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AND 
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The ~1 and ~3 bands of Hz’80 occurring in the region 2.5-3.0 p were recorded 
with a high resolution vacuum infrared spectrograph and an analysis is pre- 
sented of the rotational structure observed. A discussion is presented of the 
effects of perturbations between the upper states of the transitions involved. 
Several lines belonging to the pi and va bands of H+70 have been identified. 

INTRODUCTION AND EXPERIMENTAL PROCEDURE 

The interpretation of high resolution near infrared bands of the water vapor 
molecule offers many challenges. Apart from the complications arising out of the 
molecule being an asymmetric rotor with a large centrifugal distortion, the near 
infrared fundamental vibration rotation bands ~1 and I.J~ (I )” of water vapor are 
influenced by the effects of vibrational interactions. The present article relates to 
the H,“O molecule. 

A sample of water vapor enriched in the “0 content was used in a l-m long 
absorption cell equipped with infrared transmitting windows. The observational 
data were recorded in the region 2.5-3.0 p with a vacuum prism-grating spectro- 
graph in an Ebert-type mounting. When the data reported here were measured, 

1 Supported, in part, by the U. S. Atomic Energy Commission (COO-882-11) through a 
contract with The Ohio State University Research Foundation as a joint project between 
the Laboratory of Molecular Spectroscopy and Infrared Studies of The Ohio State Uni- 
versity Physics Department and the Los Alamos Scientific Laboratory, Los Alamos, New 
Mexico. 

2 Present address: Aerospace Research Laboratories, Wright Patterson Air Force Base, 
Ohio 45433. 

3 For the notation used in the present paper see Ref. (1). 
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~1 AND vt BANDS OF HP0 313 

the 6-m focal length Ebert-type spectrograph at The Ohio State University was 
newly constructed and suitable calibration procedures were still being explored 
(2). The present set of data was obtained by using double-pen recorders. Atomic 
emission lines of neon were used as a source of “wave number markers.” TWO 

beams of radiation were passed through the spectrograph at the same time; one 
of these comprised the infrared under study and the other was from a neon 
emission source. At various predetermined spots, by suitably manipulating the 

foreprism monochromator in the infrared optics, internal standards [as, for ex- 
ample, the 2-O band lines of CO (S)] were recorded on the infrared spectrum 
without stopping the rotation of the grating. Details of this method were pub- 

lished in an earlier paper (4). It is believed that, in the case of unblended lines, 
t,he wave numbers obtained in this work are accurate to f0.005 cm-‘. In fact, 

some impurity lines due to the CO2 bands were also observed in the Hz”0 spectra 
and it was later discovered that there was excellent agreement between their 

positions determined here as compared to the measurements of Gordon and 
1\ IcCubbin (5). 

ANALYSIS AND RESULTS 

Each energy level is labeled by the set of quantum numbers J, K-1 , K+l 

( written also in the form JK_lK+,), K-1 and K+l being the limiting prolate and 

oblate symmetric top quantum numbers. The representation of the energy levels 
by the J, values, r = (K-1 - K+l), has been found to be inadequate. In the 
notation ee, eo, oe, and oo the first letter refers to the parity of K-r and the second 
one t,o the parity of K+l , e standing for even and o for odd. The following selection 

rules are applicable: for the ~1 band: AJ = 0, f 1 along with K1 and K+l both 
changing parity, i.e., ee * oo and eo * oe; and for the v3 band: AJ = 0, fl along 
with the parity of K-1 remaining unaltered and K+l changing parity, i.e., ee * eo 
and oo tf oe. 

In the analysis of the VI and ~3 bands, the initial trials involved use of iterative 
procedures of fitting the transitions to the expressions for term values of the 
energy levels of an asymmetric rotor. Since the v1 and v3 bands have a common 
lower vibrational level, namely the ground state of the Hz’*0 molecule, it has been 
possible to form combination differences which are purely functions of the energy 
levels of the ground state and thereby verify the assignments. For example: 

[(20* + 111) - (202 +- &1)]“, band = [(llO + 111) - (110 * %l)],, band 

= (211 + 111) ,zround state . 

The validity of the analysis was further verified from combinations of the sum 



314 FRALEY, RAO, AND JONES 

rule plots for the ground state discussed in a previous paper (6); Figs. 14 of 
Ref. (6) show that the ground state combination sums plotted for Hz160 gave 
rise to smooth curves. Corresponding plots were made for the ground state of 
Hz180 based on the data presented in this article and it was noticed (7’) that they 
were very similar to the Hz160 plots. This gave further credence to the assign- 
ments. The ground state energy levels of H,r80 given in Table I are based on the 
final analysis of the observational data. 

Molecular Constants 

In attempting to derive meaningful values for the moIecular constants of 
an asymmetric rotor like the water vapor molecule, one is confronted with some- 

TABLE I 

ENERGY LEVELS OF H2 
IS 0 AS DETERMINED FROM OBSERVATIONAL DATA (cm-') 

J R_lK1 (000) (100) (001) J R_lKl (000) (100) (001) 

1 0 1 23.756 3673.055 3765.092 
111 36.751 3685.534 3776.999 
110 42.024 3690.776 3782.299 

2 0 2 69.932 
212 78.995 
2 11 94.790 
2 21 133.479 
2 2 0 134.785 

3718.423 
3727.028 
3742.722 
3779.896 

3810.691 
3818.743 
3834.652 
3870.084 
3871.528 

3 0 3 136.344 3783.609 3876.045 
313 141.576 3788.473 3880.575 
312 172.887 3819.571 3912.035 
3 2 2 204.762 3849.958 3940.926 
3 21 210.800 3856.044 3947.335 
3 31 282.093 3924.669 4012.876 
3 3 0 282.304 3924.781 4013.129 

4 0 4 221.237 3866.837 3959.455 
414 223.830 3869.209 3962.360 
413 274.811 3919.781 4012.741 
4 2 3 298.629 3942.225 4034.211 
4 2 2 314.460 3957,484 4050.544 
4 3 2 379.293 4020.218 4108.431 
4 31 380.700 4021.191 4109.976 
4 41 482.632 4121.384 4205.510 
4 4 0 482.660 4121.318 4205.518 

5 0 5 324.026 
515 325.194 
514 398.371 
5 2 4 414.177 
5 2 3 445.160 
5 3 3 500.604 
5 3 2 505.726 
5 4 2 604.549 
5 4 1 604.796 
5 51 733.708 
5 5 0 733.712 

3967.659 

4041.102 
4055.754 
4087.163 
4139.556 
4142.464 
4242.990 
4242.299 
4365.886 
4365.884 

4060.525 
4061.277 
4134.431 
4150.247 
4180.320 
4227,840 
4232.824 
4325.951 
4326.284 
4446.736 
4446.715 

6 0 6 444.848 4086.078 4179.344 
616 445.354 4086.531 4179.655 

6 15 
6 2 5 
6 2 4 
6 3 4 
6 3 3 
6 4 3 
6 4 2 
6 5 2 
6 5 1 
6 61 
6 6 0 

7 0 7 
717 
716 
7 2 6 
7 2 5 
7 3 5 
7 3 4 
7 4 4 
7 4 3 
7 5 3 
7 5 2 
7 6 1 

8 0 8 
818 
817 
8 2 7 
8 2 6 
8 3 6 
8 3 5 
8 4 5 
8 4 4 
8 5 4 
8 5 3 

9 18 
9 2 8 
9 2 7 
9 3 6 

541.183 4181.222 
550.447 4189.593 
601.246 4240.672 
645.377 4281.977 
658.601 4297.017 
751.031 4380.890 
752.195 4387.916 
880.100 4510.458 
880.146 4510.466 
11133.548 4657.792 
1033.548 

553.767 4222.358 
583.972 4222.551 
701.697 4338.491 
706.608 
780.428 4416.800 
812.753 
839.561 4474.706 
921.908 
925.698 4558.881 
1051.036 
1051.334 4679.357 

4827.142 

740.940 
741.013 
879.481 
881;902 

980.230 
1001.718 
1047.317 
1116.635 
1126.433 
1246.319 
1247.234 

1074.779 
1075.932 
1198.194 
1279.822 

4274.649 
4280.851 
4334.805 
4370.671 
4391.671 
4470.772 
4472.200 
4591.520 
4591.571 

4315.886 
4316.179 
4432.080 
4435.323 
4511.585 
4536.232 
4569.749 
4639.662 
4644.246 
4760.605 
4760.915 

4470.708 
4470.745 
4606.627 
4608.149 
4707.901 

4775.200 



what formidable problems because of the complex nature of the theoretical ex- 
pressions involved especially when perturbations are taken into account. The 
combinations of sum rules given in Ref. (6) have been an attempt to obtain ex- 
pressions combining molecular constants associated with each moment of inertia 

axis. 
Let us multiply the sum rule combinations given in Eqs. (3)-(6) of Ref. (6 ) 

by J( J + 1) and represent the products by Q, a, e, and S, respectively. In other 
words, for vibration rotation bands arising from the ground state we define 

@, = VO + (X,“)J(J + 1) + (Y,“V(J + 1)“, (1) 

@% = YO + (X@SV)J(J + 1) + (W)J2(J + U2, (2j 

e, = V0 + iS,“).J(J + 1) + ( YeP)J2(J + 1)2, (3) 

s, = VII + (X,“)J(J + 1) + (YJJ”(J + 1)2, (4) 

where ~0 is t.he band origin and 

5,7 = A, - >&(Tll,,, + T&), (5) 

Y,” = (%I cmz , (6) 

xac = B, - .14(Tbbbb + T&J, (7) 

YB7’ = i>i) T&IA , (S) 

sev = c,, - (~~)(T:,,, + TIC), (9 

I-,“ = ( I,;‘, T6,,, ) (10) 

S,” = (‘il(A-I, + R, + C,) - (%o)(Tiacza + 7% + T&a + 7% 

+ TL, + T:,), 
(11) 

Y,” = ( ,l;o‘,f,:3Ti,xm + 3Tk,bb + 3T:,,, - 2T:, - 2T& - 2T:,). (12, 

From t,he above Eqs. (l)-(4), the followin g relations (13)-(17) are easil,v 
derived for the ~3 and ~1 bands of the water molecule. The manner in which t,he 
numerical values given in Eqs. (13a), (14a), (Isa), and (16a) were arrived at 
is discussed below. 

a,,=3 - C?,=l = (v3 - Vl) + {(xfJv=, - (x,)“=‘]J(J + 1) 

+ I ( Ye)‘=” - (Yu)“=‘}J2(J + 1)2 
(13) 

= 91.9010 - 0.4714J(J + 1) + (11 X 10m4)J2(J + l)*, (13a) 

au=3 - a,=1 = (Y3 - VI) + {(x&=” - (x,)v=‘)J(.J + 1) 

+ I( Y@)“=3 - ( Y?J”=‘)J2(J + 1)” 
(14) 

= 91.9010 + O.l137J(J + I), (14a) 
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CL3 + c&l = (v3 + v,) + I(Xe)"=3 + (xJ=')J(J + 1) 

+ [(Y,)“=” + ( YJ=1JJ2(J + 1)” 
(15) 

= 7391.2620 + 18.167J(J -I- 1) - (5 X 10e4)J2(J f 1)2, (15a) 

&=3 + 8,,1 = (v3 + Yl) + ~(X,>"'" + (x,)v='IJ(J + 1) 

+ { ( Ys)V=3 + ( Y,)“=‘JJ2(J + q2 
(16) 

= 7391.2620 + 33.341 J(J + 1) 

- (9.48 X 10-3)J2(J + 1)2. 
(16a> 

The molecular constants presented in this paper are the ones derived from 
graphical plots of some of the relations given above. 

First, for the ground state the sum rule combinations given in Eqs. (3)-(6) 
of Ref. (6) have been plotted for H2180 [see Fraley (711 and the numerical values 

\+Tere determined for the coefficients of J(J + 1) and J2(J + 1)“. Figure 1 shows 

how the coefficients so determined represent the observational data for the ground 
state. Since the scatter of fO.O1 cm-’ of points is what one should expect from 
the accuracy of spectral positions, we believe that the assignments are reason- 
able. 
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FICJ. 1. plot of the observed minus calculated values of the sum rule combinations @+A , 

63 v-0 , e,o , and &,_. IXY.WS J(J + 1) for the ground state of HPO, represented, respectively, 
by 0, A, Cl, 0. 
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The upper states of the ~1 and v3 bands of the water molecule are affected b.v 
perturbations. The major contribution to the interactions is due to the operators 

P, and P,P, + P,P, (I’ representation). Attempts to derive sum rules involving 
these operators resulted in rather unwieldy expressions. In order to eliminate 
the effects of the interaction, graphical plots are made for some of the combina- 

tion differences involving the upper states of the ~1 and v3 bands. These particular 
combinations have been derived keeping in mind the selection rules for t,he 
perturbaGons. The plots using Eqs. ( 13) and ( 14) arc displayed in Fig. 2 whereas 
those using Eqs. (15) and ( 16) are shown in Fig. 3. From these plots, numerical 

values are determined for the slopes and interccpt~s and they are given in I+ 
C 13a), (14&t), (15a) , and (16a). How well these numerical values represent the 
observational data is indicated in Fig. 4 n-here the observed values for the wrnti 

and differences appearing on the left side of the Eqs. (13a), (14a), (15:~ ), :uld 
(16a1 have been plotted against the calculated values derived from the right 

sides of the same equations. Even though the ground state (Fig. 1) and upper 

state (Fig. 41 plots were based on the same observational data, the scatter of 
points in Fig. 4 (viz. ~0.05 cm-‘) is somewhat larger than the scatter of p&Ills 

appearing in Fig. 1 (viz. ho.01 cm-‘). This small but significant scatter of 
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FIG. 3. Plots of the (CL-3 - U,=l) and (6L - CL,) versus J(J + 1) for IInW represented, 
respectively, by 0 and a. The common intercept for the plots = (~3 - YI) = 91.90 cm-’ 

[see Eqs. (13) and (14)l. 
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FIG. 3. Plots of the (CL=, + (?,_I) and (La + &,I) versus J(J + 1) for HKI represented 
respectively, by 0 and 0. The common intercept for the plots = (~3 + ~1) = 7391.26 cm-1 

[see Eqs. (15) and (IS)]. 

+0.05 cm-’ may be the result of the effects arising out of the proximity of the 
rotational levels of the 020 state to the rotational levels of the 100 and 001 states. 
Data for the 020 level with the accuracy available for the 100 and 001 levels are 
not available at this time. It is interesting to note that in the analysis of some 
of the bands of HzSe where complications due to Coriolis interaction were noticed, 
Hill (8) also found it necessary to couple the sum rules of the submatrices of the 
Hamiltonian which contain the interacting energy levels. Figure 5 shows the 
spectrum of the ~1 and ~3 bands of Hz’*O and Table II gives the wave numbers 
and assignments for the rotational structure of these vibration rotation bands. 
The line numbers appearing in column 1 of Table II correspond to the serial 
numbers indicated in Fig. 5. 

lTmpur&y Lines Due to Ht”O 

Several lines have been identified as due to the H2170 impurity. Table III 
gives the wave numbers and assignments of the Hz”0 lines appearing in the 
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spectrum. The following empirical relation seems to hold for the lines of the 
various isotopic species of water vapor: 

v(H?O) - v(H?O) = o 52g 
v(HP0) - v(HP0) ’ 

where v is the wave number for the same transition in each of the species. 
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FIG. 4. Observed minu.s calculated values of the sum rule combinations versus J (J + I ) 

for the upper states of the ~8 and VI bands of HpO. (a) (0), (&,_8 - @&; (A), (&,_8 - 

&-I); (b) (O), (G_, + CL); (O), (Sw + Svd. 
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I 
399 301?8 <9P4 

FIG. 5. (Part 1) 

FIG. 5. High resolution infrared spectrum of lm of H+eO in the region 3-2.5 p. Grating: 
plane 10 X 5 in., 73.25 grooves per mm echelle in a 6-m focal length Ebert-type spectro- 
graph used double-passed. Detector: PbS cooled to liquid nitrogen. Source: Nernst glower 
operating at 1.1 A. Hz170 lines which appeared as an impurity are identified with black dots 
(0) in the spectrum. Lines not identified as due to either H?*O or H?O (see Tables II and 
III belong to the Hz160 species. 

3944 

FIG. 5. (Part 2) 
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FIG. 5. (Part 6) 



323 

337 420 

.1 

I 
/ 

5 CM’ 3752 3748 
_ 

37’32 3728 3724 
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FIG. 5. (Part 13) 
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FIG. 5. (Part 14) 
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FIG. 5. (Part 16) 
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FIG. 5. (Part 17) 
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FIG. 5. (Part 19) 
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Band Origins : 

From Eqs. (13a), (14a), (15a), and (16a) one can calculate the band origins 
of the vl and v3 bands of Hz’*O; the values obtained are vl = 3649.680 cm-’ and 
v3 = 3741.581 cm-‘. They agree within f0.01 cm-’ with the values derived from 
observed transitions involving J’ = KL, = K:, = 0 and the energy levels of 
the ground state given in Table I. Using Eq. (17) values of v3 = 3748.36 cm-’ 
and q = 3653.15 cm-’ were derived for the Hzl’O molecule. 
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TABLE II 

ANALYSIS OF THE v1 AND v3 BANDS OF H2180 

(In the last column 181 refers to Y. and 183 refers to v3) 
J. 

Wave nu$jer $ 
(vac.cm ) Abs 
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Line Wave number $ 
No. (“acan-I) Abs. 
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TABLE II (Continued) 

Kill 

5 

2 

4 
2 
3 

: 

; 

: 

f 
4 
2 

2 
2 
2 

1 
0 
4 

; 

: 
0 

; 
2 

i 
2 

t 

: 
3 

: 

; 
1 
1 

K; Band 



Line 
No. 

0177 
0176 
0178 

:1:; 
0182 
0183 

:;g 
0186 
0187 

i'1$ 
0193 
0194 
0195 
0195 
0196 
0197 
0200 
0201 
0207 
0208 

::y!: 
0217 

:;;5: 

:;:f 
0223 
0224 
0225 
0226 

kg:; 
0232 
0233 

i;;i 

::34: 
0241 
0241 
0241 

:;:64 
0250 
0250 
0253 

YI AND vg BANDS OF HP0 

TABLE II (Continued) 

mg-;g; 47 

38921035 :2 
;;;;d@ 32 

96 
3890:876 96 
3889.648 95 
3888.635 

%7*;t24 
7tz 
90 

38861767 84 

%w% % 
3883:882 7 
W&U; 

z88 
3882:843 48 
?3@3:.;;; 8 

38801768 11 

j86j.213 
3866.678 ;; 

3857.827 74 
3855.296 110 
3854.434 130 
3851.627 105 
3851.627 105 
3849.222 16 

KI’l 
6 

: 

: 

2 
3 
0 

: 

E 
4 
2 
0 

: 
5 

2 

: 

0 

: 
3 

: 

i 
4 
2 
1 
2 

: 

: 
2 

i 
0 
1 

i 
2 

333 

K;' Band 

1 183 

1 laa: 
5 183 
4 183 

; 188; 
3 181 
7 183 
7 183 

25 1:: 

: KG 
4 181 
9 183 
9 183 
0 183 
1 183 
2 183 

24 1:; 
2 181 

2 ii; 
1 183 

1 ii; 
1 183 
8 183 
4 183 
2 183 

28 ii; 

x 1:: 
2 181 
1 181 
3 183 
5 183 

: z; 

: :i; 
5 183 

37 z: 
7 183 



334 

Line Wave number $ 
NO. (vac.cm-') Abs. 

0255 
0256 

$65: 

$66; 
0266 
0269 

Fig;09 
0271 
0273 

ii;:; 
027% 
0280 
0284 
0285 
0288 
0291 
0292 
0293 
0295 

x::: 

oo;"oz 
0308 
0311 
0312 
0313 
0315 
0316 
0318 
0320 
0321 
0322 
0323 
0325 
0328 

:g:; 

i;;; 
0341 

oo$# 
0346 

ao;ti 

3848.548 96 

3839.785 150 

3834.518 48 
3833.624 25 
m&3; 94 

3827:656 ;: 

3793.532 s 
3792.616 140 

FRALEY, RAO, AND JONES 

TABLE II (Continued) 

J’ Kll 
K: 

: 

; 

! 
: 
0 
4 

: 

: 

: 

i 

9 
3 
0 

1 

; 
2 

f 
3 

: 
0 
2 
2 

1 

: 

1 
3 

: 

: 
0 

i 
0 

: 

: 

:. 

: 

z 
5 

25 
3 

: 
2 

64 

2 

; 
1 
2 

3 

: 

24 
3 

25 

3 

:, 
1 
0 

: 
0 
3 
0 

i 

3 
1 
0 
2 

z 

: 
0 

: 

; 

1 
2 

3 

i 
2 
0 

1 
2 

1 
0 

f 

: 
0 

Fi 



VI AND RX BANDS OF Hz’80 335 

TABLE II (Continued) 

Line Wave Number pb 
NO, (vac.cm-I) Abs. 

0353 
0354 
0355 
0356 
0361 
0362 
0362 
0363 
0364 

@I65 

ii;“,? 
0372 
0374 

g3; 
0379 
0382 
0384 
0385 
0386 
0387 
0389 
0390 
0392 
0394 
0395 

:;;; 

K$: 
0406 
0409 

ix 
0419 

it;; 
0426 
0427 

:44:: 
0432 

it;:: 

::i; 

$44’ 

3784.351 81 
3781 .PPO 97 

;:zx :: 
3765:082 94 
m;-;w& 53 

3761:332 2: 
3761.088 42 

m;*6n& 1;; 
. 

;3:3”:67M :; 
3751.904 1;; 
3750.360 
3748.668 5 

2 
1 

2 

: 

E 
2 

2 
1 
2 
1 

: 
0 

z 

: 
0 

25 

2 

: 
2 

: 

: 
0 
3 
0 
1 
0 

2 
4 
0 

24 

: 
4 
1 

4 
2 

s 
1 

2 
1 
0 
6 

% 

: 
4 
1 

ii 

; 
6 

; 
5 
0 

: 
2 

: 
0 
4 

05 

: 
R30 (vl + '3) of co2 

“i K; Band 

: 1:; 

3 181 

!i xi1 

; :i: 
8 181 

64 ii: 

z 1:: 
2 183 

4 181 
4 183 
0 183 
5 181 
7 183 
2 181 

: 1E 

37 1:: 

24 1:; 
5 183 

: iFi: 
7 181 
3 181 

37 ii: 
1 183 
4 183 

: % 
4 181 

: z: 
2 181 

Y s: 
3 181 
6 181 
1 183 

; % 
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Line 
NO. 

0446 
0447 
0449 

i;;: 
0456 
0457 
0458 
0459 

i% 
0461 
0463 

$66'; 
0466 
0468 
0471 
047.3 
0474 

Kg 
0482 
0483 
0485 
0486 
0487 
0488 
0488 
0491 
0493 
0495 
0495 
0496 

::i:; 
odgg 
0502 
0503 
0506 
0506 
9507 
05'0 
0512 
0513 

:;1; 

ii@ 
0523 

FRALEY, RAO, AND JONES 

TABLE II (Continued) 

Wave number $ 
(vac.cm-I) Abs. 

3735.351 160 

3731.515 
3731.038 1:; 
3730.608 160 
3730.608 160 
3730.129 125 
3729.721 24 

;:$':%; 
3726:llO 5: 
3725.388 10 
j725.267 40 
3723.970 95 
3722.860 125 
3722.338 
3722.144 1:; 

jj21.i69 loo 

3718.384 60 

3711.479 89 
3711.378 

z: 

:z 
i709.093 
3JC8.672 :; 

J' Kil 
K: 

J" 

2 2 'r 2 
1 1 1 

: 2 14 6 

; 0 4 6 3 

i z 1 i 
3 2 2 3 

KI’, 

2 
1 

1 
0 

2 

; 

z 
R20 (v + ~3) of 
6 4 2 6 '023 
R18 (Vl + v3) of CO 

22 10 
4 

3" 

z 

fi 
7 

55 
4 

7 

8 

: 
4 
2 
3 
0 

z 

f 

f 

z 

2 
1 
4 
2 
0 

: 

: 
4 

z 

2 
5 

5 

5 

9 
2 
4 

: 
4 
2 
0 

; 

: 

; 

; 

: 
3 
0 

4 

; 
0 
4 
0 
4 
1 

9 

3 

3 

; 
4 
0 
2 
1 

1 

: 
2 

44 

s 
0 
4 
1 
0 

0 
1 

; 
4 

z 

55 
5 

5 

5 

K;' Band 

0 183 
0 183 

7 181 
3 181 

5 181 
1 183 
0 183 
2 183 
1 183 

3 181 

F % 
5 183 
4 183 

; 1:1 

1 % 
4 183 

; 1:; 
3 181 

1 183 
3 183 

:, FE 
2 181 
2 183 
4 181 
1 183 

5 181 

: % 
1 181 
3 183 
1 183 
3 183 

: 188; 
3 183 

2 183 

4 183 



Line 
NO. 

0524 

00;;: 
0528 
0528 
0530 
0532 
0533 
0534 
0535 
0538 
0539 
0540 
0541 
0542 

i:;'; 
0546 
0547 
0548 
0549 
0551 
0552 
0553 
0555 
0559 
0566 
0568 
0568 

g;; 
0571 
0572 
0574 
0576 
0576 
0577 
0579 
0581 

g:: 
0588 

"0;;: 
0591 
0592 
0598 

00650909 
0602 

v, AND vt BANDS OF HP0 

TABLE II (Continued) 

Wave number $ 
(vac.cm-I) Abs, 

3708.395 37 

3662.917 83 

J' 

: ; 
3 
5 I 
4 
2 2 
0 

: 
: 5 
6 o 
2 1 

J" 

8 
5 
2 
1 

P22 (v, + v.1) of CO" 

"3 

1 
6 
3 
0 
4 
0 
1 
2 

: 
2 

: 

: 
1 

337 

K; Band 

3 181 

; ii; 

3 183 
4 183 

1 1:: 
1 181 

f 1:; 
2 181 

1 183 
5 181 
4 181 
2 183 

; ix: 
3 181 
4 183 

4 181 
2 183 
5 181 
5 183 
4 181 
1 183 

: % 

: 1% 
0 181 

: r’:: 

: la81 

i+ % 

s ;fi: 
1 183 
2 181 

zi ii; 

1 181 
2 183 
4 183 



338 FRALEY, RAO, AND JONES 

TABLE II (Continued) 

Line 
No. 

0603 
0605 
0607 

:::; 

:66:: 
0621 
0628 
0630 
0632 
0636 
0637 

::i; 

:6644; 
0645 
0646 
0647 
0648 
0649 

$';09 
0653 
0654 
0655 

0066;~ 
0662 

$6665 
0672 
0674 
0676 
0680 

00;:; 

8;:; 
0686 

igo 
0694 
0696 

p; 

0704 
0705 

K!l Ki 

: 
1 

:, 
i 

2 2 
3 

: 
: 

: 
f 3 

16 

1 
2 

0 44 

: ’ 3 
2 1 

0 
: 1 
2 2 

1 0 1 1 
R24 (2v2 + v3)of 

10 
i ; 

8 ; 

: 2 2 32 

7 8 
R16 (2v2 + Vj)Of 

2 0 2 2 

:: 24 0 

7 1 2 

2 

5 1 5 f 
8 o 4 3 6 

5 5 :, 65 
4 i 3 
7 17 ; 
05 0' Jl 6 

3 3 : 
7 

0" 
7 7 

1 i i 

4 : : 
; 

2 2 1 : 

: 

: 
0 
3 
4 
1 

1 

1 
2 

; 

: 

K; Band 

: z; 

44 '1:; 

5 183 

: 1':; 
0 182 
3 183 
6 181 

5 183 

35 1:; 
5 183 
2 183 

I :88; 
1 183 

; iii 
0 181 

Y 1:; 
4 183 
5 183 
6 183 

1 181 
3 181 

'; 1:; 

2 1:; 
2 181 
3 181 
4 183 

t 1':: 
1 181 
2 181 

f it: 
o 181 

2 Ii: 



VI AND ~1 BANDS OF H$*O 

TABLE II (Continued) 

339 

Line Wave number $ 
No. (vac.cm-1) Abs. 

0707 
0708 
0709 
0710 
0716 
0717 
0719 
0720 
0722 
0726 
0728 
0730 
0731 
0732 
0734 
0735 
0735 

i;;: 
0739 
0740 
0741 
0742 
0742 
0743 
0743 
0744 
0745 
0746 

::;; 

::65: 
0762 
0764 
0766 
0767 
0769 
0773 

:;;65 
0777 
0778 
0779 
0780 
0780 
0781 
0783 
0783 
0784 

3605.381 100 

3600.732 

;g:z 
35971968 

24 

;:;c;t; 
ii 

82 
3596:416 lo 
3595.949 
3595 599 1:: 
3595:599 100 

3590.413 47 
3590.247 20 

3581.443 
3579.969 :i 
3579.081 
3577.235 t; 

3576*854 37: 
;;:65'::: 
3575:158 9: 

J' K!I 
K: 

J" K"1 

4 2 
: : 

2 2 
: 5 

3' 
3 

FL2 (2v, + v3) of co2 

P14 + I/ )of 

:: 

(2v2 

:: 0 7 z 

co2 

:: 

z 2 1 z 6 3 : 
P18 (2~2 + ~3) of co 

2 

5 4 16 3 

5 
1; 

2 

2 0 
4 1 

0 
P22 (2v2 f " ) of 
10 7 2 

co2 
1 

6 



340 FRALEY, RAO, AND JONES 

TABLE II (Continued) 

Line Wave number $ 
No. (~ac.cm-~) Abs. 

0785 
0787 
0788 
0789 
0791 
0794 

i;;: 
0797 
0799 
0799 
0804 
0808 

kg; 
0819 
0821 
0822 
0823 
0824 

ii;65 
0827 
0827 
0830 
0832 
0833 
0834 
0836 

Xs8$ 
0841 
0846 
0847 
0848 
0850 
0851 
0852 
0853 
0859 
0860 
0861 
0862 

::662 
0868 
0869 
0870 
0871 
0875 

3573.807 60 
3572.953 93 

;zz;~ ;94 
3568:570 
3567.921 :i 
3567.500 
3567.398 1: 

;$67'::88 i87 
3566:568 88 
3565.572 

:ii 

168 

!35 
;;p;; 

ii: 
;;;;:;W$ 62 

3555:148 :i 
3554.398 94 
3554.398 94 
3553.412 90 

33:5522% 
3552:341 

ii: 

;;55;*;94; 
3549:023 
3548.876 ii; 
3546.500 
3545.552 :; 

3541.625 69 

3537.664 40 

Kill K; Band 

0 181 

! 1:: 
4 181 
8 183 
3 181 
8 183 

84 '188: 
1 183 

25 1:: 

25 18a! 

2 1:: 
5 181 

: ::: 
6 181 

: 1:: 
5 183 

: 1:: 
4 181 
7 183 
0 183 

; 188: 
3 181 
4 183 

; ;i; 

: 1% 
2 181 
4 181 

; ii1 
4 181 

z 1s: 

"4 1:: 

: % 
1 181 

: 1':: 



Y, AND vg BANDS OF H2180 341 

TABLE II (Continued) 

Line 
NO. 

0877 
0878 

:s8;09 
0881 
0882 
0882 
0883 
0885 

:g:; 

:::07 
0902 
0904 
0905 
ogo6 

i::g 
OS10 
0912 
0913 
0914 
0916 
0917 
0918 
0919 
0920 
0921 
0922 
0924 
0925 
0927 
0928 
0929 
0933 
0934 
0934 
0935 
0936 

"0;;; 
0941 
0943 
0944 
0945 
0948 
0950 
0952 
0954 

3531.352 
3530.954 
m&t;; 

3528:66o 
3524.689 
3523.842 

3512.389 

;;:;':b: 
3501:271 
3500.798 

2 
1 
1 

3 
6 

t 
3 

z 
3 
0 

6 

KIl K; Band 

4 

i 

1: 
3 

L 
6 

; 

i 
11 
9 

10 
10 
9 

: 
6 

: 

a 6 



342 FRALEY, RAO, AND JONES 

Line 
NO. 

0955 
0957 
0957 

i;$! 
0959 
0959 
0960 
0961 
0962 
0964 
0965 
0966 
0967 
0968 
0969 
0970 
0971 
0972 
0974 
0976 
0976 

i;i: 
0983 
0988 
0989 
0990 
0992 
0993 
0994 
0995 
0996 
0997 
0999 
1000 
1001 
1002 
1003 
1004 
1007 
1008 
1009 
1010 
1012 
1012 

1% 
1017 
1018 

Wave number 
(vac.cm'l) 

3500.245 
3499.112 

;:;55-;;: 
34Y4:612 
3494.133 
3492.710 
3491.013 

3474.005 
3473.658 
3473.346 
3472.961 
3470.353 
3469.436 
3469.254 
3468.440 
3467.928 

3458.527 

(Continued) 

K’, 

: 
2 

:: 
0 

:: 

: 

: 

1 
3 
2 

: 
4 
2 

: 

ii 
2 
1 

! 
0 

t 

: 
2 

34 
2 

; 

: 
4 
1 

: 
0 
0 
5 

K; Band 

1 181 
1 183 
o 181 

z 1:; 
7 181 
4 181 
3 182 

: 188: 
0 183 
2 183 

': % 
8 183 

:oo 1% 

g ;s8; 
6 181 
5 183 

iii % 
8 181 

; % 
3 183 

EL 1:; 
8 181 
8 181 
7 183 
7 183 

': ii: 
1 182 
9 183 
11 183 
9 183 
2 183 

7 :i: 
6 181 
3 183 

g 1:: 
Y 181 

1;- ii: 



Line Wave number :d 

No, (vac.cm-1) Abs. 

1OlY 
1020 
1021 
1022 
1023 

1% 
1023 
1030 
1031 
1032 
1034 

'I:;; 
1039 
1040 
1041 
1042 
1043 

l%L; 
1047 
104? 
1050 
1051 
1052 
1053 
1060 
1061 
1062 
1063 

1%:' 

l% 
1068 
1063 
1070 
1071 
1072 
1073 
1075 
1076 
1077 
1081 
1082 
1083 

1% 
1086 

3458.261 
3457.809 : 
3456.873 37 
j4j6.591 35 
3451.800 7 
3449.069 4 
3447.684 
3446.935 305 
3445.817 
3445.737 1: 
3445.593 14 

3441.781 48 
3440.188 23 
3438.654 31 
3436.333 
3436.488 ;I, 
;;&&f’: 25 

. 7 
3432.658 3 
3423.798 4 
3428.124 5 
3427.911 lf 
3426.205 4 
3424.048 34 
3417.562 5 

?m!:; 2: 
3416:OlY 15 

3409.095 11 
3407.326 20 
3404.293 6 
%;:.;l$ 12 

. 3 

__-. 
3387.595 17 
3387.362 25 

Y, AND YZ BANDS OF HP0 

TABLE II (Continued) 

.J’ Klz 
K: 

2 

: 
6 
4 

1: 
7 

2" 
11 
1 
0 

: 
7 

'3 
3 

6; 

i 
10 

EI 
5 
2 

z 
2 

i: 
6 

64 

ii 
11 
2 
3 
3 
1 
0 
3 

KI’, 

4 
2 
3 

: 
4 

: 

34 

: 

:: 
3 

1 
2 

; 
2 

4 
3 

2 
1 
0 
4 

: 

t 
2 

: 

i’, 
2 

: 

2 
1 
2 

z 
4 

343 

K; Band 

1 183 

; % 
7 181 
3 183 
8 183 

14 183 
8 183 

10 183 
1 183 

12 183 
0 182 
1 181 

:: 1:; 
8 181 

lo 181 

! 1:; 

; ii: 

25 z: 

3 181 
3 181 

11 181 
2 181 
g 181 
4 183 
1 181 
6 181 
3 183 

: 1:: 

: 1:: 

35 1:; 
3 181 

;: z1 
3 181 

': Ii: 
0 181 
1 181 
2 181 
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Line Wave number $ 
NO. (vac.cm-l) Abs. 

1087 
1089 
1091 
1092 
lOY3 
1094 

I:;: 
1100 
1101 

1% 
1106t 
1108 
1109 
1109 
1110 
1111 
1112 

1112 
111; 

FRALEY, RAO, AND JONES 

TABLE II (Continued) 

3386.326 
3384.771 i 
3377.212 
3376.271 :; 

3374.715 1: 
3375.098 

3370.257 30 
3367.430 
3362.856 1: 
3362.196 35 

;',g-;;; 5 
21 

3349:04.5 20 
3347.890 
3347.746 2; 

K’1 Ki J" KI’1 K; Band 

: 8 5 181 183 
2 

z 
; ii: 
4 181 

5 

; 
‘1 1% 
4 181 

z 2 1 181 181 

; ii: 
3 181 

z 5 1 183 183 

2 1 182 

; :: :i: 

: 0 2 182 182 
5 2 183 



Line Wave number 5 
No. (vac.cm-1) Abs. 

OOQh 

0100 
0101 
0107 
0124 
0145 
0148 
0170 
0171 
0174 

i1:; 
0205 
0206 
0214 
0215 
0238 
0245 
0258 
0259 
0260 
0263 
0275 
0279 
0281 
0281 
0283 
0289 
0297 
0302 
0310 
0312 
0314 

ii;:; 
0334 
0335 
0340 
0345 
0367 
0383 
0?91 

it:: 
0428 
0429 
0438 
0439 
0440 
0441 

3942.407 
3940.163 

::67:‘;:: 24 
35 

3758:413 22 
3747.606 5 

z: 
3736.979 
3736.884 2: 

v, AND ~3 BANDS OF HP0 

TABLE III 

IMPURITY LINES DUE TO THE v1 AND "3 BANDS OF H2 I'0 

(In the last column 171 refers to v1 and 173 refers to "3) 

K’, “: 
2 
1 
1 

; 
1 
1 

: 
0 

: 
0 

: 
2 

: 

: 
0 
1 

: 

: 
0 

1 
2 
2 
0 
2 
1 
1 

c! 
2 

; 

: 

:: 
2 
1 

: 
3 
2 

7 

11 

IO 
7 
9 

z 

i 
6 

: 

; 
6 
3 
3 

: 

2 

1 

z 
4 
2 
1 

: 
2 
3 

: 

z 
2 

1 

t 
1 

i 
0 

1 
2 

KY1 

2 

1 
2 
0 
1 

: 
2 
0 

: 
0 
1 
2 
2 

: 

: 
0 
1 
2 
3 
0 
3 
0 
1 
1 

: 

0" 
1 
1 
1 

i 
1 
0 
1 
2 
3 

: 
1 

! 
2 

3% 

K;' Band 

60 1:; 

10 173 
5 173 
9 173 

68 15: 

; 13: 
7 173 

; 1:: 
6 173 

64 1:; 
2 173 
5 173 
2 173 
2 173 

{ ii; 

2 173 
0 173 
5 173 
1 173 

z 1:: 
1 173 

Y 1':; 
2 173 
3 173 
2 173 

:: '1:: 

: 1:; 
1 173 
0 173 
2 173 
3 173 
3 171 
2 171 
0 173 

Y 1:; 
0 173 
2 173 
1 173 
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Line Wave number $ 
No. (VFiC.Clll -1) Abs. 

0451 
0462 
0467 
0477 
048V 
0492 
0505 
0526 
0555 
0575 
0578 
0591 
0596 
0597 
0601 

kit:; 
0624 
0625 
0629 
0633 
0635 
0643 
0663 

::66; 
0671 
0673 
0687 
0692 
0693 
0695 
0706 
0714 
0715 

$25; 
0768 
0770 
0771 
0815 

00::; 

i::: 

ii% 
0864 
0867 
0887 

3667.406 40 

3620.949 50 

1 4 

3540.484 228 

FRALEY, RAO, AND JONES 

TABLE III (Continued) 

K”1 

3 

:: 
0 
4 
5 
1 

1 
1 

2” 
1 
2 
1 

20 
1 
1 
0 
3 
2 

: 
1 
0 

: 

: 
2 

1 

; 

: 

1 

I 
0 
2 

: 
0 
3 
1 

1 

K; Band 

1 173 
1 173 

1 1’:; 

z 1’:; 
2 173 
2 171 
1 173 
3 173 

: ‘1:; 
2 173 
1 173 

:: 1:; 

; 1:; 
5 173 
5 173 
2 173 
2 173 
0 171 
4 173 

2 1;; 
4 173 
2 171 

; 1:; 
1 171 
2 173 
5 173 

77 1;; 
2 171 

i 1:; 
3 173 
6 173 
5 173 

? 1:: 
4 173 

35 1:: 
6 173 

‘i 1:; 
5 173 
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TABLE III (Continued) 

Line 
No. 

Wave number $ 
(vac.cm-I) Abs. J' Kil 

5 
J" K1'1 K; BG?!Xl 

0895 0 6 
0915 m&J+w& 

34441538 
; 2 

3' 
2 

6 171 
9 : 

4 
7 173 

1035 3 0 4 4 1171 


