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The absorption spectra of the O 2 Herzberg band systems ( A 3 S u1 –X 3 S g2 , c 1 S u2 –X 3 S g2 , and A9 3 D u –X 3 S g2 ) lying in the
wavelength region 240 –300 nm were reinvestigated. The coupling of a long absorption cell and a high-resolution Fourier
transform spectrometer has allowed the observation of numerous weak lines which were not reported previously. From the
rotational analysis of the line positions, determined with an accuracy of 0.005 cm 21, the molecular constants of the A 3 S u1 , v
5 0–12, c 1 S u2 , v 5 2–19, and A9 3 D u , v 5 2–12 levels are improved significantly. The interaction between the A and c
states is described quantitatively. A new interpretation of the perturbations observed in the energy region close to the
dissociation limit is given which involves a weakly bound 3 P u state as the most probable perturbing state. © 1999 Academic Press
Key Words: oxygen; long absorption paths; high-resolution Fourier transform spectroscopy; Herzberg bands; rotational
analysis; perturbations.

the bands having v9 5 1–11, v9 5 0 –16, and v9 5 2–11 for the
A–X, c–X, and A9–X systems, respectively. These bands were
reinvestigated by Slanger and Cosby (8) and combined with
those obtained for the c 2 a 1 D g and A9 2 a 1 D g systems (9,
10) in order to yield a coherent set of vibrational and rotational
parameters describing the A, c, and A9 energy levels which
could not be correctly represented by a low-order Dunham
expansion.
The first photoelectric measurements were performed in the
spectral range 240 –270 nm by Yoshino et al. (11), who coupled a Fourier transform spectrometer (resolution: 0.06 cm 21)
to a White cell with a total absorption path of 82 m and used
O 2 pressures from 60 to 700 Torr. These authors reported the
rotational assignments of lines measured with an estimated
precision of 0.005 cm 21 for the A–X bands with v9 5 4 –11 and
deduced the oscillator strengths. More recently, new bands in
the spectral region close to the dissociation limit were investigated by Slanger et al. (12). Using the sensitivity of cavity
ring down spectroscopy (CRDS) and with the aid of a simulation program (13), these authors were able to identify the
(12– 0) band of the A–X system, the (17– 0) and (18 – 0) bands
of the c–X system, and the (12– 0) and (13– 0) bands of the
A9–X system. In their work, the precision on the line positions,
limited by the laser linewidth (0.2 cm 21), was estimated to be
less than 0.1 cm 21.
In the present paper, new information is obtained from

INTRODUCTION

In the wavelength region 240 –300 nm, the absorption spectrum of molecular oxygen is observed as a series of weak bands
(the Herzberg bands) superposed on pressure-dependent diffuse bands (the Wulf bands). At shorter wavelengths (l , 240
nm), the bands converge to a continuum (the Herzberg continuum) corresponding to dissociation into atomic oxygen. Dissociation by absorption to this continuum is an important step
in the production of ozone in the stratosphere. A thorough
spectroscopic knowledge of the three discrete systems involved
( A 3 S u1 –X 3 S g2 , c 1 S u2 –X 3 S g2 , and A9 3 D u –X 3 S g2 ) is required in
order to separate their contribution from that of the underlying
diffuse bands and to evaluate the respective contribution of the
three transitions to the Herzberg continuum. For this, precise
intensity measurements are necessary to determine accurately
the oscillator strengths. Until recently, the absorption spectrum
was only partially known from photographic recordings which
did not allow an accurate study of the line intensities. The
bands are weak because they are electric dipole forbidden
transitions and thus require long absorption paths and/or high
gas pressures to be observed.
The first rovibrational study was made by Herzberg (1, 2)
using absorption paths up to 800 m and O 2 pressures up to 3
atm. Based on an isotopic substitution, the vibrational levels
were later reassigned (3, 4). In a series of three papers, Ramsay
and collaborators (5, 6, 7) extended the rotational analysis to
136
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TABLE 1
Experimental Conditions

a

Temperature in the cell: 288 K; path length in air outside the White cell: 4 m.

accurate absorption measurements performed in the 240 –300
nm spectral region with path lengths up to 600 m and O 2
pressures up to 750 Torr, by using a FT spectrometer coupled
to a long absorption cell. This experimental setup allowed the
observation of the weaker c–X and A9–X bands not reported by
Yoshino et al. (11). The overall analysis yielded a significant
improvement of the spectroscopic data of the three Herzberg
systems.
After a detailed description of the experimental conditions,
the improvements referring to line position and new assignments will be indicated for each system. In the spectral region
close to the dissociation limit where numerous perturbations
are observed, the rotational assignments will be discussed
extensively.
A forthcoming paper will be devoted to the intensity measurements of the lines, the band oscillator strengths, and the
transition moments. In a third paper, new results concerning
the diffuse Wulf bands in the 240 –300 nm region will be
presented. Preliminary results concerning these bands have
been published (14).
EXPERIMENTAL PROCEDURE AND MEASUREMENTS

The experimental conditions were achieved by the association of the long path cell built at the Université de Reims and
the mobile Bruker 120M Fourier transform spectrometer of the
Université Libre de Bruxelles.
The multipass cell (15), previously used for the determination of the Herzberg continuum cross sections (16, 17), has a
base length of 50.06 m. The A1 1 MgF 2 coating of the mirrors
has a poor reflectance in the UV region (80% at 200 nm and
95% at 300 nm) so that limited path lengths (201.84, 402.08,
and 602.32 m) were used in the present work. The O 2 pressures, measured with a MKS Baratron capacitance gauge (1000
Torr head), were varied in the range 20 –750 Torr. The resulting column densities of the gas (0.424 10 23–15.130 10 23 molec/
cm 2) at ambient temperature were higher than those used by

Yoshino et al. (11) in their measurements of the A–X bands.
High-pressure Xenon lamps (450 and 1000 W) provided a
stable, line-free background continuum. With an unapodized
resolution of 0.12 cm 21 (maximum optical path difference of
7.5 cm), compared to the total linewidth (about 0.12 cm 21 with
375 Torr of oxygen, according to Yoshino et al. (18)), and
using a UV solar blind vacuum diode as a detector, a great
number of scans is necessary to obtain a good signal-to-noise
ratio. Up to 5000 interferograms were coadded to increase this
ratio. Table 1 gives the experimental conditions used in the
present work.
The first series of measurements were planned with an absorption path of 602 m and four different pressures of oxygen, but the
S/N ratios were too low at shorter wavelengths, especially with
the higher pressures. Figure 1 shows the spectra recorded with
P O2 5 20 and 750 Torr and a path length of 602 m. With
increasing pressure, the shape of the background is modified by
the emergence of the diffuse bands of the Wulf system (19, 20),
definitely attributed recently to collision-induced absorption (14).
At P O2 5 20 Torr, only the A–X bands are present, while at P O2 5
750 Torr, additional bands belonging to the c–X and A9–X systems
are visible. It should be noted that the lines of the most intense
A–X bands are saturated at the higher pressure. An improvement
of the S/N ratio for the measurement of the c–X and A9–X systems
was obtained with a 1000 W Xenon lamp and shorter absorption
paths (see Table 1).
The wavenumber scale is first determined by the He–Ne
laser which controls the sampling of the interferogram. The
absolute calibration was obtained by using about 30 lines of a
low-pressure Hg lamp in the spectral region 31 600 – 40 600
cm 21. The wavenumbers obtained for the A–X lines show a
mean difference of 20.003 cm 21 with those of Yoshino et al.
(11); this is less than our error estimate (0.005 cm 21) on the
measurements. The line positions and intensities were determined directly from the absorption spectrum using the SPECTRA program written by Carleer (21), which assumes a Voigt
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FIG. 1. Absorption spectrum of the O 2 Herzberg bands in the wavenumber region 35 500 – 41 500 cm 21. The spectra were obtained with P O2 5 20 and 750
Torr and with a path length of 602 m. The intensity and the shape of the background depend on the pressure; at 750 Torr the diffuse bands (Wulf system)
underlying the sharp structures are clearly visible.

profile convoluted by the instrumental function for each line.
Each band was recorded and measured at three different pressures at least. For the stronger A–X bands, only spectra at low
pressures were used to avoid saturation of the lines.
RESULTS

All the absorption bands previously reported for the A–X,
c–X, and A9–X transitions were observed and reinvestigated.
Owing to the high column densities of oxygen used in the
experiments, it was possible to extend the analysis to higher
rotational levels for the following vibrational levels: A 3 S u1 , v
5 0–12, c 1 S u2 , v 5 2–19, and A9 3 D u , v 5 2–12.
The new measurements thus yield a more complete spectroscopic data set for the three Herzberg band systems and have
the same accuracy as that of Yoshino et al. (11), who observed
absorption into the v 5 4 –11 levels of the A state. As an
example, Fig. 2 shows the absorption cross sections in the
37 000 –37 600 cm 21 region involving the A–X (3–0), c–X
(7–0), and A9–X (4–0) bands. The spectrum was obtained
with a path length of 402 m and a pressure of 250 Torr. Its
quality is clearly demonstrated in the enlarged region between
37 225 and 37 235 cm 21 where the signal-to-noise ratio is
larger than 300; the separation (0.132 cm 21) of the two peaks

corresponding to the Q R 23 (3) and Q P 21 (3) lines of the A–X
(3–0) band gives a value for the resolution. This value is very
close to the calculated linewidth (0.134 cm 21), including Doppler width, pressure broadening, and instrumental width.
The vacuum wavenumbers of the lines for the A–X, c–X,
and A9–X transitions are given in Tables 2a, 2b, and 2c,
respectively. The energy values of the upper levels were then
derived by adding the energies of the X 3 S g2 , v 5 0 rotational
levels of Amiot and Vergès (22), with the level X 3 S g2 , v 5 0,
F 2, J 5 N 5 0 taken as the zero energy level. The first three
parts of this section present the new information obtained for
each transition. The fourth and fifth parts give a description of
the wavenumber region above 40 900 cm 21, where numerous
perturbations are detected near the dissociation limit at
41 267.5 cm 21 (23).
1. The A 3S u1–X 3S g2 Herzberg I Band System
For this electric dipole forbidden transition, 13 branches are
expected. In the first rotational analysis, Herzberg (1) identified
11 branches. In their more extensive work, which included
bands with v9 5 0 –11, Borrell et al. (5) only observed 10
branches: the S Q 31 , S R 32 , and O Q 13 were missing. Their assignments were confirmed by Yoshino et al. (11), who observed the
same number of branches except for the perturbed (11– 0) band
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FIG. 2. Absorption spectrum of O 2 between 37 000 and 37 600 cm 21 obtained with P O2 5 250 Torr and with a path length of 402 m. The S/N ratio . 300
is achieved by coadding 4096 interferograms. The Q R 23 (3) and Q P 21 (3) lines of the A–X band (top figure) are separated by 0.132 cm 21.

where only eight branches were identified. For this band,
Slanger et al. (12) found 12 branches; the intensity of the
missing O Q 13 branch was calculated by these authors (13), and
later by England et al. (24), to be too weak to be detected.
Moreover, Slanger et al. (12) identified a new vibrational level
close to the dissociation limit that they attributed to the A, v 5
12 level.
In our long path experiments, all the bands previously reported were observed. As mentioned above, the line positions
agree well with those of Yoshino et al. (11) in the limits of the
respective accuracies. New weak lines were detected (see Table 2a). The rotational analysis was extended to N0 5 31 in the
most intense bands with v9 5 3– 8. In agreement with Yoshino
et al. (11) and Slanger et al. (12), the rotational lines were
observed up to N0 5 25 in the (10 – 0) band, N0 5 15 in the
(11– 0) band, and N0 5 7 in the (12– 0) band due to the
dissociation limit. The S Q 31 lines with low N0 values were
identified in most of the bands except for v9 # 2 (the intensity
of which are expected to be very weak) and a few S R 32 lines
were assigned in the (10 – 0) and (11– 0) bands.
The term values of the A levels were fitted to the Hamiltonian used by Cheung et al. (25), which is essentially the same
as that of Amiot and Vergès (22). Because of the limited
number of rotational levels available, the large number of
parameters of this Hamiltonian must be restricted. According
to Yoshino et al. (11), only the centrifugal spin–rotation parameter g D was omitted in our fits. By including all the term

values derived from the individual lines in the calculation
instead of mean term values, the accuracy was increased, due
to the weighting effect increasing the importance of terms for
which several values are available. Lines labeled by a circle
(E) in Table 2a were not used in the fit. These lines are either
perturbed (P) or overlapped (*).
New molecular constants, presented in Table 3 (the numbers
in parentheses are two standard deviations), were obtained for
the vibrational levels v9 5 0 –10. For the levels v9 5 4 –10,
small differences are observed when comparing to Yoshino et
al.’s data (11). The accuracy on the D v values is improved, as
expected, since the calculation includes higher J value levels.
The molecular constants obtained for the perturbed v9 5 11
and 12 levels which are close to the dissociation limit will be
discussed below.
2. The c 1S u2–X 3S g2 Herzberg II Band System
According to Herzberg, who analyzed the most intense
bands (2), the c–X transition is a singlet–triplet transition
having four branches: R R, R Q, P Q, and P P. New bands were
observed later (6, 12) and a more complete assignment was
obtained for v9 5 2–19. Up to v9 5 17, the present measurements, given in Table 2b, are in good agreement with those of
the previous studies (6, 12), but we made the new assignments
for the (18 – 0) band contrary to those by Slanger et al. (12)
discussed later in Section 4, related to the region near the
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TABLE 3
Molecular Constants (in cm 21) of the A 3S u1 State

Number in parentheses are two standard deviations (2s) in units of the last digits.
Band origin referred to the hypothetical X 3 S g2 , F 2, N 5 J 5 0 level.
c
Fixed value.
a

b

dissociation limit. In each band, the rotational analysis was
extended here to larger N0 values than previously (up to a
maximum of N0 5 29 in the 8 – 0 band.)
The term values of the upper levels were fitted to the simple
model of the nonrigid rotator:
T~v, J! 5 T v 1 B v J~ J 1 1! 2 D v J 2 ~ J 1 1! 2 .

[1]

The rotational constants (Table 4) are not too different from
those of Ramsay (6), but our values are determined with a
better accuracy (one order of magnitude). The T v values are
slightly different with a maximum discrepancy of 0.1 cm 21 for

v9 5 6. The observed discrepancies probably result from shifts
in the wavelength calibration of the photographic plates used in
the previous work. The mean value of these discrepancies
(0.038 cm 21) for the band origins are much larger than our
measurement error estimate (0.005 cm 21). However, the fit of
our values to a polynomial expansion does not improve the
vibrational constants given by Ramsay (6) for the c state.
From the energy diagram obtained with the molecular constants of Tables 3 and 4, crossings of vibrational levels are
expected between the A and c states. According to the parity of
the c 1 S u2 levels, interactions with the F 1 and F 3 components of
the A 3 S u1 levels ( f parity) can arise. Indeed, Yoshino et al.

TABLE 4
Molecular Constants (in cm 21) of the c 1S u2 Levels

a
b

Number in parentheses are two standard deviations (2s) in units of the last digits.
Band origin referred to the hypothetical X 3 S g2 , F 2, N 5 J 5 0 level.
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TABLE 5
The A 3S u1–c 1S u2 Perturbations

(11) observed small rotational perturbations in the F 3 components of the A state for v 5 4 (between J 5 12 and 14), for v
5 7 (at J 5 16), and for v 5 9 (between J 5 14 and 16); the
F 1 component of the level v 5 9 is also perturbed at J 5 24.
These perturbations were attributed to interactions with the v 5
8, 9, and 15 levels of the c state. With our more complete
measurements, we have found new perturbations in the A, v 5
7, F 1 component at J 5 28, and in the A, v 5 10, F 3, and F 1
components at J 5 20 and J 5 26. The first perturbation is

attributed to the c, v 5 8 level and the others could be due to
the c, v 5 17 level. For the latter level, the extrapolation of the
term values above the last observed rotational level at J 5 18
shows that crossings with the F 3 and F 1 components of the A,
v 5 10 level should occur between J 5 18 and 20 and
between J 5 24 and 26, respectively. In agreement with this,
a small perturbation is observed in the F 3 component, but the
F 1 component at J 5 26, which is close to the dissociation
limit, is shifted downward, contrary to the expected effect.

TABLE 6
Molecular Constants (in cm 21) of the A* 3D u Levels

Number in parentheses are two standard deviations (2s) in units of the last digits.
Band origin referred to the hypothetical X 3 S g2 , F 2, N 5 J 5 0 level.
c
Value of l constrained to 0 (the V 5 3 subband is not observed).
a

b
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FIG. 3. (a) Absorption spectrum of O 2 (P O2 5 250 Torr, path length 5 402 m) in the spectral region of the A–X (11–0) band just below the dissociation
limit. The most intense lines are saturated in these experimental conditions. Numbers in the figure are N numbers. (b) Enlarged part of the spectrum showing
the “extra lines” at N0 5 11 and 13 in the A–X band. The lines assigned at the bottom of the figure belong to: (a) the A9–X (11–0) and (12– 0) bands; (b) the
c–X (17–0) and (18 – 0) bands. The lines marked with an asterisk (*) are extra lines. (c) Enlarged part of the spectrum in the spectral region close to the
dissociation limit. The lines marked by a dot (F) are yet unidentified.

Interaction matrix elements between 3S 1 and 1S 2 states
were defined by Kovács (26). They involve a spin– orbit coupling between the two states. For the oxygen molecule, an
estimated value of the spin– orbit matrix element (2150 cm 21)
was given by Field and Lefèbvre-Brion (27). Another value
can be calculated from the observed spin–spin constant of the
A state according to the relation of Field and Lefèbvre-Brion
and neglecting the interaction with the B 3 S 2 state (12):
c
l v < 12 S v9 A 2 ~r vv9 !q vv9 /E Av 2 E v9
.

[2]

A(r vv9 ) is the spin– orbit matrix element at the R centroid (r vv9 ),
q vv9 is the Franck–Condon factor, and E vA –E v9c is the energy
difference between the A and c vibrational levels.
The Franck–Condon factors were calculated from the RKR
potentials of the A and c states. Assuming a small variation of
A(r vv9 ) with v9, in agreement with the ab initio calculations of
Klotz and Peyerhimoff (28) in the range 1.22–1.53 Å ( A 5
2151.7 to 2148.1 cm 21), the A(r vv9 ) values were recalculated.
The mean value (2146.8 cm 21) in the range 1.29 –1.35 Å is in
good agreement with the previously estimated values. In Table
5, the calculated interaction matrix elements (H calc) are compared with the observed values (H obs) evaluated from the shifts
of the interacting levels. Considering the weakness of the

perturbations and the accuracy of the measurements, the agreement is quite satisfactory.
3. The A9 3D u–X 3S g2 Herzberg III Band System
The A9–X system is weaker than the two other systems and
Herzberg (2) only observed three subbands in his pioneering
work. Since then, new experiments have allowed the extention
of the analysis (7, 29) to the V 5 1 and 2 subbands having v9
5 2–11, but only a few lines were observed in the weaker V 5
3 subbands having v9 5 5–11. The data were recently extended
to the A9–X (12–0) and (13– 0) bands (12).
In the present work, the analysis is largely completed with
new assignments having higher N0 values and for previously
unobserved branches in the V 5 3 subband. In all, 1257 lines
were identified for the bands having v9 5 4 –10, against 752 in
the work of Coquart and Ramsay (7). The three V subbands for
v9 5 3–12 were observed and rotational lines extended to N0 5
29 in the more intense bands. A few lines of the weaker P P 32
branch appear in the (11– 0) band.
From their data, Coquart and Ramsay (7) obtained a set of
molecular constants by fitting the upper term values of every
subband to a simple model giving effective parameters. Using
the whole set of available lines (7, 29), Slanger and Cosby (8)
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8determined band-by-band parameters by fitting the data to the
3
D u and 3 S g2 Hamiltonians of Zare et al. (30).
In this work, we used the 3 D u Hamiltonian of Hocking et al.
(31), which is similar to that of Zare, but which excludes the
L-doubling second-order parameters corresponding to interactions with 3P or 3F distant states. The Hamiltonian involves
the spin–spin parameter l, the spin–rotation parameter g, and
the centrifugal distorsion spin– orbit parameter A D . With all the
parameters left free to be fitted, the standard deviation of the fit
is good, even for the higher vibrational levels. However, as
already noted by Slanger et al. (12), the l and g values increase
rapidly with v9. For l, Slanger and Cosby (8) attributed this
behavior to the increasing importance of the second-order
spin– orbit term which is included in this effective parameter
(26, 27). In this work, trial fits were carried out with one of the
l, g, A D parameters fixed to zero. The best standard deviation
was obtained with g 5 0 and in this case the values of l and
A D increase slowly with v9, as expected.
The values obtained for the molecular constants are summarized in Table 6 for the A9 3 D u , v 5 2–12 levels. For each
level, the standard deviation is similar to that of the A 3 S u1 and
c 1 S u2 levels. It can be noted that the evolution of the parameters is smooth up to v 5 8. Then, the absolute values of D, l ,
and A D increase rapidly. The T v and B v values are close to
those obtained previously and cannot be fitted to the usual
Dunham expansion (8). The results for the A9 v 5 12 level,
located in the perturbed region below the dissociation limit,
will be discussed below.
As pointed out before, the new results for the lower levels of
the A, A9, and c states agree well with the previous data.
Tables 3, 4, and 6 show that the accuracy of the parameters is,
however, improved; this is due for the most part to the larger
number of lines used in the fits. The accuracy of the fits for the
higher levels, where previously only a few assignments were
given, is not as good.
4. The 40 900 – 41 300 cm 21 Region
The 40 900 – 41 300 cm 21 region, which includes the perturbed A–X (11–0) band (5), was examined by Yoshino et al.
(11) and by Slanger et al. (12). New lines were observed by
Slanger et al. (12) using the CRD spectroscopy with a laser
linewidth of 0.2 cm 21. As mentioned above, the estimated
accuracy on the line position was 0.1 cm 21. With the assistance
of a simulation program (13), they assigned most of the new
lines to the A–X (12–0), c–X (17–0) and (18–0), A9–X
(12–0), and (13– 0) bands.
In our spectra, the S/N ratio in this region is not as good (see
Table 1) as that of the lower energy region. Most of the lines
are very weak except those of the A–X (11–0) band (Fig. 3a).
To avoid confusion between lines and noise, spectra obtained
at different pressures were compared and the existence of the
weaker lines was confirmed by the agreement between the
measurements of all the spectra. The accuracy of the line

positions was estimated to be 0.005 cm 21 for the A–X (11–0)
strong lines and 0.02 cm 21 for the weaker ones.
The assignments were made according to the usual criteria
of intensity distribution in the branches, ground state combination differences, and splittings between the F01, F03, and F02
components. The assignments for the A–X (12–0) and c–X
(17–0) bands and for part of the A9–X (12–0) band are in
good agreement. Some lines reported in the CRD experiments
were not observed in absorption and vice versa; also, some
lines were assigned differently as shown in the c–X (18–0)
band (compare to Table III of Ref. (12)). In our work, rotational assignments in the A–X (11–0), c–X (17–0), and A9–X
(12–0) bands are extended and lines at higher energies are
assigned to the c–X (19–0) band. Slanger et al. (12) reported
the presence of strong unidentified lines in the 40 925– 41 155
cm 21 region which they associated to the perturbed A–X
(11–0) band. From our work, it is possible to assign all these
lines as extra lines belonging to perturbing levels. The extra
lines by perturbation are listed in the (11– 0) band of Table 2a.
Figure 3b shows some of the extra lines with asterisks (*). All
of the upper term values of the transitions observed in the
40 900 – 41 300 region are shown in the energy diagram of Fig.
4, in which, for the sake of clarity, an arbitrary 0.15 J( J 1 1)
rotational dependence was subtracted from all the term values.
The term values obtained from additional extra lines are represented by crosses (3). The solid curves joining the term
values of a given component show that there are obvious
avoided crossings corresponding to interactions with levels
having the same symmetry ( f 7 f, e 7 e). For the A, v 5
11 level, the F 1f component is perturbed between J 5 4 and 6,
J 5 10 and 14, and for J $ 16; the F 2e component is perturbed
at J 5 5, between J 5 9 and 11, at J 5 13, and for J . 15;
the F 3f component is perturbed at J 5 6, 10, 12, and 14. These
perturbations will be discussed below.
The assignments given by Slanger et al. (12) for the A–X
(12–0) band are confirmed by our new measurements and will
not be discussed further.
For the c–X transition, our assignments agree with those of
Slanger et al. (12) in the (17– 0) band; the analysis was extended from N0 5 9 to N0 5 19 ( J9 5 18). Slanger et al. (12)
reported 13 lines that they attributed to the (18 – 0) band; three
of these lines are not detected in our spectra and another one
(assigned as the R Q(1) line) is now identified as the extra
Q
Q 33 (3) line of the A–X (11–0) band. Therefore, a new
assignment of 29 lines with J9 up to 16 is suggested (Table 2b),
including six of the lines quoted by Slanger et al. (12). Individual fits of the (17– 0) and (18 – 0) bands yielded the upper
state constants given in Table 4. The latter, which have standard deviations similar to those of the lower vibrational levels,
are comparable to those obtained by Slanger et al. (12), but the
T v value for the v9 5 18 level is about 12 cm 21 below their
value. At higher wavenumbers, 16 weaker lines are now assigned to the c–X (19–0) band up to J9 5 8 (Table 2b). The
fitted parameters are also given in Table 4.
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The A9–X (12–0) and (13– 0) bands observed by Slanger et
al. (12) were reinvestigated. At first, we note a typographical
error in their Table IV: the Q Q 22 wavenumbers from N0 5
5–11 are the same as for the P Q 33 lines. The rotational analysis
was extended to higher levels up to N0 5 19 in the V 5 2
subband and to N0 5 11 in the V 5 1 subband. Only five
branches were found in the latter and discrepancies in the
position of the lines increase with N. The V 5 3 subband is
observed for the first time, with lines assigned up to N0 5 17
(Table 2c). Slanger et al. (12) tentatively assigned three lines to
this subband which are not included in the present assignment.
The band origin and the rotational constants of the A9, v 5 12
level are thus slightly different. The perturbed levels for J9 .
6 in the V 5 1 component and at J9 5 16 in the V 5 2
component were not used in the fit.
The assignment of lines in the A9–X (13–0) band is far less
certain. Twenty-five lines were previously assigned to the V 5
2 subband (12); however, 10 of them were used in this work for
other assignments. The calculation of the ground state combination differences with the corresponding lines in our spectra
do not appear conclusive since discrepancies of 0.2– 0.4 cm 21
are observed. Therefore, we do not agree with the assignments
previously suggested.
In this spectral region (40 900 – 41 300 cm 21), a large number of lines cannot be assigned to the known A, c, and A9
states. They are marked by dots (F) in Fig. 3c.
An important quantity related to this region of the O 2 manifold is the dissociation energy. The first estimate of the dissociation energy, D 0 5 41260 6 15 cm 21, was given by
Herzberg (1), provided there was no potential maximum at
large internuclear distance. Revised values were successively
proposed by Albritton et al. (32): 41 262 6 10 cm 21; Pernot et
al. (33): 41 266.6 6 3.8 cm 21; and Gibson et al. (34):
41 268.7 6 0.9 cm 21. From their high-resolution data, Yoshino
et al. (11) gave a maximum value close to 41 263 cm 21, which
is significantly lower than the recommended value (41 267.5
cm 21) of Cosby and Huestis (23). In this work, the highest
observed rotational level ( J 5 24) of the A, v 5 10 level,
calculated from the Q P 32 (25) line, lies at 41 300.08 cm 21. In
the A, v 5 12 level, the F 1 component is observed up to J 5
8, which corresponds to an energy of 41 271.82 cm 21. From
these two values, the intercept at J 5 0 for the limiting curve
of dissociation gives a lower rotationless dissociation limit of
41 267.97 cm 21 in close agreement with the values of Gibson
et al. (34) and Cosby and Huestis (23). However, in our
spectra, we detected four broadened lines which could be
assigned to normal and extra Q P 32 (15) and Q Q 33 (15) lines in
the A–X (11–0) band (Table 2a and Fig. 4). As no other lines
matching the ground state combination differences were found,
these assignments could not be confirmed. If, nevertheless,
they are correct, the energy for the A, v 5 11, J 5 14 level
lies at 41 281.73 cm 21 and the value of the dissociation limit
should thus be increased to 41 271.87 cm 21. This value is
lower than that of the expected but unobserved F 3 component
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of the A, v 5 12 level (at about 41 275.5 cm 21) based on a
F 1–F 3 splitting of 14 –15 cm 21 (Table 3). Without further
observations, the value of Cosby and Huestis (23) is recommended for the dissociation limit into O( 3P 2) 1 O( 3P 2).
5. The Perturbations in the 40 900 – 41 300 cm 21 Region
The atomic recombination O( 3P) 1 O( 3P) gives rise to eight
molecular states with u symmetry. Three of them ( A 3 S u1 ,
c 1 S u2 , and A9 3 D u ) are the upper states involved in the Herzberg systems. The three components (F 1f , F 2e , F 3f ) of the A 3 S u1
state (v 5 11) are perturbed, suggesting that the intersecting
levels probably belong to a multiplet state. Borrell et al. (5)
suggested that the perturbing state was a 5 S u2 state. This
suggestion was supported by ab initio calculations of Saxon
and Liu (35). Later, the more refined ab initio calculations of
Partridge et al. (36) predicted the existence of three weakly
bound states of u symmetry ( 5 S u2 , 5 P u , and 3 P u ) in the region
just below the dissociation threshold, with a potential minimum of 190 cm 21 and a rotational constant of 0.2 cm 21 for the
deepest one ( 3 P u ). Yoshino et al. (11) and Huestis et al. (13)
agreed with the assumption that a 3 P u state was the main
perturbing state. This assumption is now strengthened as one
observes that the A9 3 D u and c 1 S u2 levels are also perturbed in
this energy region (Table 7 and Fig. 4). The first 3 P u excited
state, resulting from the promotion of an electron to the ( s u
2p) orbital, should be a (case a) regular state coupled to the A,
A9, and c states by spin– orbit interactions. Perturbations could
arise at the crossings of the three V spin– orbit components of
this 3 P u state with the three (F 1, F 2, and F 3) components of the
A 3 S u1 state because the degenerate levels of the 3 P u state have
both e and f parities.
The perturbations in the A 3 S 1 , v 5 11 level cannot be
assigned to the A9 3 D u state and most of them cannot be
assigned to the c 1 S u2 state (see Fig. 4). In the complex pattern
of perturbations shown in Fig. 4, five distinct intersecting
vibrational (sub) levels can be detected with a B value (B ;
0.2 cm 21) close to that predicted (B e ; 0.24 cm 21) for the 3 P u
state (36). Assuming that the perturbations at low J values
( J ; 4) of the A 3 S u1 , F 1f , F 2e components and between J 5
16 and 17 of the A9 3 D 2 , v 5 12, F e , F f components are due
to the same P component, the latter cannot be 3P 0 ( 3D 2 G
3
P 0). It could be a 3P 1 component, and the second perturbation
of the A 3 S u1 , F 1f , F 2e , and F 3f components could be attributed
to the 3P 2 component belonging to the same vibrational level,
with a separation of about 20 cm 21 between the two components. Since there are no unexplained perturbations in the
lower vibrational levels of the A 3 S u1 , A9 3 D u , and c 1 S u2 states,
we can also assume that these components belong to the
vibrational level v 5 0 of the 3 P u state and that higher lying
perturbations are due to the v 5 1 level of this state.
In a first step, calculations using a 3P– 3S 1 perturbation
matrix were carried out in order to fit all the observed normal
and extra levels of the A 3 S 1 level, v 5 11. The results gave
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FIG. 4. Term values T v –0.15 J( J 1 1) against J( J 1 1) for the A, c, A9 levels of O 2 in the energy region 41 125– 41 300 cm 21. The energy levels
represented by a cross (3) correspond to new assignments and/or to extra lines.

high standard deviations and were unsatisfactory. This is due to
the small number of observed extra levels. In a second step,
approximate parameters for the 3 P u state were derived by
using perturbed levels and extra lines near the crossing points;
the components were represented by the simple rotator formula
with B eff values related to the B v values, according to Herzberg
(37):

S

B eff 5 B v 1 6

D

2B v
.
AL

[3]

Additional constraints were included: the 3P 1, v 5 0 component intersects the c 1 S u2 v 5 18 ( f parity) level above J 5 16
and the 3P 1, v 5 1 component intersects the A9 3 D 1 , v 5 12
(e, f parities) level above J 5 10.
Table 7 gives the results of this fit, and Fig. 4 shows the
resulting position of the vibrational components (dotted lines)
of the 3 P u state. The values for DG 1/ 2 , B 0 , and B 1 together
with the corresponding internuclear distance for v 5 0 and v 5
1 can be compared favorably to the values v e 5 59 cm 21 and

r e 5 2.99 Å determined by Partridge et al. (36) for this state.
According to the present analysis, the minimum of the potential energy curve for this 3 P u state lies about 140 cm 21 below
the dissociation threshold; Partridge et al. (36) calculated a
value of 192 cm 21 for the dissociation energy D e of this state.
It should be noted that most of the unidentified lines in Fig.
3c correspond to upper levels which are located in the region
of the 3P 1, v 5 1 component. Assignments of these lines to a
3
P u –X 3 S g2 subband were unsuccessful. They could belong to
a 5 S u2 –X 3 S g2 transition with a 5 S u2 level located near 41 225
cm 21. Partridge et al. (36) predicted the minimum of the 5 S u2
potential curve at about 60 cm 21 from the dissociation threshold.
Approximate parameters were also determined for the A 3S 1, v
5 11 level by fitting the e and f levels represented by dots (F) in
Fig. 4 to the same model as that used for the other A 3S 1 vibrational levels. Larger weights were imposed on the terms with low
J values. The parameters obtained are also given in Table 4 and
the F 1f, F 2e, and F 3f components calculated with these parameters
are drawn with dashed lines in Fig. 4.
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TABLE 7
The Perturbations in the 41 150 – 41 300 cm 21 Region and the
Estimated Constants for the 3P u State

perturbations detected between the A 3 S u1 and the c 1 S u2 states
are discussed. The 40 900 – 41 300 cm 21 region was carefully
reinvestigated. The lines of the c 1 S u2 –X 3 S g2 (18–0) band
previously identified by Slanger et al. (12) were reassigned.
Numerous lines were attributed to extra lines of the A–X
(11–0) band which was already known to be perturbed (1, 5,
11, 12). The perturbations are discussed on the basis of a
3
P u – 3 S u1 interaction and tentative values are proposed for
some of the molecular parameters of the 3 P u state. These
values are in agreement with the results of ab initio calculations by Partridge et al. (36).
From intensity measurements, improved oscillator strengths
and transition moments were calculated. They will be published in a forthcoming paper.
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