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a b s t r a c t

The very weak a1Dg�X3S�g system of the three 17O isotopologues of oxygen – 16O17O,
17O18O and 17O2 – was studied by high sensitivity CW-Cavity Ring Down Spectroscopy.

The spectra of a 17O highly enriched sample were recorded at room temperature

between 7640 and 7917 cm�1 and at liquid nitrogen temperature in the 7876–

7893 cm�1 region. The magnetic dipole (0–0) band was observed for all three 17O

isotopologues. At liquid nitrogen temperature, some of the transitions were observed

with partially resolved hyperfine splitting due to the 17O nuclear spin. The electric

quadrupole (0–0) band and the (1–1) hot band were also observed for the 16O17O and
17O2 species. The rotational and hyperfine spectroscopic parameters of the X3S�g and

a1Dg states of the three studied isotopologues were derived from a global fit of the

measured line positions and microwave and Raman measurements available in the

literature. The spectroscopic constants of the a1Dg (v=0, 1) states of 17O2 are reported

for the first time.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

We have recently applied the Cavity Ring Down
Spectroscopy (CRDS) technique to investigate the
a1Dg�X3S�g band of oxygen [1,2]. These studies were
initially motivated by the detection of electric quadrupole
transitions in the atmospheric solar spectrum showing
the necessity of improving the spectral parameters of the
a1Dg�X3S�g band of molecular oxygen from new labora-
tory measurements [1]. The high sensitivity CRDS spectra
of ‘‘natural’’ and 18O-enriched oxygen revealed not only
the electric quadrupole transitions but also the magnetic
dipole (1–1) hot bands of 16O2 and 18O2, and allowed
ll rights reserved.

.fr (A. Campargue).
detecting new rotational transitions of the (0–0) band of
the five most abundant oxygen isotopologues (16O2,
16O18O, 18O2, 16O17O and 17O18O) [1,2]. These measure-
ments combined with microwave (MW) and Raman data
available in the literature allowed deriving the best to
date spectroscopic constants for the X3S�g and a1Dg

states [2].
In the present work, we extended the observations

for the 17O-containing isotopologues from CRDS spectra
recorded with a sample highly enriched in 17O. As a
consequence of the non-zero nuclear spin of the 17O
nucleus (I=5/2), low rotational transitions show a hyperfine
(hf) splitting. Indeed in the room temperature spectra
reported in Ref. [2], the line profiles of some transitions of
16O17O and 17O18O were observed to be broadened due to
an unresolved hyperfine structure. We have recently shown
that the combination of the high sensitivity CRDS technique
with a cryogenic cell at 80 K allows for a significantly better
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resolution of the hyperfine structure of the 17O-containing
isotopologues [3].

The present contribution consists in the full analysis of
the spectra and the derivation of the spectroscopic para-
meters from a global fit of the line positions combined
with microwave and Raman data available in the litera-
ture [4–6]. Note that apart from our CRDS observations of
the a1Dg state through the a1Dg�X3S�g band [1,2], the only
previous high resolution study of the a1Dg electronic state
in 16O17O and 17O18O was reported from electron para-
magnetic resonance (EPR) spectra of the J=2 level [7]. To
the best of our knowledge, no spectroscopic data relative to
the a1Dg state of 17O2 are available in the literature.
2. Experimental details and sample composition

The high sensitivity CW-CRDS absorption spectrum of
the a1Dg�X3S�g band of oxygen was recorded at room
temperature (RT) in the 7658–7917 cm�1 region, using a
highly enriched in 17O sample. The stated atomic compo-
sition of the sample (from Sigma Aldrich) was 17O: 55.8%,
16O: 43.4% and 18O: 0.8%. The pressure value of the
recordings was fixed to 30.0 Torr and the room tempera-
ture value was 296 K. Additional recordings at 5.0 Torr
were performed in the 7839–7917 cm�1 region in order
to avoid saturation of the strongest lines. The overview of
the a1Dg�X3S�g band is presented in Fig. 1.

The fibered distributed feedback (DFB) laser CW-CRDS
spectrometer used for the recordings is the same as the
one used for the study of the natural and 18O-enriched
samples [1,2]. The experimental setup has been described
in detail in Refs. [8–10]. Each DFB laser diode has a typical
tuning range of about 40 cm�1 by temperature tuning
from �10 to 60 1C. A total of nine DFB laser diodes were
required to cover the 7658–7917 cm�1 region. The elec-
tro-polished stainless steel ring down cell (l=1.42 m,
inner diameter F=11 mm) was fitted by a pair of super-
mirrors. The reflectivity of these mirrors (about 99.997%)
corresponds to empty cell ring down times of about
t�200 ms. About 40 ring down events were averaged for
each spectral data point; the complete temperature scan
of one DFB laser required about 70 min. The achieved
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Fig. 1. Overview of the a1Dg�X3S�g system of oxygen recorded by CW-CRDS

abundances in the sample were the following: 16O17O: 0.469, 17O2: 0.330, 16O2
noise equivalent absorption was about amin�4�
10�11 cm�1 over the whole spectrum. The pressure mea-
sured by a capacitance gauge (MKS 100 Torr full range
with 0.1% accuracy) and the ring down cell temperature
were monitored during the recordings.

Due to the Doppler broadening, the hf structure cannot
be fully resolved at room temperature and shows up only
as an additional broadening of the transitions of the
17O-containing isotopologues [2]. In order to decrease
the Doppler broadening by a factor of 2, the spectrum in
the 7876–7893 cm�1 region was also recorded at 8072 K,
hereafter referred as liquid nitrogen temperature
(LNT) [3]. This spectral section corresponds to the low
rotational transitions, which exhibit the largest hyperfine
splittings. The cryogenic cell has been described in
Refs. [11–14]. It was developed and extensively used to
characterize the absorption spectrum of methane at low
temperature in the 1.58 and 1.28 mm methane transpar-
ency windows [11–14]. The pressure value of the LNT
recordings was fixed to 1.5 Torr. The comparison between
the 296 and 80 K spectra (Fig. 2) illustrates the gain in the
resolution of the hf structure resulting from the reduction
of the Doppler broadening.

Each 40 cm�1 wide spectrum recorded with one DFB
laser was calibrated independently on the basis of the
wavelength values provided by a Michelson-type wave-
meter (Bristol 621A, 60 MHz resolution and 100 MHz
absolute accuracy). The calibration was further refined
by stretching the whole spectrum in order to match
accurate positions of the transitions of the a1Dg�X3S�g
band of 16O2 provided in the recent HITRAN update [15].
The typical uncertainty in the line positions is estimated
to be less than 1�10�3 cm�1.

The determination of the line centers and line inten-
sities was difficult because of the superposition of many
hf components, which are only partly resolved. The line
profile analysis was adapted according to the impact of
the hf structure on the observed line profile:
(i)
umbe

(P=30

: 0.18
A detailed analysis of the hf structure was performed
only for the few first rotational transitions recorded
at LNT because these transitions show the most
resolved hf structure. Eight, six and four hf manifolds
7900

r (cm-1)

.0 Torr, T=296 K) with a highly 17O-enriched sample. The relative

4, 17O18O: 9.6�10�3 and 16O18O: 7.02�10�3.
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Fig. 2. Partly resolved hyperfine structure of 16O17O and 17O2 transitions at 296 and 80 K in the region of the QR and QP branches. The spectra recorded at

296 K (P=5.0 Torr) and 80 K (P=1.5 Torr) are shown on the upper and lower panel, respectively.

Table 1

Summary of the CW-CRDS observations for the a1Dg�X3S�g band system of 17O highly enriched oxygen near 1.27 mm.

Isotopologue HITRAN

notation

Relative

abundance

Band Number

of lines

Intensity rangea

(�10�26 cm/molecule)

16O17O 67 0.469(30) (0–0) 206 3.79�10�4–3.55

(0–0) elec. quad. 12 3.77�10�4–4.93�10�3

(1–1) 68 1.35�10�4–1.71�10�3

17O2 77 0.330(30) (0–0) 209 2.04�10�4–2.96

(0–0) elec. quad. 8 2.66�10�4–6.82�10�4

(1–1) 39 1.36�10�4–1.61�10�3

16O2 66 0.184(7) (0–0) 89 2.95�10�4–1.89

(0–0) elec. quad. 5 3.93�10�4–5.02�10�4

(1–1) 24 2.75�10�4–7.84�10�4

17O18O 78 9.6(18)�10�3 (0–0) 105 3.5�10�4–4.7�10�2

16O18O 68 7.02(92)�10�3 (0–0) 78 2.53�10�4–3.86�10�2

a The given intensity values include the relative abundance in the sample.
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were considered for 16O17O, 17O2 and 17O18O, respec-
tively. The line centers and intensities were deter-
mined using an interactive least squares multi-line
fitting program assuming a Voigt profile (http://sour
ceforge.net/projects/fityk/ version v 0.8.6). The inte-
grated absorption coefficient, position, Gaussian and
Lorentzian widths of each line and the correspond-
ing local baseline (assumed to be a linear function
of the wavenumber) were obtained from the
multi-line fit.
(ii)
 In the case of the high rotational transitions of the RT
spectrum, showing negligible hf structure, the transi-
tions were considered as single lines and the same
program was used to fit the line profile.
(iii)
 The most challenging situation is the intermediate
case where the lines show a wide, generally asym-
metric and mostly unresolved profile due to the
hf structure. To minimize the negative effect of
the unresolved hf structure, the line centers were
determined as an average value over the line profile
of the wavenumbers weighted by the corresponding
absorption coefficient, the line intensities being
obtained from the integrated absorption coefficient.
More details about the combination of the RT and LNT
experimental data for the fit of the spectroscopic para-
meters are given in Section 5.

http://sourceforge.net/projects/fityk/
http://sourceforge.net/projects/fityk/
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Fig. 3. Overview of the line lists of 16O17O (upper panel) and 17O2

(middle panel) and 17O18O (lower panel). Full circles, full triangles and

open stars correspond to the a1Dg�X3S�g (0–0) band, (1–1) hot band and

electric quadrupole transitions, respectively. The 17O18O data set was

completed with some lines measured in Ref. [2], when these lines were

obscured by much stronger transitions in the present recordings. The

intensity values include the relative abundances: 0.469, 0.330 and

9.6�10�3 for 16O17O, 17O2 and 17O18O, respectively.
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Overall more than one thousand lines due to the 17O2,
16O17O, 16O18O, 17O18O and 16O2 were measured in the
room temperature spectrum. Some lines due to impurities
(mostly H2O but also N2O, CO2 and HF) were also
identified.

On the basis of the HITRAN intensity values [15], the
relative abundances of the 16O18O and 16O2 species were
calculated to be 7.02(92)�10�3 and 0.184(7), respectively.
In order to estimate the relative concentration of 16O17O
and 17O18O, we assumed the same band strength as for the
16O18O species, leading to the values of 0.469(30) and
9.6(18)�10�3 for 16O17O and 17O18O, respectively. From
these estimated molecular concentrations we derived the
following atomic composition: 17O: 56.9%, 16O: 42.2%, 18O:
0.83%, which is in very good agreement with the stated
atomic composition (17O: 55.8%, 16O: 43.4%, 18O: 0.8%).
Note that the concentration of impurities was negligible:
H2O and CO2 concentrations were calculated to be less than
1.5�10�4 and 10�4, respectively. Table 1 summarizes the
observations and sample composition and provides the
number of lines assigned to the different bands together
with their intensity range.

3. Spectrum assignment

Only magnetic dipole and electric quadrupole transi-
tions are possible in the a1Dg�X3S�g system of oxygen
molecule. The X3S�g ground state obeys Hund’s case (bJ)
coupling: each N41 rotational level splits into three
components with J=N+S (J=N+1, N, N�1), where J is
the total angular momentum, N is the rotational angular
momentum and S is the total electron spin. These com-
ponents are further split into hyperfine components
F=J+I, with F= J+ I, J+ I�1, y9J� I9. The a1Dg upper state
has zero total electron spin and therefore J=N.

The magnetic dipole transitions of the a1Dg�X3S�g
system follow the DJ= 71, 0 selection rule leading to
the observation of nine branches that we label here as
DN(N00)DJ(J00).

In the first stage of the analysis, the assignments of the
16O17O and 17O18O transitions were transferred from our
previous work [2]. The first assignments of the
a1Dg�X3S�g (0–0) band of 17O2 were performed from a
rough simulation based on the 16O18O band with the
frequency axis shifted and scaled according to the ratio of
the B rotational constants [5]. The assignments of all the
bands were then iteratively extended during the fit of the
spectroscopic parameters.

Recently the electric quadrupole transitions in the
a1Dg�X3S�g band of 16O2 and 18O2 were detected [1,2].
Their positions can be accurately predicted using spectro-
scopic constants obtained from magnetic dipole transi-
tions [1]. The electric quadrupole transitions follow the
DJ=72, 71, 0 selection rule, leading to 15 possible
branches, but the DJ= 71 and 0 transitions coincide with
much stronger magnetic dipole transitions and are not
observable. In the present work, eight and twelve electric
quadrupole transitions could be detected for 17O2 and
16O17O, respectively.

The achieved experimental sensitivity allowed the first
detection of the a1Dg�X3S�g (1–1) hot band of 16O17O and
17O2 which has a relative intensity of about 6�10�4

compared to the (0–0) band. The first assignments of the
hot bands were performed on the basis of predictions
obtained using the predicted rovibrational constants.
The vibrational frequency, the B and D rotational con-
stants in the a1Dg and X3S�g states were predicted using
the 16O2 corresponding values and the usual mass depen-
dence expression of the considered parameters [16]. The
assignments of these weak transitions were made possi-
ble by the good accuracy of these predicted spectra: the
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maximum deviations between predicted and measured
line positions are on the order of 30�10�3 cm�1. Finally
we were able to assign the 39 and 68 transitions of the
very weak a1Dg�X3S�g (1–1) hot band of 17O2 and 16O17O,
respectively.

The overview of the a1Dg�X3S�g transitions assigned
to 17O2, 16O17O and 17O18O is presented in Fig. 3. Note that
the abundance of 17O18O in the present 17O spectra is
almost the same as in our 18O spectra [2], where we were
able to detect 45 additional lines which are hidden by
much stronger 16O17O lines in the present 17O recordings
(see Fig. 3).

We provide as Supplementary Material the global RT
line list of 17O2, 16O17O and 17O18O including line posi-
tions and the experimental values of the intensities
corresponding to the relative abundances listed in Table 1.

4. Theoretical background

As mentioned above the 17O oxygen isotopologues
have a non-zero nuclear spin I=5/2 and the coupling of
the nuclear spin to electron spin in the X3S�g state [2] and
to the electronic angular momentum in the a1Dg state [7]
gives rise to a magnetic hyperfine structure.

The Hamiltonian for the three considered 17O isotopo-
logues can be expressed as [4,5]

H¼HRFSþHHFS ð1Þ

where HRFS corresponds to the rotational and fine struc-
ture terms and HHFS to the hf term. The expression of HRFS

in the X3S�g ground state is the following:

HRFS ¼ BN2
�DN4

þHN6
þ lþlDN2

þlHN4
h i2

3
3S2

z�S2
� �

þ gþgDN2
þgHN4

h i
NUS ð2Þ

where B, l and g are rotational, spin–spin and spin–
rotation interaction constants, respectively, while the
other constants are their first and second order centrifu-
gal distortion terms. Since no L-type doubling was
observed, the rotational energies in the a1Dg state have
a simple expression

FuðJÞ ¼ TuþBuJðJþ1Þ�Du½JðJþ1Þ�2þHu½JðJþ1Þ�3 ð3Þ

The hyperfine structure Hamiltonian can be written as

HHFS ¼ aIzLzþbFIUSþcðIzSz�
1
3 IUSÞþ

eQqð3I2
z�I2
Þ

4Ið2I�1Þ
ð4Þ

where the first term describes the interaction of the
electronic orbital moment with the nuclear spin, the
second and third terms give information on the electron
spin distribution within the molecule. In particular, the
Fermi contact parameter bF is the measure of the spin
density at the nucleus, whilst c is associated with angular
spin distributions /(3 cos2 y�1)/r3Ss, where the aver-
aging is over space coordinates for the states in question,
r being the distance between unpaired electron and the
17O nucleus and y being the angle between the r vector
and the internuclear axis. The fourth term corresponds to
the electric quadrupole interaction due to asymmetric
charge distribution around the nucleus [17]. In the X3S�g
ground state, L=0 and therefore the first term vanishes.
In the case of the 16O17O and 17O18O species, I=5/2 and
then F= J+5/2, J+3/2,y9J�5/29. The rotational levels are
then split into six components for J42.

In the case of the 17O2 isotopologue, the vectorial
addition of the two nuclear spins (I1= I2=5/2) leads to
six values of the total nuclear spin Itot= I1+ I2,y9I1� I29=5,
4, 3, 2, 1, 0. In the X3S�g ground state because of the
nuclear spin function symmetry, the even and odd values
of N00 can only be associated with odd and even values of
I00tot , respectively [5]. Fig. 4 shows the hyperfine splitting in
the lower (N00= J00=1) and upper (N0= J0=2) states of the
R1R1 transition. The N00=1 level can be associated only
with I00=0, 2, 4 and then F00=1, 2, 3, 4 and 5, while in the
N0=2, upper state, the six I0 values are possible and then
F0 varies from zero to seven.

The a1Dg upper state is a singlet state (S=0), so that
only the first and fourth interaction terms remain in
Eq. (4).

The hyperfine component separations decrease with
increasing J values, i.e. in the different branches, the
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transitions from low rotational levels are expected to
show the most resolved hf structure [3]. As an example,
Fig. 5 illustrates the evolution of the hf structure with an
increasing rotational excitation for 16O17O. It is worth
mentioning that L-doubling could not be resolved in the
present experiment.

The selection rules for 16O17O, 17O18O and 17O2 mag-
netic dipole transitions are DJ=0, 71 and DF=0, 71. The
allowed transitions of the R1R1 line together with the
corresponding experimental spectrum of 17O2 are included
in Fig. 4. For clarity of the figure, only the strongest of the
39 hyperfine components are represented. A similar figure
was included in Ref. [3] for the R1R1 transition of 16O17O.
For the high J values, only the hyperfine transitions with
DJ=DF are significant and the intensities are proportional
to (2F+1) [18]. The hf coupling terms being identical for
16O17O and 17O18O, these isotopologues show very similar
hf structures [3].
5. Spectroscopic parameter derivation

The SPFIT software [19] was used to fit the measured
line positions. In the first iteration, we focused on the
derivation of the hyperfine coupling constants and the LNT
data set was combined with the MW measurements from
Cazzoli et al. [4,5]. As mentioned above, only the lowest
rotational transitions of the LNT spectra were used as
higher rotational transitions are mostly unresolved. In case
of blended lines, we assigned all the underlying compo-
nents of sufficient intensity (more than 1%) to one line
center and weighted them according to their calculated
relative intensities. The rotational part of the Hamiltonian
in the ground X3S�g and upper a1Dg electronic states were
fit to Eqs. (2) and (3), respectively. Since only few low
rotational transitions were considered, the centrifugal dis-
tortion constants could not be determined and were held
fixed to the values determined in our previous work [2] for
16O17O and 17O18O and to the values from Ref. [20] for 17O2.

In a second step, we completed the input data with the
RT data set. Using the SPFIT option allowing to exclude
these lines from the fit of the hf parameters, the global fit
including all the transitions of the (0–0) band and (1–1)
hot band, was performed and provided both the hf
coupling constants and the rotational constants (includ-
ing the centrifugal distortion constants).

As mentioned above, the RT line positions were taken
as an average value over the line profile. In consequence,
the uncertainties assigned to the 17O2, 16O17O and 17O18O
transitions were increased up to 10�10�3 cm�1 for some
low J values.

The 17O2 lines of the a1Dg�X3S�g (0–0) band measured
in this work were fitted together with MW lines from
Cazzoli et al. [5]. The lines of the a1Dg�X3S�g (1–1) band
together with Raman measurements of the fundamental
band in the X3S�g state [6] were fitted separately, because
even the fine structure was not resolved by Edwards
et al. [6]. In this fit we fixed the constants of the v=0
levels of the X3S�g and a1Dg states to their fitted values
and excluded the hf parameters. Raman line centers were
included in the fit with large uncertainties (0.015 cm�1).

Unlike 17O2, to the best of our knowledge no Raman
data are available in the literature for the 16O17O species.
Thus we were not able to determine the absolute energy
term values of the X3S�g (v=1) and a1Dg (v=1) states. The
16O17O lines of the a1Dg�X3S�g (0–0) and (1–1) bands
were fitted separately and the energy term value of the
X3S�g (v=1) level was fixed to the value (1533.55 cm�1)
extrapolated from that of 16O2 isotopologue using the
usual dependence of the vibrational frequency versus the
reduced mass.

Due to the low abundance of 17O18O in the sample
(about 1%), the 17O18O transitions are very weak, which
increased the experimental uncertainty on the line posi-
tion values. The lines from the present 17O spectra were
used as the primary source of the input data of the fit and
then completed by 45 17O18O lines, which were pre-
viously measured in the 18O enriched spectrum [2] and
are blended or hidden in the 17O spectra.

The results of the fit are given in Table 2. The
rms values corresponding to our data (2.07�10�3,



Table 2

Spectroscopic parameters (cm�1) of the v=0 and v=1 levels of the X3S�g and a1Dg states of 16O17O, 17O18O and 17O2.

Parameters 16O17O 17O18O 17O2

X3R�g

v=0 v=1 v=0 v=0 v=1

E a 1510.3649(44)

B 1.3953322(27) 1.380238(40) 1.3154953(23) 1.3529818(11) 1.338575(56)

D �4.5615(21)�10�6
�4.533(78)�10�6

�4.0535(39)�10�6
�4.2893(19)�10�6

�4.26(14)�10�6

k 1.98471099(30) 1.98849(82) 1.98463272(69) 1.98466915(12) 1.9860(12)

kD 1.8885(37)�10�6 1.7835(95)�10�6 1.82771(88)�10�6

c �8.176545(78)�10�3
�8.207(63)�10�3

�7.70714(12)�10�3
�7.927372(21)�10�3

�8.23(11)�10�3

cD �6.99(58)�10�9
�7.3(12)�10�9

�7.199(88)�10�9

bF �1.82607(31)�10�3
�1.82610(70)�10�3

�1.826529(78)�10�3

c 4.67255(79)�10�3 4.6729(20)�10�3 4.67116(21)�10�3

eQq �2.713(80)�10�4
�2.74(16)�10�4

�2.769(13)�10�4

a1Dg

v=0 v=1 v=0 v=0 v=1

T 7884.45452(11) 7812.63054(91)b 7885.78877(16) 7885.15500(12) 9324.8176(48)

B 1.3760896(29) 1.359745(42) 1.2973722(28) 1.3343330(13) 1.318697(58)

D �4.8107(24)�10�6
�4.783(81)�10�6

�4.2743(47)�10�6
�4.5235(20)�10�6

�4.43(13)�10�6

a �7.250(65)�10�3
�7.055(87)�10�3

�7.069(42)�10�3

Number of linesc Total:345 Total: 180 Total: 793

MW: 59 This workd: 218 This work: 68 MW: 30 This workd: 105+45e MW: 516 This workd: 215 Raman: 23 This work: 39

rmsf 4.48 �10�2 MHz 2.08�10�3 cm�1 2.49�10�3 cm�1 5.58�10�2 MHz 2.39�10�3 cm�1 7.11 �10�2 MHz 2.07�10�3 cm�1 9.75�10�3 cm�1 3.03�10�3 cm�1

a The energy term value of X3S�g (v=1) was estimated to be E=1533.55 cm�1 using the corresponding value of 16O2 and the mass dependence of the vibrational frequency (see Text).
b Difference between the energy term values of the v=1 levels in the ground X3S�g and excited a1Dg states (see text).
c Microwave (MW) and Raman data were taken from Refs. [4,5] and Ref. [6], respectively.
d The hyperfine components were not counted; one hf manifold was considered as one line.
e 45 additional lines measured in Ref. [2] were included in the fit.

f rms¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
iðsobs�scalcÞ

2
i

� �
= N�pð Þ

r
, where the summation applies to the N experimental data of a given source and p is the number of fitted parameters.
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Table 4

Comparison of the hf coupling parameters of the X3S�g state of 16O17O,
17O18O and 17O2.

Parameter (MHz) 16O17O 17O18O 17O2

b a (This work) �101.4356(34) �101.4416(62) �54.7580(24)

b [4,5] �101.441(5) �101.46(1) �54.758(3)

c (This work) 140.095(23) 140.090(59) 140.0378(62)

c [4,5] 139.73(3) 139.68(6) 140.037(9)b

c [24] 140.123(36) y y

eQq (This work) �8.13(24) �8.23(47) �8.302(39)

eQq [4,5] �8.3(3) �7.8(5) �8.29(3)

a For comparison purpose, the hf parameters of 16O17O and 17O18O

were fitted using the same hf Hamiltonian that was used in Ref. [4]

(Eq. (5)). In consequence, the obtained b values differ from those

included in Table 2. The value given for 17O2 is the bF value listed

in Table 2 (Eq. (4)) (see text for details).
b The value given here is three times the value of Ref [5] due to a

different definition.
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2.08�10�3 and 2.39�10�3 cm�1 for 17O2, 16O17O and
17O18O, respectively) are satisfactory, considering the
large uncertainty on some line centers.

Note that we have tried to fit the quadrupole coupling
constant of the a1Dg (last term in Eq. (4)) but it could not
be well determined. The corresponding constant in the
ground state of 16O17O and 17O18O is about �8 MHz and
according to the calculations of Minaev and Minaeva [21]
it should be similar in the excited state and then too small
to be determined from our near infrared spectra.

We have superimposed to the spectra of Figs. 4 and 5 a
simulation of the hf structure calculated with the fitted
parameters values. The simulated spectra were obtained by
affecting a Doppler line profile (at 80 K) to the stick spectrum
provided by the SPFIT program. It leads to a very good
agreement between the measured and calculated spectra.

The results of the fit of the spectroscopic parameters of
each of the 17O2, 16O17O and 17O18O isotopologues are
provided as Supplementary Material. The supplementary
files include the complete set of wavenumber values
measured in this work together with microwave and
Raman measurements when available and the corre-
sponding (obs.-calc.) values.
6. Discussion

Our fitted values of the hf coupling constants for the
a1Dg state are reproduced in Table 3 in MHz units and
compared with the value determined by Arrington et al.
from a fit of EPR spectra [7]. Since in theory there is no
isotopic dependence for this parameter, these authors
performed a global fit for the two species and determined
the coupling constant to be �42471 MHz, which is
almost exactly a factor of 2 greater than our values
(�217.371.9 and �211.572.6 MHz, for 16O17O and
17O18O, respectively). This factor of 2 difference is merely
due to the different definition of the coupling constant in
the work of Arrington et al. [7], where the value of L (L=2
in this case) is absorbed into the constant.

The ground-state hyperfine structure of 16O17O, 17O18O
and 17O2 has been previously investigated in the microwave
and millimeter ranges [4,5,22–24]. The comparison with the
hf coupling constants of 16O17O and 17O18O in the ground
state obtained by Cazzoli et al. [4] is not straightforward as
they used a different parameters for the Hamiltonian corre-
sponding to the magnetic part of the hyperfine splitting

HHFS ¼ bIUSþc IzSz ð5Þ

The minor difference with our Eq. (4) is that the
isotropic and anisotropic contributions are not completely
Table 3
The hf coupling parameter (MHz) of the a1Dg state of 16O17O, 17O18O and
17O2.

16O17O 17O18O 17O2

This worka
�217.35(195) �211.50(261) �211.93(126)

[7]a
�424(1)a

�424(1)a

a The difference by a factor of 2 compared to our values is due to a

different definition (see text for details).
separated and therefore Eq. (5) yields less valuable physi-
cal information. Nevertheless, to make direct comparison
we have fitted the CRDS and MW data using the magnetic
contribution as given in Eq. (5). The results of this fit are
given in Table 4 together with the values from Cazzoli
et al. [4]. There appears to be a good agreement in all the
constants except c where a slight disagreement is appar-
ent. The reason for this discrepancy is unclear, but one
can note that our value of c for 16O17O is close to the one
reported by Gerber from EPR spectroscopy measure-
ments [24]. We have also fitted only the MW lines from
Ref. [4] and the discrepancy with the value of c reported
in [4] remained, while the residuals in our fit were smaller.

In the work of Cazzoli et al. [5] devoted to 17O2 the
corresponding part of the Hamiltonian is given as:

HHFS ¼ aIUSþbð3IzSz�IUSÞ ð6Þ

where the isotropic and anisotropic parts are separated.
This expression is similar to our Eq. (4) where our bF and
c constants correspond to a and 3b, respectively. The
comparison of our hyperfine parameters obtained using
Eq. (4) with those given in Ref. [5] is also given in Table 4
and shows a very good agreement.

7. Conclusion

The spectroscopic knowledge of the a1Dg�X3S�g
band of the three 17O-containing oxygen isotopologues –
16O17O, 17O18O and 17O2 – has been considerably extended
from CRDS spectra at room temperature and at 80 K. The
hyperfine structure of the low rotational transitions of
the a1Dg�X3S�g band has been observed for the first time.
The spectroscopic fit of the different a1Dg�X3S�g transi-
tions measured in this work and available microwave and
Raman data provide the best to date set of spectroscopic
data for the a1Dg state of 16O17O, 17O18O and 17O2. For
the 17O2 isotopologue, these a1Dg parameters including hf
coupling parameter were determined for the first time.
The resulted parameters were used for the simulation of
the hf structure, which shows a very good reproduction of
the measured hf structure. The new observation of electric
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quadrupole transitions in the a1Dg�X3S�g system of
16O17O and 17O2 species is reported together with the first
determined spectroscopic constants for a1Dg v=1 state of
these species. The results of this work can be used
for accurate prediction of spectral line parameters of
17O-containing species. For instance, the 16O17O transitions
can be potentially found in the atmospheric spectra as their
strength is similar to the electric quadrupole transitions of
16O2 that were already identified in the solar atmospheric
spectrum [1].
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