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The b1Sg
1–X3Sg

2 (1,0) band of 16O17O, 16O18O, 18O2, 17O18O, and 17O2 isotopomers was investigated employing
the technique of cavity-ring-down spectroscopy. More than 400 transition frequencies of magnetic dipole lines
were determined with a typical uncertainty of 0.01 cm21. This work results in new or improved accurate molec-
ular constants for the excitedb1Sg

1, v 5 1 state of all isotopomers and for theX3Sg
2, v 5 0 ground state of17O2.
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1. INTRODUCTION

The oxygenA andB bands, corresponding to the (0,0) and
(1,0) bands of theb1Sg

1–X3Sg
2 system are prominent features

in the absorption spectrum of the terrestrial atmosphere. Nev-
ertheless these bands are very weak due to the strongly forbid-
den character of gerade-gerade andS1–S2 transitions, and
they can only be observed via a magnetic dipole transition
moment. The atmosphericB band, the subject of the present
investigation, has an experimentally determined radiative rate
A(1,0) ranging from 0.0069 s21 (1) to 0.00724 s21 (2, 3).
Recentab initio calculations yield a rate of 0.00954 s21 (4).
These values correspond to an oscillator strength off10 5
1.6 3 10211. Hence the oxygenB band is 10 orders of
magnitude weaker than ordinary electric dipole-allowed tran-
sitions. Spectroscopically theb–X (1,0) band was studied by
Babcock and Herzberg (5). Their data were reanalyzed by
computer fitting procedures to yield accurate and consistent
molecular constants for ground and excited electronic states
(6). Later the (1,0) band was reinvestigated by Fourier-trans-
form methods resulting in accurate constants and pressure shift
parameters (7, 8). These latter studies concentrated on the16O2

molecule, while Babcock and Herzberg also observed the
16O18O and16O17O isotopomers.

The technique of cavity-ring-down (CRD) laser spectros-
copy, invented by O’Keefe and Deacon (9), has in recent years
been developed into a tool for quantitative measurement of
very weak absorptions (10–12). It has been applied to study
some weak systems in oxygen, theA band in the near infrared
(13, 14), as well as the Herzberg systems in the ultraviolet (15).
In this work the CRD technique is employed for a spectro-
scopic study of theB band for all oxygen isotopomers other
than16O2 resulting in new or improved molecular constants for
the b1Sg

1, v 5 1 state.

2. EXPERIMENTAL PROCEDURES

The experimental setup, schematically shown in Fig. 1, is
similar to the setup previously used for a study of theA band
(14) with the exception of the wavelength calibration part.
Tunable radiation near 688 nm, in pulses of 5-ns duration
and a repetition rate of 10 Hz, is obtained from a Nd:YAG
pumped pulsed dye laser running on Pyridine-1 dye. For the
principles of converting the ring-down transients into an
absorption spectrum we refer to Refs. (9 –13). With highly
reflecting mirrors (R ' 99.998%,Research Electro Optics)
transients with decay times of 50 – 60ms were established,
corresponding to an effective absorption path of 50 km (3t).
The CRD-spectra of16O18O and17O18O isotopomers were
recorded in static gas of'30 Torr from a 18O-enriched
sample (Euristop, 95%18O2), in which the signals on18O2

lines were saturated (see Fig. 2), i.e., deviate from the linear
approximation of Beer’s law. The18O2-linepositions were

FIG. 1. Experimental setup. PD, photodiodes; PMT, photomultiplier; f,
optical bandpass filter.
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measured from a sample at 1 Torr. A17O-enriched sample
(Campro Scientific, 50%17O atom) was used to record
spectra of17O2 and16O17O isotopomers, which appeared to
have equal intensity.

The O2 spectra are somewhat manipulated before being
used for analysis. As often in recorded CRD spectra, an
oscillation occurs on the absorption baseline, in our case
having a period of 0.9 cm21. The exact origin of this
phenomenon is not known, but from the evidences gathered

we ascribe it to beating of high-order modes that undergo
different decay times in the high-Q cavity. Via a computer-
ized method the baseline oscillation was subtracted from the
absorption spectrum. At O2 pressures below 30 Torr the
pressure-induced shift is 0.001– 0.002 cm21 (7), so negligi-
bly small in the present experiment. Doppler broadening,
0.03 cm21 for the b-X(1,0) band at room temperature, con-
tributes somewhat to the observed linewidth, which is dom-
inated by the laser bandwidth of 0.06 cm21.

FIG. 3. CRD spectrum from a (50% atom)17O-enriched sample at 16.5 Torr (top) and a simultaneously recorded I2-absorption spectrum after intensity
normalization (bottom).16O17O and17O2 lines as indicated. Resonances marked with * are17O18O. Additional resonances due to16O18O are also visible (marked
with 1), while three intense resonances of16O2 are marked with an arrow.

FIG. 2. CRD spectrum from a (95%)18O2-enriched sample at 31.6 Torr (top) and a simultaneously recorded I2-absorption spectrum after intensity
normalization (bottom).18O2 lines, as indicated, are saturated. This spectrum was used to determine linepositions of17O18O. Some weak16O18O lines are visible
(not marked).
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For the purpose of wavelength calibration an absorp-
tion spectrum of molecular iodine was recorded simulta-
neously with the CRD spectrum of oxygen. Since in the
wavelength range near 688 nm I2 has strong transitions
in the B-X system for (v9, v9 5 6) bands, the I2-sample
was heated in an oven to 430 K, to reach sufficient pop-
ulation of v0 5 6 levels. From the weight of solid
iodine evaporated in the cell an operation pressure of 60
Torr I2 gas is estimated at which the absorption measure-
ments are performed. At these pressures collisional broad-
ening of I2 lines does occur, but not in the amount to affect
the width of the observed resonances (0.07 cm21). Pressure-
induced shifts at 60 Torr in I2 are on the order of 0.002
cm21. Three passes through the heated I2 cell creates a
total absorption length of 1.4 m. The signal-to-noise ratio of
the thus observed I2 absorption spectrum is improved by
normalizing to the laser power, measured for each pulse
on a separate photodiode.

With computerized fitting the peak positions were deter-
mined in the I2 spectra. Subsequently, after identification of the
I2 lines, the frequencies of the I2 atlas (16) were used to create
a linearized frequency scale, which, in turn, was employed to
calibrate the frequencies of the O2 resonances. For the intense
lines this produces results in an uncertainty of 0.01 cm21. In
the experimental procedures wavelength steps of 0.01 cm21

were taken. So 15 data points contribute to the line profile of
0.07 cm21 width (FWHM).

In principle the CRD spectra can provide information on
the absolute absorption strengths of the resonance lines. In
our case such information could be derived from the cali-
brated vertical scales in Figs. 2 and 3. However, if CRD
transients are induced by a light source, which is broader
than the Doppler- and collisionally broadened spectral lines,
intricate corrections have to be implemented to deduce
reliable linestrengths (11, 13), and this was not pursued in
the present study.

TABLE 1
16O17O
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3. RESULTS AND ANALYSIS

In Figs. 2 and 3 simultaneous recordings are shown of CRD
spectra of O2, for 18O- and17O-enriched samples, respectively,
and I2-calibration spectra. Via the computerized calibration
and interpolation procedure, described above, frequency posi-
tions of all isotopomer lines except16O2 were determined. The
transition frequencies, presented in Tables 1–5 for the various
isotopomers, were included on the input deck of a least squares
fitting routine for each isotopomer, in which the excited state is
represented by

E~N! 5 n10 1 BN~N 1 1! 2 DN2~N 1 1!2,

while the X3Sg
2, v 5 0 ground state energies were rep-

resented by an effective Hamiltonian as given by Rouille´
et al. (17). Except for 17O2 the molecular constants for
the ground state, rotational as well as spin-coupling constants,
were kept fixed at the accurate values from far-infrared and
microwave spectroscopy from Steinbach and Gordy (18) and
Cazolli et al. (19). In our previous paper (14) a detailed listing
of all relevant ground state constants was given.

In the weighted least squares fits the data were included
with uncertainty of 0.01 cm21 for the intense lines and 0.02

or 0.03 cm21 for the weaker or partially overlapped lines. In
that case the resultingx2 equals the number of data points,
demonstrating that 0.01 cm21 indeed represents the exper-
imental uncertainty of the spectroscopic method. For each
resonance line the deviation between measured transition
frequency and calculated value is given in Tables 1–5.
Molecular constants, resulting from the fitting procedures,
for the b1Sg

1, v 5 1 excited state are presented in Table 6,
with the errors representing one standard deviation. For
comparison the most recent values for16O2 (8) are included
in Table 6. The listed value of the band originn10 is
dependent on the definition of the zero energy level. Usually
the lowest energy state is chosen at zero energy, but in the
case of16O2 and18O2 the N 5 0, J 5 1 level does not exist
for symmetry reasons. Here we define zero at the energy
given by the Rouille´ Hamiltonian without spin and rotation,
i.e., not at a specific level. With this definition the levelN 5
0, J 5 1 is about 0.45 cm21 below zero, slightly dependent
on isotopomer. For clarity the values for the offset between
N 5 0, J 5 1 levels and the trace of the Hamiltonian are
given for each isotopomer in Table 6.

For the X3Sg
2, v 5 0 ground state of17O2 no accurate

molecular constants are available, except from our previous
study on the electronicA band (14). In a combined fit

TABLE 2
16O18O
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TABLE 3
17O18O

TABLE 4
18O2
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including the data of both the (1,0) and (0,0) band, a more
accurate set of rotational constants for the17O2 ground state
was derived and listed in Table 7; in this procedure the spin

coupling constants were estimated from the other isoto-
pomers (l90 and m0 scaled proportional toB and m90 scaled
proportional toB2) and kept fixed in the fit.

TABLE 5
17O2

TABLE 6
Molecular Constants for the b1Sg

1, v 5 1 Excited State of Molecular Oxygen Isotopomers

Note.Doff refers to the calculated offset of theN 5 0, J 5 1 level to the trace of the Hamiltonian, chosen as the zero energy. All values
in cm21.

a Values for16O2 taken from Ref. (8).
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4. CONCLUSION

Transition frequencies of theb1Sg
1–X3Sg

2 (1,0) band were
measured for16O17O, 16O18O, 18O2,

17O18O, and17O2 isoto-
pomers, with an accuracy of 0.01 cm21, under pressure con-
ditions, where pressure shifts are negligibe. Combined with
previous work (5, 8, 14) spectral positions of the atmosphericA
andB bands are now known with high accuracy for all isoto-
pomers of oxygen.
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TABLE 7
Molecular Constants for the X3Sg

2,
v 5 0 Ground State of 17O2 as Ob-
tained from a Combined Fit to the
B-X (1,0) and (0,0) Bands

a Constants estimated from values for
other isotopomers (18, 19).
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