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Microwave Spectrum and Ground State Energy Levels of H.'’O

Frank C. DE Lucia aAND PauL HELMINGER!

Department of Physics, Duke University, Durham, North Carolina 27706

The rotational spectrum of H!"0 in the ground vibrational state has been investigated by
means of high-resolution microwave spectroscopy. Fifteen transitions in the 2.0-0.4 mm wave-
length region have been measured. Both the quadrupole and spin-rotation molecular hyperfine
tensors for the 70 nucleus are calculated from the observed hyperfine splittings of the rota-
tional transitions. In addition, several of the low-J lines are of significance in the atmospheric
absorption of electromagnetic radiation in the microwave region. The observed microwave
transitions are combined with our earlier analyses of H,%0 and H'#Q to calculate the ground
state energy levels of H'70.

I. INTRODUCTION

Although isotopic species of water have been extensively studied for many years in
the infrared and more recently in the microwave region (I), little work has been re-
ported on Hy"O. Inirared studies have been difficult because of the overlapping bands
of H,*O and H,*®0 which result from the high concentration of these species in iso-
topically enriched samples of Hy70. The microwave spectrum of H;!’0 consists of only
two rotational transitions at wavelengths longer than 1 mm, at 13 GHz and at 194 GHz
(2). We have observed the latter under high resolution and with good signal-to-noise and
have resolved seven hyperfine components which result from the quadrupole moment
of the 7O nucleus. In addition, we have observed the hyperfine components of five sub-
millimeter transitions. These measurements are now possible because of both a signifi-
cant increase in the spectral region accessible to our microwave spectrometer and a
corresponding order of magnitude increase in sensitivity in the region of the submillim-
eter spectrum previously available to us (3). Among the newly observed lines are several
low-J transitions which make significant contributions to the atmospheric absorption
in the submillimeter region even though the natural abundance of YO is only 0.049.
These measurements, when combined with the results of our previous analyses of H»'%0
(4) and Ho"0 (5), make possible the analysis of H,""O without the explicit inclusion of
H,'0 infrared data. The energy levels which result from this analysis are in good agree-
ment with combination differences which can be calculated from lines of H,'"O observed
by Fraley, Rao, and Jones (6) and by Williamson and Rao (7) as impurities in infrared
H,'®%0 spectra.
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Tahle I. Hyperfine Interaction Constants for t 0 in H2 0.

Spectral Constants

3 2

13 “20

quJ 4.258 + ,020 MHz ~3.000 = .020 MHz

C ~0.012 * .003 MHz -0.017 t .003 MHz

Molecular Constants

Quadrupole Spin-Rotation (x10%)
aa = ~8.899 MHz Aaa = 63.4
Vbb = ~1.269 MHz Abb = 29.1
VCC = 10.169 MHz Acc = 30.6

II. EXPERIMENTAL DETAILS

The millimeter and submillimeter spectrometer used for this work has been described
previously (8). Briefly, a crystal harmonic generator is driven by a phase-locked
OKI 55V11 klystron to produce tunable microwave power in the 100~800 GHz region.
This power is directed with tapered horn and teflon lens optics through a 1-m quasiiree
space absorption cell and detected by a 1.5K InSb photodetector. All frequency mea-
surements are referenced to WWVB. The absorption cell was typically filled to 50 ym
with a sample isotopically enriched to 30% H,0. This sample was kindly supplied by
N IIT 7 AA-_ Qignda N-1 DI dsn o d3 o T~

DTS, 11. Vv. viorgan and P. A. Staats of Oak niage National uauuratory.

Fraley, Rao, and Jones (6) have proposed the empirical relation

F (H, 16(\\ — v(H, 17m1/r.,(n 16(\\ — y(H 18(\\7 = (.529 (1)

YV \Lxg P iig Vil ) ) = VoL

This relation and the results of our previous work on H,%O and H.**O were used to
initially locate the 139-1g and 2y;~2¢, transitions of Ho70 at 552 and 748 GHz, respec-
tively. These transitions, the two previously observed microwave transitions, and dis-
tortion constants calculated from the other species made possible the calculation of an
initial set of rotational constants @, @, €, as well as the accurate prediction of the re-
maining microwave lines.

1II. HYPERFINE ANALVSIS

Each of the rotational transitions of Hy?O is split into a number of components be-
cause of the interaction of the quadrupole moment of the 7O nucleus and the gradient
of the molecular electric field. Under the assumption that the difference between the
equilibrium hyperfine constants and the hyperfine constants of the ground vibrational

4ot 1N +h ad - ed
state is small, the gquadrupole ¢Qqs and spin—rotation C constants are related to the

CD

fundamental molecular tensors V and A by
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F16. 1. Observed hyperfine structure of the 313230 transition of H,70.
1
C=g — 2 Agng<sz>, (3)
JUJ+1) s

where g refers to the principal axes of the moment of inertia tensor, P, is the component

‘(Jl | \/i 1 |

: a L
-1.00 -5.00 \}-3,“ ~1.00 -t v L0 5.00 7.0

F16. 2. Theoretical hyperfine structure of the 3,323 transition of H;'70, Units are in MHz,
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Table .IT. Observed Microwave Spectrum of H217O (MHz) .
Transition Observed Calculated Obs-
(F'« F) Cal
llO h 101 552020.960 552020.765 0.1¢5
2ll * 202 748458.254 748458.368 -0.114
313 7 2
9/2 + 7/2}
772 < 172 193999.796 193999.790 0.006
1/2 ~ 5/2 194000.310 194000.274 0.036
32 < 5/2 194001.675 194001.656 0.019
9/2 « 9/2 . . .
5/2 ¢ 3/2 194002.998 194002.981 0.017
11/2 « 9/2)
3/2 < 3/2 194004.172 194004.151 0.021
3/2 < 1/2 194005.835 194005.815 0.020
1/2 « 1/2 194007.002 194006.987 0,015
414 < 3
Jower 385784.860 385785.234 -0.374
upper 385788.189 385788.326 -0.137
423 7 33
lower 469808.134 469808.170 ~0.036
upper 469811.064 469811.045 0.019
15 7 4p
lower 323825.089 323824.944 0.145%
upper 323827.873 323827.748 0.125
- a
616 “ 323
13/2 < 11/2 13533.79 13533.83 -0.04
15/2 < 13/2 13534.41 13534.50 -0.09
11/2 « 9/2
9/2 « 1/2 13536.02 13536.10 -0.08
17/2 + 15/2 13537.06 13537.09 -0.03
/2 + 5/2 13537.97 13538.00 -0.03
Ref. 2.

of the rotational angular momentum along the g axis, B, is the rotational constant for
the g-axis, and g7 is the nuclear g factor. The products grA,,B, are the diagonal elements
of the spin-rotation tensor Cy,.

A precise molecular beam maser measurement of the hyperfine structure of the 2525,
transition of HDYO has resulted in accurate values of (eQgr) 70 and (C)i1o for these states
(9). Because of the molecular symmetry of the 7O site, only the diagonal elements of
V and A are nonzero. Although the A;; cannot be calculated from these data, the V;
can be by the inclusion of the Laplace condition ZV;; = 0.

Since the contribution of the spin-rotation interaction is small for most of the transi-
tions reported here, Eq. (2) and the V,; of (9) make possible a good approximation to
most of the hyperfine structure observed in this work. However, an analysis of the ex-
tensive hyperfine structure of the 313-25 transition requires a consideration of spin—
rotation effects. The hyperfine constants which result from this analysis are shown in
Table T and the spectrum calculated from these constants is compared to the experi-
mental spectrum in Figs. 1 and 2. These hyperfine constants can be combined with those
of (9) to calculate both the V,; and A;; which are also shown in Table I. These elements
of the molecular tensors will reproduce the hyperfine constants of both experiments to
within their quoted error limits,
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Table III. Rctaticnal Constants of H2170(MHz).

A = 830282.838 + 8,7%° B = 435341.662 * 8.0 C = 277510.396 * 8.0
by = 37.44401° fgy = -171.5584 4, = 965.7665 ¢ 2.3
5. = 15.22675 &, = 36.2566
J K
H; = 1.48878 ¥ 1072 Hy = -2.10405 X 1072 Hp = ~4.81054 X 1071
H, = 4.409069 X 10° ny = 7.844745 X 1077 hy = —2.11625 x 1077
h, = 5.4855 x 107%
K
L, = 1.53235 X 107> L. = 5.1476 X 107> L, = -5.966754 X 1072
JK ‘ : KRJ o - -3 K
e, = 4.982 X 10
X
P, = 7.50542 ¥ 107* b, = 1.88015 X 107°

a. Errors quoted are twice the statistical standard deviation and reflect
uncertainties in and correlations among the distortion constants cal-
culated from HZlGO and Hzlso data.

b. The number of places quoted are required to reproduce the observed
microwave lines. Because of the correlation among the distortion
constants this number can be substantially larger than the uncertainty
for many of the higher order constants.

16

c. All distortion constants except AK are calculated from H2 0 and

18
H2 O data.

IV. ROTATIONAL ANALYSIS

It has been shown that it is possible to characterize the spectra of light asymmetric
rotors to within the expected experimental uncertainty of microwave measurements
(~0.1 MHz) (10, 11) by use of Watson’s formulation (12, 13, 14) of a reduced centrifu-
gal distortion Hamiltonian. For Hy*0O this Hamiltonian has the form

3C = 3Cr + Ha™® + Ja® + 3, + 30,00 (4)

= 3@+ )P +[a— 38+ NP2 — 5,20, (4a)

Hy® = —AsPt — AjgPIP2 — AgPt — 25, P*P 2 — 65 (P2P2 + P2P)), (4b)
34® = HyPS+ HygP'P2 + Hg PPPA + HgP,S + 2h PP 2

+ hygP2(PAP_2 + P2P2) + hx(PAP 2 + P 2P, (4¢)

Ha® = LygP*Pr + LrgsP?PS + LgPp + Ig(PSP_2 + P_2P.5), (4d)

3q10 = PgP) + pr(PSPP 2+ P2PS), (de)

where P2 = (P24 P2+ P2, P2 = (P2 —Pp2,and b, = (€ — B)/(2@ — B — @)
is Wang’s asymmetry parameter appropriate for a prolate top. A similar Hamiltonian is
appropriate for H,'%0. For both of these species, the number of adjustable parameters
exceeds the number of observed microwave transitions. As a result, the rather extensive
body of infrared data for these species was used in a weighted least-squares analysis
with the microwave data (4, 5).
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The infrared work on H,"0 is significantly less extensive and other techniques are
required. Although the observed microwave transition frequencies of particular transi-
tions of H2%O and H,'*O differ by as much as 100 GHz, the distortion constants of the
two species are very similar. In many cases the difference between the constants is
sufficiently small that their uncertainties overlap. Since the different data sets which
were used in the two analyses resulted in the inclusion of somewhat different Hamil-
tonian terms and since these terms are highly correlated, the similarity between the dis-
tortion in the two species is probably even greater than indicated by this comparison.
Therefore, all or most of the distortion parameters can be fixed at the average of their
values for the Hs'*0 and H;'*O species.

Table II shows the measured frequencies of the H,70O microwave transitions. Exten-
sive hyperfine structure was resolved for the 315-220 and 64523 transitions, three of the
other R-branch transitions were observed as doublets, and the Q-branch transitions
were observed as unresolved singlets. Unsplit rotational frequencies were calculated for
the multiplet transitions by the subtraction of the hyperfine contributions from the
observed frequencies. It was found that these frequencies could be fit to within the ex-
pected uncertainties of the microwave measurements by use of the Hamiltonian of Eq.
(4) with Ag and @, ®, € as adjustable parameters. The remaining parameters were fixed
at the values calculated from our earlier analyses of Hy**O and Hy'®0. These parameters
are shown in Table III. Since the values of these constants depend upon the distortion
constants of Hy'%0 and H,'%0, the uncertainty in these constants can be no smaller than
the uncertainty in the corresponding constants of Hy!*O and H,®0. Since the rotation—
distortion parameters of H»"®0 are somewhat less certain than those of H;'0Q, the un-
certainties in the Hy"O parameters are taken to be those of H,"®0.

The rotational constants @, &, € of the Watson formulation contain contributions
from the distortion term Rg and thereby differ from the 4, B, C of Kivelson and Wilson
(15). Similarly, the 4, B, C of Kivelson and Wilson contain contributions from other
distortion terms. The removal of these contributions results in A’, B, C’ which are
simply related to the moments of inertia by I, = k/8 n* A’, etc. The relations among
these constants are discussed in (16) and Table IV shows their values for Hy"O.

V. ENERGY LEVELS

Because of the large number of resolvable lines in the infrared spectra of light asym-
metric molecules, their energy levels are usually constructed by a bootstrap technique
which builds upon the ground state by use of measured energy differences. This approach
is not possible for H270 because of the small number of infrared measurements reported

17

Table IV. Rotational Constants of H2 O (MHz).
A: B: C: 830282.8 435341.7 277510.4
A: B: C: 830338.4 435146.5 277650.1

A':B':C"' 830273.6 435081.7 277747.3
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Table V. Energy Levels of H2l70 (cm_l)

101 23,773 505 324.658 707 584.%1
lll 36.931 515 325.878 717 585.162
i1, 42,187 514 398.877 716 702.888
202 70.004 524 415.126 726 708.022
212 79.226 523 445.792 725 781.381
2ll 94.970 533 502.179 735 814.616
22l 134.144 532 507.174 734 840.868
220 135.430 542 607.165 744 924.647
303 136.536 541 607.403 743 928.301
313 141.901 551 737.629 753 1055.082
312 173.109 550 737.632 752 1055.283
322 205.479 606 445.717 808 742.401
321 211.434 61 446.243 8.g 742.494
333 283.559 615 541.996 817 881.108
330 283.765 625 551.610 827 883.664
404 221.618 694 601.961 26 981.504
414 224.302 634 647.074 836 1003.791
413 275.128 633 659.988 835 1048.662
423 299.436 643 753.712 845 1119.484
422 315.076 642 754.819 844 1128.935
432 380.804 652 884.104 RS4 1250.505
431 382,174 651 884.140 853 1251.298
441 485.209 661 1038.934

440 485.237 60 1038.934

in the literature. On the other hand, use of a theoretical model makes possible the intro-
duction of information from other isotopic species and the analysis discussed above.
The spectral constants which result from this analysis make possible the calculation of
the set of energy levels shown in Table V.

One test of the accuracy of these energy levels is a comparison of them with combina-

tion difference energies calculated from the Hy"0 lines which were observed by F raley,
Rao, and Jones (6) and by Williamson and Rao (7). With the exception of a small num-

her of comhbination difforancee the agre ement i

Oer O comoination diiterences, the agreement is excellent and comparable with the ex-
perimental uncertainty of the infrared data (~0.01 cm™). Most of these exceptions can
be shown to be internally inconsistent with the other H,”O combination differences. In
addition, there is no systematic deterioration in the agreement between the energy levels
of Table V and the infrared combination differences over the range of J, states covered
by the combination differences. These results indicate that the uncertainties in the H,70
energy levels are similar to those derived for Hu*0 (17) and H,%0 (6, 7). Since the
accuracy of these levels depends upon the information contents transferred to the
H,"0 analysis from H,"%0 and H,"®0 analyses in the form of distortion constants, Table
V includes only those energy levels for which the corresponding levels in Hy%0 and
H;B0 are well established.
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