
Frequency Measurement of Pure Rotational Transitions
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Frequencies of pure rotational transitions of isotopic species of water, H2
17O, and H2

18O were measured in the 1–5 THz
region with a high-precision far-infrared spectrometer using a tunable radiation source. Measured frequencies of more than 1
spectral lines for each species provide an excellent frequency standard for the far-infrared region. Molecular parameters ba
on a Watson-type Hamiltonian have been obtained to reproduce the observed frequencies.© 1999 Academic Press
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The rotational spectrum of water vapor falls in the
nfrared (FIR) region where new spectroscopic techniques
een developed in the last decades. The rotational spectr
ater vapor is so strong and dense in the FIR region tha

ine frequencies can be used as conventional calibration
ards for spectrometers in the region. From the point of v
f molecular theory, the H2O molecule is a good example o

ight rotator with large centrifugal distortion effects wh
ake the calculation of highly excited rotational levels
ifficult. Spectroscopists are attempting to analyze the s

rum using new theories to obtain better fitting. Accu
easurement of the transition frequencies is desired to pr
reliable data set for testing the theories. In our previous

1), we measured the frequencies of rotational transition

2
16O from 0.5 to 5 THz using a tunable FIR spectrom

ased on the difference frequency generation of two CO2 laser
ines. This work is extended to the rotational spectra of H2

17O
nd H2

18O in the present work.
Historically, in 1970s, several low-frequency rotational li

f H2
17O (2) and H2

18O (2–4) were measured by microwa
pectroscopic technique and molecular parameters in
round vibrational state were obtained for H2

17O (5) and

2
18O (4–6). Rotational lines of H2

18O were observed from 1
o 40 cm21 with a Fourier-transform (FT) spectrometer
leming and Gibson (7) in 1976. Then, a number of rotation

ines of H2
17O and H2

18O were observed in natural abunda
sing FT spectrometers (8, 9). In 1980, Kauppinen and Kyr¨
10) precisely measured rotational lines of H2

17O and H2
18O

rom 50 to 730 cm21 using a FT spectrometer. Measuremen
ore than 280 lines for each species with an accuracy of 0

m21 resulted in a revision of molecular parameters for th
pecies (11). Partridge measured rotational lines of these
pecies from 10 to 47 cm21 by using a FT spectrometer w
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pectrum of H2
18O from 33 to 280 cm21 with an accuracy o

.0002 cm21 and improved the molecular parameters

2
18O (13).
In the present work, frequencies of pure rotational tra

ions of H2
17O and H2

18O have been measured in the ra
rom 0.5 to more than 5.2 THz (16–173 cm21) with accuracie
etter than 100 kHz (33 1026 cm21). Molecular parameters
Watson-type Hamiltonian have been determined to repro

he observed frequencies.

2. EXPERIMENTAL

Our FIR spectrometer is based on a tunable FIR (referr
s TuFIR) technique developed by Evenson and cowo
14). Because detailed descriptions of the spectrometer c
ound in our previous papers (1, 15, 16), only a brief descrip
ion is given here. As shown in Fig. 1, FIR radiation of h
pectral purity is generated as a difference of two CO2 laser
adiations which are mixed in a metal-insulator-metal (M
iode. Microwave radiation tunable up to 18 GHz is adde
enerate tunable sidebands. Power of the sideband radia

ypically about 100 nW. With an appropriate choice of the
f normal CO2 laser lines, tunable FIR radiation up to 5.7 T

s generated. The frequency of each CO2 laser is stabilized t
he saturated fluorescence signal at 4.3mm from CO2 in an
xternal cell. A laser frequency modulation at 1 kHz whic
sed to stabilize the laser frequency results in a source m

ation of FIR radiation at 1 kHz. The FIR radiation detected
liquid helium-cooled silicon composite bolometer is ph

ensitively detected at 1 kHz to obtain absorption lines.
The sample cell is a Pyrex glass tube of 0.5 m in length

0 mm in diameter with polypropylene windows at each e
ecause rotational lines of H2

17O or H2
18O are close in fre

uency to the corresponding lines of normal H2O, the path o
0022-2852/99 $30.00
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218 MATSUSHIMA ET AL.
he FIR radiation outside of the sample cell was made as
s possible and was purged with nitrogen gas to preven
bsorption of FIR radiation by atmospheric water va
hough some of the strong lines of H2

18O were measure
sing normal H2O sample in natural abundance (0.2%), m
f the lines were measured with an isotope-enriched samp
0% enriched sample of H2

17O and a 96% enriched sample

2
18O were used.

3. RESULTS

Prior to the present measurement, the most accurate
uency table covering the frequency range of our spectrom
0.5–5.3 THz) had been given by Kauppinen and Kyro¨ (10),
yrö (11), and Partridge (12) for H2

17O and by Johns (13) for

2
18O. So we chose spectral lines below 5.3 THz from ta

n these references and remeasured them.
As for H2

17O, several lines below 50 cm21 are missing in
he table of Partridge (12). Therefore, we measured the lin
igher than 50 cm21 first, then obtained a preliminary set
olecular parameters and searched for spectral lines belo

m21 around calculated frequencies using the parame
bout 130 rotational lines of H2

17O and 120 lines of H2
18O

ere measured. Each spectral lineshape, whose width is
nated by Doppler broadening, was fitted by a least squ
rogram (17) to a theoretical Voigt profile to determine the l
enter. Measured and calculated center frequencies of H2

17O
nd H2

18O are shown in Tables 1 and 3, respectively.

4. ANALYSIS

Analysis of the rotational energy levels of H2O has been
hallenging task for spectroscopists because the mol

FIG. 1. Block diagram of the tunable far-infrared spectrometer.
Copyright © 1999 by
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alculation based on the Taylor-series Hamiltonian in
atson form (18) leads to large errors for highly excit

otational levels. A number of extensive studies with n
heories have been reported to analyze the water mol
19–26).

For the levels with low rotational quantum numbers
hose observed in the present work, however, a calcul
ased on a Watson-type Hamiltonian is still a conven
ethod for giving precise energy values as shown in Re1
nd 13. Therefore, the observed frequencies were anal
sing a Watson-typeA-reduced Hamiltonian as follows:

5 ~B 1 C!/ 2J2 1 $A 2 ~B 1 C!/ 2%Jz
2 1 ~B 2 C!/ 2Jxy

2

2 DJ~ J2!2 2 DJKJ
2Jz

2 2 DKJz
4 2 2dJJ

2Jxy 2 dK$ Jz
2, Jxy

2 %

1 HJ~ J2!3 1 HJK~ J2!2Jz
2 1 HKJJ

2Jz
4 1 HKJz

6

1 2hJ~ J2!2Jxy
2 1 hJKJ

2$ Jz
2, Jxy

2 % 1 hK$ Jz
4, Jxy

2 %

1 LJ~ J2!4 1 LJJK~ J2!3Jz
2 1 LJK~ J2!2Jz

4 1 LKKJJ
2Jz

6

1 LKJz
8 2 2l J~ J2!3Jxy

2 1 l JK~ J2!2$ Jz
2, Jxy

2 %

1 l KJJ
2$ Jz

4, Jxy
2 % 1 l K$ Jz

6, Jxy
2 % 1 PJ~ J2!5 1 PJJK~ J2!4Jz

2

1 PJK~ J2!3Jz
4 1 PKJ~ J2!2Jz

6 1 PKKJJ
2Jz

8 1 PKJz
10

1 pJJK~ J2!3$ Jz
2, Jxy

2 % 1 pKKJJ
2$ Jz

6, Jxy
2 % 1 pK$ Jz

8, Jxy
2 %

1 TJJK~ J2!4Jz
4 1 TKKJ~ J2!2Jz

8 1 TKKKJJ
2Jz

10 1 TKJz
12,

[1]

hereJxy
2 5 Jx

2 2 Jy
2, and {A, B} 5 AB 1 BA.

Data obtained by microwave spectroscopy and FT spec
opy were also included in the best fit analysis. As for H2

17O,
ines lower than 400 GHz were from microwave data
teenbeckeliers (2). The total number of lines for H2

17O was
27. As for H2

18O, lines lower than 550 GHz were fro
icrowave data by De Luciaet al. (4), where the three high
st frequency lines, 6424 551, 5324 441, and 2114 202, were
emeasured in the present work. Because the experim
rrors for these three lines were smaller in our meas
ent, we used our data. The data from 5.25 to 8.4 THz

rom those by Johns (13). The total number of lines for H2
18O

as 165.
The weights in the best fit analysis were set to be pro

ional to the inverse squares of the experimental uncertai
he obtained molecular parameters for H2

17O and H2
18O are

isted in Tables 2 and 4, respectively. The transition freq
ies calculated with these parameters are shown in Tab
nd 3 together with their observed2 calculated (O2 C)
alues.
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TABLE 1

219PURE ROTATIONAL TRANSITIONS OF H2
17O AND H2

18O
Measured and Calculated Frequenciesa (in MHz) of Pure Rotational Transitions of H2
17O

a The 1s uncertainties in the last quoted digits are shown in parentheses.
b Lines taken from Ref. 2.
Copyright © 1999 by Academic Press
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5. DISCUSSION

The uncertainty of the synthesized FIR frequency of
resent spectrometer is typically about 10 kHz (30). The un-
ertainties of measured frequencies of line positions, whic
everal tens of kilohertz in most cases, mainly come f
etermination of center frequencies of deformed linesha
he sample in the absorption cell is optically thick for str
bsorption. The optical thickness results in the line defo

ion. The sample pressure must be kept below 0.1 Pa in
easurements to remove the deformation. Difficulty in m

aining a constant pressure during the measurement cau
light deformation of the lineshape and brought about s
ncertainty in determining the line center.
For some lines, experimental uncertainties exceed 100

n the neighborhood of a strong absorption line of atmosph
ater vapor, not only the signal to noise ratio of a spectral

s degraded but also its baseline is deformed. These e
esult in large uncertainties in determining center frequen
f the spectral lines.

Molecular Paramete
Copyright © 1999 by
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In a preliminary experiment using a molecular be
ample (27), we observed hyperfine splitting due to
uadrupole moment of17O nucleus in low-J lines of H2

17O.
n the Doppler-broadened line profile observed in
resent work, the hyperfine components were not reso
or low-J and low frequency rotational lines, the effect
yperfine structure brings about larger uncertainties in
etermination of center frequencies. The large experim
ncertainty of 4234 330 line can be attributed to this effe

n most measurements, however, the effect of hype
tructure was not considered to be the main sourc
xperimental error.
Molecular parameters in the ground vibrational stat

2
17O and H2

18O have been also obtained through
easurements of vibration–rotation transitions in the in

ed region (28, 29). Measurements of pure rotational tra
itions with FT spectrometers (11, 13) improved the accu
acy of the parameters obtained from infrared spectrosc
owever, calculated values using those parameters sca

(in MHz) of H2
17O
rs
Academic Press



TABLE 3

221PURE ROTATIONAL TRANSITIONS OF H2
17O AND H2

18O
Measured and Calculated Frequenciesa (in MHz) of Pure Rotational Transitions of H2
18O

a The 1s uncertainties in the last quoted digits are shown in parentheses.
b Lines taken from Ref. 4.
Copyright © 1999 by Academic Press
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222 MATSUSHIMA ET AL.
ypically by several megahertz from frequencies observe
he present work. This large deviation reflects the accu
f the FT spectroscopic measurements. As shown in Ta
and 3, the new sets of molecular parameters obtain

he present work reproduce most of the measured freq
ies within 1 MHz.
For diatomic species studied so far using TuFIR s

rometers, the calculation using fitted parameters yie
requencies three to four times more accurate than
easured values (30). However, the theory for the wat
olecule is not nearly accurate, and the experimental va
re more accurate.
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