
0.3761)-23 
0.1770-24 
O.IjOD-22 
0.947D-23 
0.1480-23 
0.4440-23 
0.1670-24 
0.5210-25 
0.6690-25 
0.5730-25 
0.8890-24 
0.2670-23 :: 
0.1900-23 70 
0.5aaD-23 70 
0.6040-23 70 
0.476D-24 70 

:: 
70 

5519.812 
5522.561 
5524.065 
5524.065 
5525.880 
5526.991 
5527.451 
5528.133 
5530.780 
5530.903 
5530.958 
5531.13a 
5532.295 
5532.531 

:z::: 
5539:591 

::::.;:: 
5545:193 
5545.345 
5546.927 
5546.936 
5548.183 

::::.;:: 
5553:954 
5557.212 
5558.775 
5559.012 
5559.400 
5560.608 
5560.704 
5563.253 
5564.210 
5569.410 
5573.638 
5577.981 
5578.983 
5580.530 
5582.595 
5583.369 
5591.864 
5592.789 

w:: 
5604:937 
5616.191 
5622.385 
5637.ii2j 
5637.905 
5640.794 
5653.720 
5667.711 
566a.ala 
5673.381 
5686.699 
5697.813 
5700.872 
5116.707 
5746.602 

1 13 

2: 
6 2 
3 7 

; i 

3 1 2 10 
3 5 
1 10 

:: 

:: 
2 3 

4': 
2 11 
1 11 

:: 
2 a 

;: 
4 5 

:: 
2 12 
7 1 

: z 
2 9 

I: I 
3 7 
2 10 

:; 
5 5 

IIt 
2 4 

; a 

4': 
4 2 
4 2 
3 4 
4 3 

:: 
4 4 

5': 

: : 
5 3 

12 
7 

1 12 

6” i :i;:. :;: 
1001:711 

78.990 
645.385 

:::.;08: 
12aa:27i 
839.555 

I;;;.;:; 

550:453 
1050.994 
1051.207 
221.234 

1211.191 
1116.639 

1:;~~:~~ 
1204:170 
1204.177 
1198.210 
274.803 

1047.331 
1126.443 
1246.380 
1247.210 
1767.335 
1378.970 
1440.291 
141.56a 

1433.030 
1334.465 
1399.437 
1279.800 
1684.437 
1355.221 
398.361 

1468.616 
1574.458 
1619.071 
324.047 
223.829 

VW;.;;; 

;:;:;ny 

4451159 
298.621 
325.216 
601.238 
414.170 
101.695 
780.456 
445.346 
379.291 
550.453 
505.730 
645.305 

0.1540-24 
0.5540-24 
0.1020-24 
0.3060-24 
O.l45D-23 
0.2260-24 
0.6OlD-25 
O.l64D-23 
;.~;m;-;; 

0:19aD-23 
O.l54D-24 
0.556D-24 
o.a33D-25 
O.P43D-24 
0.727D-24 
0.2260-24 
O.l96D-24 
0.7650-24 
0.5430-25 
0.1630-24 
0.8290-25 
0.2490-24 
0.6370-24 
0.2600-24 
0.370D-24 
0.24413-24 
0.355D-24 
O.llaD-24 
0.523D-25 
0.5710-25 
0.2131)-24 
O.l03D-24 
0.7400-25 
O.lOlD-24 
O.l36D-24 
0.418D-24 
0.71OD-25 
0.2700-24 
0.5800-24 
0.1448-24 
0.1060-24 
0.592D-25 
O.SjD-24 
0.259D-24 
0.511D-25 
O.l51D-24 
0.8551)~25 
O.t23D-25 
0.2140-24 
D.lYlD-24 
0.5430-25 
0.557D-25 
0.542D-25 
0.6950-25 
0.1010-24 
0.8390-25 
0.6420-25 
0.1020-24 
0.74aD-25 
0.5701)-25 

6 
70 
70 

a: 
70 

6 6 1 
8 3 6 

:: 2 
7 4 3 

414.170 

:kX:: 
69.928 

1074.763 
398.361 

%Et)k 
5831985 

5%% 
500.597 

;:x; 
740.999 

::::::: 

: 
a 
4 

11 
1 i 
2 9 

a 
11 
9 

3 4 
19 
2 6 
2 5 
5 3 
5 2 

: : 
i a 
0 a 
2 1 
3 4 

: E 

E 8 
5 
10 

19 
0 9 1 6 
4 i 
2 4 

i ! 
4 i 

4': 

:; 
1 10 

604.547 
604.794 
223.829 
601.238 
136.338 

1109.801 10 
10 

': 
a 

a 

; 

z 
11 
11 
6 

: 

; 
7 

i 0 
3 a 

: 1 

3 i 

2 9 
4 5 1 u 

0 10 
2 7 
17 

:: 
5 1 
4 2 

:: i 11 

“, i 
16 

:: 
5 0 
2 3 

701.695 
645.385 
733.681 

lE:% 

:: 1;:.::: . 
1 10 1109.801 
0 IO 1109.785 
3 2 505.730 

1 ; %:$I 
2 7 881.917 

1: %:% 
812.766 

: 1: 

0.1310-23 
O.l33D-'4 
0.277D-23 
0.1280-23 
O.l14D-23 
o.;7aD-24 
C.262D-24 
0.167D-223 
0.3040-23 
0.2730-23 
0.925D-24 
O.lO,D-23 
0.106D-23 
0.1460-24 
0.43aD-24 
O.l13D-24 
0.1191)-23 
0.3960-24 
0.2850-24 
0.396D-23 
0.3930-24 
0.1190-23 
0.6260-25 
0.926D-24 
0.5138-25 

:: 
70 
70 

:: 
7" 

9 
6 

10 
11 
10 
6 

1: 
4 
7 

9’ 
10 

9 

< 4 

:: 
0 5 

: ;: 
2 1 
15 
2 2 

: '3 
15 
2 4 

:: 

., 
0 11 

4 3 
2 : 
2 6 
I a 
4 3 
3 6 
1 12 
0 12 

i 
iir 

:: 
70 
70 
70 

il 
10 
2 

i 
12 
12 

1321.464 
13;;:;;; 

aao.oao 
580.115 
658.609 
780.456 

1075.911 
1014.763 
298.621 
839.555 

1551.195 

0 11 
1 1 

: : 
3 3 
2 5 

:: 

3 0 
5 3 

:: 
2 6 
2 9 

:; 
4 5 
0 13 

2 5 
16 6 

4 
6 : : 

2 : 2 : ; 
0 12 

8 The meaning of the different columns is : 
NO, Vibrational assignment of the line with 0 = (OOO), 6 = (llO), 7 = (011); 
SIGMA, wavenumber of the line in cm-l; 
J’K’,K’, and JK,,Ke, rotational quantum numbers of the upper and lower levels respectively; 
E, lower level energy in cm-* ; 
INTENSITY, computed line intensity k,N in cm-l/(molecule cm-,). 

intensities for 88 lines of H2180 introduced in the fit is as follows : 

0 6 % < 10, 83.0% of the lines, 

10 < ‘% < 16, 10.2% of the lines, 

16 6 % 6 23, 6.8% of the lines, 

where ‘% = 100X 1 k,p (obs) - ksp (talc) 1 /kop (obs). 
Using the set of constants listed in Table II we have computed the whole spectrum 
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TABLE VI 

Comparison of the Intensities of Hp”O and Hzl*O Lines in the Case of Resonance 

of the v1 + vz and YZ + v3 bands of HP0 for the normal abundance of this isotope in 

natural water at a temperature of 296 K for lines having an intensity larger than 

0.5 X 10ez5 cm-‘/molecule cmd2 and the results are listed in Table V. The total band 

intensities (i.e., the sum of the individual line strengths) for the natural abundance at 
296 K are So(vl + ~2) = 0.53 X 1O-22 and S,(vz + VS) = 0.15 X lo+ (in cm+/ 

molecule cme2). 

It is interesting to make a comparison of line intensities for HP0 and HP0 when 

there is resonance. Table VI shows clearly that, for the pairs of resonating levels 

((110)[330], (011)[322]} and ((110)[431], (011)[423]1, the ratio of intensities of the 

two perturbed lines originating from the same lower level can actually be very different 
from one isotopic species to another and this is a result of the differences of the mixing 

coefficients of the resonating levels for the two isotopic varieties. 

CONCLUSION 

Using a Fourier transform spectrum of water in the 1.9~pm region, we have measured 
about 90 lines intensities of HP0 in natural abundance. From these data and realistic 

wavefunctions for the vibration-rotation energy levels of HPO, we have determined the 

constants involved in the expansion of the transformed transition operators corre- 

sponding to the VI+ v2 and u2 + VI bands of this isotopic species. The whole spectrum 
of these two bands has been computed giving accurate positions and intensities for the 
vibration-rotation lines of H2180 in the region 4900 to 5800 cm-l. 
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