
Observation of the second3Pu valence state of O2

B. R. Lewis, P. M. Dooley, J. P. England, K. Waring, S. T. Gibson, and K. G. H. Baldwin
Research School of Physical Sciences and Engineering, The Australian National University,

Canberra, Australian Capital Territory 0200, Australia

H. Partridge
NASA Ames Research Center, Moffett Field, California 94035

~Received 15 July 1996!

Rotational perturbations in theB 3Su
2 state of molecular oxygen are studied by measuring high-resolution

vacuum ultraviolet laser photoabsorption cross sections of the~16,0!–~18,0! B 3Su
2←X 3Sg

2 Schumann-
Runge bands of16O2. The observation of numerous extra lines in the spectrum, together withab initio
calculations of relevant potential-energy curves, enables the perturbing state to be assigned as the second
valence state of3Pu symmetry. This weakly bound state, which we nameC83Pu , is also likely to be
principally responsible for the well-known rapid increase in the magnitudes of theB-state triplet-splitting
constantslv andgv as the dissociation limit is approached.@S1050-2947~96!07911-5#

PACS number~s!: 33.20.Ni, 33.70.Jg

I. INTRODUCTION

Molecular oxygen plays an important role in the photo-
chemistry of the terrestrial atmosphere through its absorption
of solar vacuum ultraviolet~VUV ! radiation and subsequent
~pre!dissociation. In particular, a precise knowledge of the
spectroscopic parameters, oscillator strengths, and predisso-
ciation linewidths of the Schumann-Runge~SR! system,
B 3Su

2←X 3Sg
2 is necessary for realistic photochemical

modeling of the stratosphere and mesosphere@1,2#.
The SR bands of O2 have been the subject of much study.

The many spectroscopic investigations have been reviewed
by Yoshinoet al. @3#, while Lewis et al. @4# have recently
reviewed work on theB 3Su

2-state predissociation. TheB
state is subject to a number of perturbations. Relevant
potential-energy curves are shown in Fig. 1, where the
B 3Su

2 curve is a Rydberg-Klein-Rees~RKR! potential de-
termined by Lewiset al. @5# and the repulsive curves are the
ab initio calculations of Partridgeet al. @6# (1 3Pu , 1

5Pu)
and Partridge@7# (1 1Pu , 2

3Su
1). As has been shown by

Julienne and Krauss@8# and Julienne@9#, the four repulsive
states in Fig. 1 are responsible for the predissociation of
every vibrational level of theB state and are also expected to
produce irregular perturbations in the spectroscopic and
triplet-splitting constants of theB state. In particular, the
1 3Pu state is expected to perturbGv , Bv , lv , and gv
through a combination of spin-orbit, spin-electronic, and
L -uncoupling interactions. Irregular perturbations have in-
deed been observed in the second vibrational differences
D2Gv of the B state forv51210 and can be explained
using the same model as that necessary to explain the ob-
served predissociation@4,8,10#.

In addition to the perturbations of theB-state vibrational
structure caused by the repulsive states in Fig. 1, perturba-
tions in the rotational structure of theB state have been
observed forv>16 in every O2 isotopomer studied@3,10–
12#. A few extra levels associated with the bound perturbing
state~s! have been reported@3,11#, but the level assignments

are tentative, the perturbations remain unanalyzed, and no
progress has been made in the identification of the perturbing
state. Finally, for all O2 isotopomers studied, the triplet-
splitting constantslv andgv for B

3Su
2(v*11) exhibit rap-

idly increasing smooth perturbations as the dissociation limit
is approached@10#. Bergeman and Wofsy@13#, using the
unique-perturber approximation of Zareet al. @14#, have in-
voked a spin-orbit interaction between theB 3Su

2 state and a
3Pu state correlating with the O(1D) 1 O(3P) dissociation
limit to explain this observed perturbation inlv . A similar
approach has been followed by Cheunget al. @10#, without
assignment of the perturber.

In this work, we measure high-resolution photoabsorption
cross sections for selected rotational lines from the~16,0!–
~18,0! SR bands of16O2 and observe consistent sets of extra
lines associated with the lowest-energy rotational perturba-
tions of theF2 levels ofB

3Su
2(v516218). In addition, we

performab initio calculations of possible perturbing states. A

FIG. 1. Potential-energy curves for electronic states of O2 rel-
evant to perturbation of theB 3Su

2 state. Energies are given relative
to the minimum of the ground-stateX 3Sg

2 potential-energy curve.
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full characterization of the perturbations, together with the
ab initio calculations, leads to an assignment of the perturb-
ing state as the second valence state of3Pu symmetry,
which we nameC8 3Pu . The calculated potential-energy
curve for this state is shown in Fig. 1, where it can be seen
that the C8 3Pu state is bound for energies near
B 3Su

2(v>16). In addition, we show that theC8 state is also
likely to be principally responsible for the rapidly increasing
smooth perturbations observed in theB-state triplet-splitting
constantslv andgv .

II. EXPERIMENTAL METHOD

The experimental apparatus, shown schematically in Fig.
2, is similar to that used in an earlier study of thef 1Su

1 and
f 8 1Su

1 states of O2 and described in detail elsewhere@15#.
Briefly, we used two-photon-resonant difference-frequency
four-wave mixing~2PR-4WDM! in Xe @16,17# to generate
narrow-bandwidth, tunable vacuum ultraviolet radiation in
the range 1755–1780 Å in order to study rotational pertur-
bations inB 3Su

2(v516218) by means of high-resolution
photoabsorption spectroscopy.

One of the excimer-pumped dye lasers~Coumarin 307 in
methanol! was tuned to a vacuum wavelength of 5120.2
Å so that its frequency-doubled output was two-photon reso-
nant with the Xe transition 5p5(2P3/2

o )6p@ 5
2] 2←5p6 1S0.

The doubled radiation was combined, after removal of the
fundamental radiation, with the tunable radiation from the
other dye laser~Coumarin 47 in methanol! and both beams
were focussed into a cell containing Xe~US Services Inc.,
99.999%! by a 25-cm focal-length quartz lens. VUV radia-
tion generated by the 2PR-4WDM process was passed
through a 0.2-m VUV monochromator which acted as a
broad bandpass filter, tuned synchronously with the second
dye laser and discriminating against the fundamental and
doubled dye-laser radiation. The VUV radiation leaving the
exit slit of the monochromator was divided into two beams
by a slotted Al beam splitter. The reflected beam was moni-
tored directly, while the transmitted beam passed through a
33-cm long, MgF2-windowed absorption cell containing O2
~BOC, 99.9%! before being detected. Output pulses from the
solar-blind monitor and detector photomultipliers~EMI type
9413, CsI photocathode! were processed by a boxcar averag-
ing system. A microcomputer was used to control the laser

and monochromator scanning, the pressure of O2 in the ab-
sorption cell, and the acquisition of the shot-averaged detec-
tor and monitor signals from the boxcar system.

In order to obtain the measurements presented here, scans
were performed at room temperature~293 K! over ;0.3
Å ranges in the VUV from;175521780 Å with wave-
length increments of 0.001 Å. The phase matching for each
scan was optimized by adjusting the pressure of Xe in the
range 70–90 Torr to maximize the VUV signal. The monitor
and detector signals were averaged over 50 laser shots for
each datum point, during groups of three scans with the ab-
sorption cell alternately filled with a pressure of O2 in the
range 0.8–15 Torr, then evacuated, then refilled. This
scheme allowed compensation for any slow drifts in detector
sensitivity and correction for wavelength dependences in the
generated signal which were not related to O2 absorption
@15#. Division of the detector signal by the monitor signal,
after correction for scattered radiation, provided a measure of
compensation for the shot-to-shot fluctuations inherent in the
generated VUV signal. Absolute cell transmittances were ob-
tained by dividing the full-cell ratios@~detector!/~monitor!#
by the empty-cell ratios for each wavelength. Photoabsorp-
tion cross sections were calculated from the absolute trans-
mittances using the Beer-Lambert law. Statistical uncertain-
ties in the measured~peak! cross sections were;3% and
there was an additional systematic uncertainty of;3% aris-
ing from uncertainties in O2 pressure, temperature, and cell
length.

Each dye laser was operated with an intracavity etalon,
resulting in a nominal bandwidth of 0.04 cm21 full-width at
half-maximum ~FWHM! for each fundamental beam. The
average VUV bandwidth was estimated to be 0.0860.02
cm21 FWHM by fitting an instrumentally degraded Voigt
profile to the SR lines of narrowest predissociation linewidth
(v8516, F1 , high N8) @18#. This value is consistent with
the bandwidth of 0.0660.01 cm21 FWHM reported by Ya-
manouchi and Tsuchiya@17# for 2PR-4WDM in Sr vapor.
The nominal VUV wave number was given by

nvuv5n2p2nvis , ~1!

wheren2p was the wave number of the Xe two-photon reso-
nance andnvis was the vacuum-corrected wave number of
the tunable dye laser. Absolute wave number calibration was
achieved by comparison with the measured wave numbers of
Yoshinoet al. @3# for selected sharp, unblended lines of the
SR system. The linearity and calibration of the dye-laser e´ta-
lon scanning system were confirmed over the relatively small
(&10 cm21) ranges involved, by comparison of the mea-
sured combination differences between SR lines having a
common upper level with accurately known O2 ground-state
energy levels@19#. The estimated absolute uncertainty in the
wave number of a sharp, unblended line is;0.1 cm21,
while the relative uncertainty is;0.0120.04 cm21, the
smaller value applying in the case of two sharp lines within
the one etalon scan.

III. LINE-PROFILE ANALYSIS

SR absorption-line wave numbers, oscillator strengths,
and predissociation linewidths were determined by a least-

FIG. 2. Schematic diagram of the experimental apparatus.

3924 54B. R. LEWISet al.



squares fitting procedure. In this procedure, the measured
photoabsorption cross sections were compared with model
calculations, appropriate to the experimental conditions, in
which the line parameters were allowed to vary indepen-
dently. For unperturbed lines, or for well separated pairs of
perturbed lines, the predissociation component of the line
shape was taken as Lorentzian. The corresponding cross sec-
tion for the i th line was given by

s i~n!5
0.563310212si

G iF11S n2n i
G i /2

D 2G cm2, ~2!

where si is a strength factor related to the line oscillator
strength,G i ~cm21) is the FWHM predissociation linewidth,
andn i ~cm21) is the wave number of the line center. As has
been explained in detail elsewhere@20#, Eq. ~2! is inappro-
priate to describe the predissociation line shapes of perturbed
pairs of lines whose separation does not greatly exceed their
predissociation linewidths. In those cases, most noticeably
for v8516, destructive interference was observed for wave
numbers between the centers of the perturbed and perturbing
lines, and, therefore, thei th pair of perturbed main (m) and
extra (x) lines was described by the coupled predissociation
line shape@20#

s i~n!5

0.563310212si S Gm/2

n2nm
1

Gx/2

n2nx
D 2

G iF11S Gm/2

n2nm
1

Gx/2

n2nx
D 2G cm2, ~3!

whereG i5Gm1Gx andsi is the total strength for the pair of
interfering lines. The Doppler component of the line shapes
and the effects of the finite instrumental resolution were in-
cluded in the model through appropriate convolution proce-
dures and the underlying continuum was expressed as a low-
order polynomial inn.

IV. AB INITIO CALCULATIONS

The ab initio calculations followed the procedure re-
ported in Ref.@6#. The orbitals were optimized using the
state-averaged complete-active-space self-consistent-field
~CASSCF! approach with the 2p orbitals active. The calcu-
lations were performed inD2h symmetry with symmetry and
equivalence restrictions imposed on the orbitals. All states of
the specified spin and spatial symmetry which dissociate to
the O(3P) 1 O(3P) and O(1D) 1 O(3P) asymptotes were
included in the averaging; five states were included for the
3Pu ~and 3Fu) optimization and six were included for the
3Su

1 and 3Du states. External correlation was included using
a multireference configuration-interaction~MRCI! procedure
using the CASSCF reference and correlating both the 2s and
2p electrons. The effect of higher excitations was estimated
using a multireference analog of the Davidson correction,
denoted 1Q. The basis set employed is the atomic
natural orbitals ~ANO! @21# basis set designated
@5s 4p (311)d 2 f 1g#1(sp) @6#. The ‘‘1sp’’ indicates
that the basis is augmented with diffuses andp orbitals and
the notation ‘‘~311!d’’ indicates that there are three ANO

d functions and that the outerd primitive is uncontracted.
This basis set provides an accurate description of the valence
regions but does not contain the diffuse functions needed to
describe Rydberg character. The potential-energy curves
have not been corrected for basis-set superposition error
~BSSE!.

V. RESULTS AND DISCUSSION

A. Perturbations in B 3Su
2
„v516218…

A combination of high-resolution photoabsorption cross
section measurements and the line-profile analysis technique
described in Sec. III enabled the discovery and detailed char-
acterization of many extra lines associated with rotational
perturbations inB 3Su

2(v516218). It is usually not pos-
sible to obtain comparable information from spectrographic
data alone, especially for blended spectral features, because
of the difficulty in extracting reliable intensity information.
In particular, we were able to measure the effects of the
perturbations, not only on the term values, but also on the
predissociation linewidths and oscillator strengths. Using this
information, we were able to determine theJ dependence of
the perturbation matrix elements and thereby establish the
symmetry of the perturbing state. While there are three fine-
structure components associated with theB 3Su

2 state,
namely, theF2 levels (f parity, J5N, V51! and the mixed
F1 andF3 levels (e parity, J5N61, V50 and 1!, the F1
levels forv516218 are well separted from theF2 andF3
levels and do not participate in the particular perturbations
discussed here.

As an example of an observed perturbation, in Fig. 3 we
show the measured photoabsorption cross section in the re-
gion of theP2(5) andP3(5) lines from the~16,0! SR band.
It was not possible to obtain a convincing fit to the measured
cross section when the predissociation line shapes of the

FIG. 3. Photoabsorption cross section for16O2 in the region of
the P2(5) and P3(5) lines from the ~16,0! band of the
B 3Su

2←X 3Sg
2 system, measured atT5293 K with an instrumen-

tal resolution of;0.06 cm21 FWHM. The fitted model cross sec-
tion, and its components, which include the Doppler contribution,
but not the instrumental degradation, are also shown. TheP3(5)
line is perturbed, a strong destructive interference being observed
between the corresponding main and extra lines.
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three component lines were represented by Eq.~2!. However,
when the two higher-energy lines were described by Eq.~3!,
the excellent fit shown in Fig. 3 resulted. Evidently, the
P3(5) line is split into two mutually-interfering components
due to a perturbation. Although the shift in energy due to the
perturbation is small, almost total intensity sharing occurs
between the main and extra lines. This conclusion is con-
firmed following an analysis of our measured cross sections
near theR3(3) and TR31(1) lines which, together with
P3(5), share the common upper levelN854, J853. Our
assignments @22#, P2(5)556 684.23 cm21, P3(5)
556 684.49 cm21 and P3x(5)556 684.71 cm21, differ
from those of Brix and Herzberg@11# and Yoshinoet al. @3#,
neither of whom report a perturbation for this level. Our
measured cross section for the region near theP2(11) per-
turbation in the~16,0! band, which also exhibits a particu-
larly obvious interference effect, has been reported elsewhere
@20#.

Wave numbers for the lines observed in this work, to-
gether with the corresponding upper-state term values, are
summarized in Tables I–III. Where possible, the term values
are averages of the values determined from theP- and
R-branch wave numbers for unblended lines. Thirty-four ex-

tra lines have been observed, only four of which, to our
knowledge, have been reported previously in spectrographic
studies@3,11#. As mentioned in Sec. II, wave numbers for
the main-branch lines in Tables I–III are calibrated against
those of Yoshinoet al. @3# and are essentially indistinguish-
able for unblended, sharp lines. However, the wave numbers
in Tables I–III for the many blended features at lower rota-
tion should be more reliable than those of Yoshinoet al. @3#
because of superior instrumental resolution and a realistic
line-profile analysis procedure.

The term values in Tables I–III are presented in Fig. 4 in
such a way as to emphasize the perturbed main and extra
levels in theF2 andF3 fine-structure components. It can be
seen clearly in Fig. 4 that theF2 levels for v516218 are
perturbed by levels with smaller rotational constants. How-
ever, these perturbations fall into two classes. First, through
the observation of the single extra level associated with the
F3 perturbation forv516, J53, it is apparent that the cor-
responding perturbing level has closely spacede- and
f -parity components, implying a perturbing state with
L>1 and a very smallL doubling. Second, in contrast, the
F3 levels forv517 and 18 are unperturbed in the range of
rotation under consideration, implying that theF2-level per-

TABLE I. Wave numbers for main-~upper entries! and extra-~lower entries! branch lines from the
B 3Su

2(v8516, N8, F2 and F3)←X 3Sg
2(v950, N9) band of 16O2, together with upper-state term val-

ues, all in cm21. Absolute uncertainties;0.1 cm21, relative uncertainties;0.0120.03 cm21.

N9 R2(N9)a P2(N9) R3(N9) P3(N9) N8 T2(N8)b T3(N8)b

1 56719.05c 2 56721.88 56720.66

3 56710.07c 56704.65 56710.42 56705.48d 4 56727.37 56725.60
56711.44e 56710.65d 56728.70 56725.82

5 56692.80d 56684.23c 56693.32 56684.49 6 56735.94 56734.44
56693.71 56685.58c,e 56684.71d 56736.85

7 56666.87 56655.43 56667.85 56655.92 8 56747.39 56746.38
56667.57f 56656.35 56748.08

9 56633.26 56618.03 56634.06 56619.00c 10 56762.64 56761.48
56632.12f,g 56618.74d,f 56761.49

11 56590.64 56572.94 56591.89 56573.70 12 56780.33 56779.66
56588.67 56571.78f,g 56778.37

13 56539.41h 56518.82 56541.20 56520.05 14 56800.96 56800.82

15 56479.69 56456.19 56481.94 56457.91 16 56824.45 56824.85

17 56411.23 56384.96 56414.03 56387.20 18 56850.70 56851.63

19 56333.94 56305.10h 56337.48c 56307.84 20 56879.56 56881.21

21 56216.38 56219.87

aThe lines RQ21(1)556720.82 cm21 e, PQ23(5)556686.26 cm21, RQ32(1)556717.79 cm21 f,
TR31(1)556724.60 cm21f, and TR31x(1)556724.83 cm21c were also observed.
bWeighted averages determined from the separate branch wave numbers.
cBlended with a weaker line.
dShoulder.
eWeak.
fExtra line also reported by Brix and Herzberg@11#.
gExtra line also reported by Yoshinoet al. @3#.
hBlended with a stronger line.
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turber is either aS state, or a state withL>1 and a very
largeL doubling.

The measured cross sections for perturbed pairs of lines
from the ~16,0! band were fitted using Eq.~3!, allowing the
determination of separate predissociation linewidths for the
main and extra lines and the corresponding line-strength
sums. These data are presented in Table IV asGx /Gm ,
Gx1Gm, and f v8m1 f v8x(5 f v8 i). The line strengths have
been converted into equivalent band oscillator strengths us-
ing the relation

f v8 i5si /~a i9Si !, ~4!

where a i9 and Si are appropriately normalized Boltzmann
and Hönl-London factors, respectively. For the~17,0! and
~18,0! bands, where Eq.~2! was used to fit the measured
cross sections, linewidth and oscillator-strength ratios were
determined independently and the weighted average of these
ratios is given in theGx /Gm column of Table IV. Where
possible, the data listed in Table IV were determined as

weighted averages of separateP- and R-branch measure-
ments. Predissociation linewidths and oscillator strengths are
also shown in Figs. 5 and 6, respectively, for theF2 main
lines from the~16,0!–~18,0! bands, together with the corre-
sponding main-extra sums. The effects of the perturbations
on the main-line parameters are clearly evident. It is also
apparent from Figs. 5 and 6 that the predissociation-
linewidth and oscillator-strength sums in the perturbed re-
gions join smoothly onto the values for the unperturbed lev-
els. These observations confirm the validity of the two
assumptions implicit in the use of Eq.~3!: in the absence of
perturbations, levels of the perturbing state are not predisso-
ciated and transitions into them from the ground state have
insignificant strength@20#. With these assumptions, the mea-
sured term-value separationsDT5uTm2Txu and
predissociation-linewidth ratiosr5Gx /Gm(5 f v8x / f v8m) for
the main- and extra-level pairs in Table IV can be used to
calculate perturbation matrix elements and level shifts.
Within the framework of standard two-level perturbation
theory @23#, it is easy to show that the perturbation matrix
element is given by

TABLE II. Wave numbers for main-~upper entries! and extra-~lower entries! branch lines from the
B 3Su

2(v8517,N8, F2 andF3)←X 3Sg
2(v950, N9) band of 16O2, together with upper-state term values,

all in cm21. Absolute uncertainties;0.1 cm21, relative uncertainties;0.04 cm21.

N9 R2(N9) P2(N9) R3(N9) P3(N9) N8 T2(N8)a T3(N8)a

1 56851.62 2 56854.50 56853.29

3 56842.11 56837.29b 56842.62b 56838.12 4 56859.35 56857.79

5 56823.78 56816.22 56824.25b 56816.67c 6 56866.92 56865.41

7 56796.63 56786.41 56797.44 56786.88 8 56877.16 56875.98

9 56760.69 56747.80 56761.96 56748.57 10 56890.06 56889.38

11 56715.78 56700.42d 56717.67b 56701.61 12 56905.49 56905.43

13 56661.94 56643.99 56664.48 56645.83 14 56923.42 56924.09

15 56598.82b 56578.63 56602.28 56581.16 16 56943.56 56945.21
56606.92 56951.68

17 56504.09 56530.89 56507.54b 18 56965.59 56968.51
56531.88 56512.20 56971.36

19 56448.56b,e 56419.98 56424.72c 20 56994.17
56443.11e 56425.76 56988.72

21 56357.03d 56330.99d 22 57020.22
56349.59 56325.57d 57012.74

23 56256.58 56228.09 24 57048.69
56220.58 57038.04

25 56146.56 56116.21 26 57079.02
56132.52 56105.58 57064.96

27
55980.81

aWeighted averages determined from the separate branch wave numbers.
bBlended with a weaker line.
cShoulder.
dBlended with a stronger line.
eAssignment differs from that of Yoshinoet al. @3#.
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uHmxu5ArDT/~11r !, ~5!

and the magnitude of the level shift by

uSu5rDT/~11r !. ~6!

Values calculated using Eqs.~5! and ~6! are included in
Table IV and the perturbation matrix elements are also
shown in Fig. 7. It is clear from Fig. 7 that theF2 matrix
elements forv516218 exhibit an essentially linear depen-
dence on rotation and that the singleF3 perturbation matrix
element forv516, J53 lies marginally below the line rep-
resenting thev516, F2 data. These are key observations
which help to determine the symmetry of the perturbing
state.

The heterogeneous nature of theF2-level perturbations
shown in Fig. 7 (DV561) confirms that the perturbing
state is ofungeradesymmetry withV50 or 2. If each per-
turbation results principally from interaction with a single
state, then the first-order selection rules for perturbations
@23# suggest that the perturber is a3Pu state, interacting
with B 3Su

2 through the L-uncoupling operator
(DL5DV561). Only theV50 andV52 components of
a 3Pu state with coupling approaching Hund’s case~a! can
produce a purely J-dependent interaction with
B 3Su1

2 (F2 , f ) @4,24# and it is well known@24# that these
components have completely differentL-doubling character-
istics, providing a possible explanation for the two classes of
perturbation shown in Fig. 4. Using the more detailed argu-
ments set out in the Appendix, we find that only theV52
component of the3Pu perturber~smallL doubling! can ex-
plain simultaneously the observed perturbation matrix ele-

ments for theF2 and F3 fine-structure components of
B(v516), while only theV50 component~largeL dou-
bling! can explain the observed perturbations in theF2 com-
ponents ofB(v517 and 18) and the lack of perturbation of
the nearbyF3 components.

It is advisable to consider whether a first-order picture of
the perturbations is appropriate for the levels studied here.
Near a dissociation limit, the separation in energy between
electronic states can become small compared with the spin-
orbit splittings, leading to a mixing of states with different
L, S, andS values, and resulting in far-nuclei case~c! be-
havior @25# where onlyJ andV are good quantum numbers.
In the present case, theB(16218) levels lie;4202180
cm21 below the dissociation limit, respectively, while the
off-diagonal spin-orbit interactions are expected to be less
than the atomic spin-orbit parameterzO(2p)5150 cm21.
Thus, a case~a! description of the perturber levels in this
energy region is reasonable, but a description intermediate
between cases~a! and ~c! may be more appropriate for the
perturbers ofB(v*18).

B. Potential-energy curves

No Rydberg states of O2 lie low enough in energy to
produce bound-bound perturbations inB 3Su

2(v516218).
However, the extensiveab initio calculations of Saxon and
Liu @26# show several weakly boundungerade valence
states, correlating with the O(1D) 1 O(3P) dissociation
limit, some of which may be energetically capable of per-
turbing B 3Su

2(v516218). Since the first-order
configuration-interaction~FOCI! calculations employed by
Saxon and Liu@26# are expected to yield only qualitatively

TABLE III. Wave numbers for main-~upper entries! and extra-~lower entries! branch lines from the
B 3Su

2(v8518, N8, F2 andF3)←X 3Sg
2(v950, N9) band of16O2, together with upper-state term values,

all in cm21. Absolute uncertainties;0.1 cm21, relative uncertainties;0.04 cm21.

N9 R2(N9)a P2(N9) R3(N9) P3(N9) N8 T2(N8)b T3(N8)b

1 56953.52 2 56956.40 56955.40

3 56943.24 56939.15 56943.96c 56940.23 4 56960.48 56959.16
56948.55d 56965.80

5 56923.66e 56917.38e 56924.53 56918.05 6 56966.80 56965.64
56928.34c 56922.67d 56971.53

7 56894.65 56886.29 56896.18 56887.11 8 56975.15 56974.71
56898.98 56891.02 56979.48

9 56856.01 56845.77 56858.79 56847.28e 10 56985.35 56986.21
56860.53 56850.10 56989.90

11 56813.03 56795.62 56812.03e 56798.38c 12 57002.73 56999.78
56807.62e 56800.20e 56997.32

13 56756.44 56741.19c 56740.18 14 57017.94
56749.66 56735.82 57011.16

15 56673.15e

56666.38

aThe linesRQ32(1)556952.52 cm21 and TR31(3)556950.35 cm21 were also observed.
bWeighted averages determined from the separate branch wave numbers.
cBlended with a stronger line.
dWeak.
eBlended with a weaker line.
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reliable binding energies for these states@6#, we have per-
formed MRCI1 Q calculations according to the method de-
scribed in Sec. IV, in order to assess more accurately the
possible candidates for the perturbing state. Results for the
three most strongly bound of these states are given in Table
V. The corresponding potential-energy curves, formed by
spline fitting the data of Table V and shifting in energy to be
consistent with the experimental O(1D) 1 O(3P) dissocia-
tion limit @27#, are shown in Fig. 8. Spectroscopic constants,
determined by fitting theGv andBv values obtained by nu-
merical integration of the Schro¨dinger equation for these
MRCI 1 Q potentials, are given in Table VI. The FOCI well
depths calculated by Saxon and Liu@26# for these states ex-
ceed the MRCI1 Q well depths by an average of 25%,
somewhat less than, but in the same sense as, the discrepancy
observed for other weakly bound states of O2 correlating
with the O(3P) 1 O(3P) limit @6#.

The MRCI1 Q calculations, together with the evidence
presented in Sec. V A, indicate that the second valence state

of 3Pu symmetry, which we nameC8 3Pu , is responsible
for the perturbations that we have observed in
B 3Su

2(v516218). As can be seen in Fig. 8, vibrational
levels of the C8 potential-energy curve occur near the
v516218 levels of theB state and theC8- andB-state outer
limbs are nearly coincident forv*18, implying strong vibra-
tional overlap. In addition, the large equilibrium internuclear
distance for theC8 potential (Re52.386 Å! explains the lack
of predissociation of this state: no repulsive states correlating
with the only lower limit, O(3P) 1 O(3P), rise rapidly
enough to cross the bound portion of theC8 state. Despite
the fact that theC8 3Pu←X 3Sg

2 transition is electric-dipole
allowed, very poor Franck-Condon overlap between theX
state (Re51.208 Å! and theC8 state explains the negligible
strength of the unperturbedC8←X lines.

Although ruled out as the principal perturber in a two-
state interaction picture, it is possible that the 33Su

1 and
2 3Du states may produce other perturbations in the rota-
tional structure of theB state. Energetically, the 33Su

1 state
could perturbB(v>18) through the first-order spin-orbit in-
teraction3Su1

1 23Su1
2 , but such perturbations are likely to be

weak, since, as can be seen in Fig. 8, the outer limbs of the
potential-energy curves for the two states are well separated,
implying small vibrational-overlap factors. Energetically, the
2 3Du state could perturbB(v>16) through second-order in-
teractions, principally of the type3Su

223Pu2
3Du , involv-

ing spin-orbit and/orL-uncoupling interactions. These per-
turbations are also expected to be weak, not only because of
their second-order nature, but also due to reasonably small
vibrational-overlap factors. In addition, an examination of
the calculated rotational constants in Table VI and those for
the B-state levels in Table VII, indicates that such 23Du
perturbing levels would be likely to approach the perturbed
levels from below, rather than above as is the case for the
present observations. However, it is possible that some acci-
dental perturbations involving coincidences between rovibra-
tional levels of theB, C8, and 23Du states will be observ-
able. In fact, we have found some multiple perturbations, as
yet unanalyzed, in rotational levels ofB 3Su

2(v>16) higher
than those discussed in this work. FOCI calculations@26#
indicate that well depths for other weakly bound states cor-
relating with the O(1D) 1 O(3P) limit are,100 cm21, im-
plying that states other than the three discussed here are un-
likely to play a role in the perturbation ofB 3Su

2(v&20).

C. Deperturbation

We used a nonlinear least-squares fitting procedure and a
simple two-level perturbation model@23# in which the unper-
turbedB- andC8-state term values were described by the
usual polynomials inJ(J11), with the additional assump-
tion that the interaction matrix element was given by
uHBC8u5uhBC8uAJ(J11)2VC8 ~Fig. 7!. For each level
B(v516218,F2), we performed simultaneous fits to the
measured main and extra term values listed in Tables I–III,
respectively, and the width ratiosr5Gx /Gm listed in Table
IV. The root-mean-square~RMS! term-value fitting devia-
tions were only;0.01 cm21, ;0.03 cm21, and ;0.02
cm21, respectively, forv516, 17, and 18, supporting the
high relative accuracy claimed for the measurements. The

FIG. 4. Reduced term values for the main~circles! and extra
~squares! levels associated with the lowest-energy rotational pertur-
bations in theF2( f ) ~closed symbols! and F3(e) ~open symbols!
components ofB 3Su

2(v516218). Deperturbed energies of the
respectiveF2 levels ~Table VII! have been subtracted from the
absolute term values to enhance the visibility of the perturbations.
The fitted perturbed~dashed lines! and deperturbed~solid lines!
reduced term values were obtained using the two-level perturbation
model described in the text and the respective model parameters
given in Table VII. While the lowest-energy perturber level has
closely spacede- and f -parity components, resulting in a perturba-
tion of B 3Su

2(v516,F3), theF3 levels forv517 and 18 are un-
perturbed.

54 3929OBSERVATION OF THE SECOND3Pu VALENCE STATE OF O2



TABLE IV. Measured upper-state predissociation linewidths and equivalent band oscillator strengths forB 3Su
2(v8516218, N8, F2

andF3)←X 3Sg
2(v950). Measured width ratios and energy separations for the main (m) and extra (x) levels observed in association with

perturbations inB 3Su
2(v516218) are also shown, together with interaction matrix elements and level shifts estimated using Eqs.~5! and

~6!.

v8 Level N8 uTm2Txu, cm21 Gx /Gm Gm1Gx , cm
21 ( f v8m1 f v8x)3105 uHmxu, cm21 uSu, cm21

16 F2 2 0.34360.013 2.8660.09
4 1.3360.03 0.02260.008 0.36260.030 2.8660.30 0.19160.036 0.02860.011
6 0.9160.02 0.09560.015 0.35760.017 2.8060.13 0.25660.017 0.07960.011
8 0.6960.01 0.91460.063 0.31660.012 2.6060.09 0.34560.005 0.32960.013
10 1.1560.01 0.18160.010 0.31360.005 2.6160.03 0.41460.010 0.17660.008
12 1.9660.01 0.07560.009 0.29960.011 2.5760.08 0.49960.025 0.13760.015
14 0.27360.011 2.4460.07
16 0.25460.006 2.3460.04
18 0.22560.008 2.1460.06
20 0.19760.014 1.9860.10

16 F3 2 0.3660.09 2.7460.39
4 0.2260.03 0.8660.22 0.3860.06 2.9560.40 0.11060.016 0.10260.022
6 0.33560.025 2.8960.12
8 0.32460.016 2.8360.16
10 0.30460.005 2.6660.03
12 0.31160.010 2.7060.07
14 0.27360.010 2.5560.07
16 0.26560.007 2.3760.05
18 0.25560.010 2.2560.06
20 0.23860.023 2.1360.15

17 F2 2 0.28160.030 2.4460.17
4 0.28660.015 2.4260.10
6 0.27860.028 2.2260.19
8 0.28060.017 2.3260.11
10 0.29460.016 2.2860.09
12 0.28660.010 2.3160.08
14 0.24560.013 2.0160.08
16 8.1260.04 0.08760.008 0.21960.016 1.8160.14 2.2060.11 0.6560.06
18 5.7760.04 0.28160.027 0.18960.008 1.4960.04 2.3960.10 1.2760.11
20 5.4560.06 0.8160.10 0.10860.020 0.9360.12 2.7160.05 2.4460.16
22 7.4860.04 0.24560.032 0.12260.024 1.3060.18 2.9760.12 1.4760.16
24 10.6560.04 0.13260.013 0.11560.007 1.1760.03 3.4260.12 1.2460.11
26 14.0660.04 0.08060.012 0.08860.009 1.0260.05 3.6860.23 1.0460.14

17 F3 2 0.28260.102 2.2460.71
4 0.28060.036 2.4860.14
6 0.30460.032 2.3260.18
8 0.27660.012 2.3860.09
10 0.28460.009 2.3160.06
12 0.25960.010 2.1160.05
14 0.23560.010 2.1260.07
16 0.25160.014 2.0160.07

18 F2 2 0.20760.014 1.8860.09
4 5.3260.04 0.03860.009 0.19860.021 2.0360.09 1.0060.11 0.2060.05
6 4.7360.05 0.1060.02 0.19260.029 1.7560.25 1.3660.12 0.4360.09
8 4.3360.04 0.3160.03 0.15960.007 1.4460.04 1.8460.06 1.0360.09
10 4.5560.04 0.7060.04 0.12360.009 1.0560.04 2.2460.03 1.8760.08
12 5.4160.04 0.7560.08 0.11860.021 0.9260.08 2.6860.04 2.3260.15
14 6.7860.04 0.4760.05 0.14060.011 1.0760.06 3.1660.08 2.1760.16
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fitted width ratios agreed with the measured values within
the experimental uncertainties, except forv517, J524,
where the deviation slightly exceeded the uncertainty. The
deperturbed spectroscopic constants@28# obtained for the
B 3Su

2- andC8 3Pu-state levels are given in Table VII, to-
gether with the fitted interaction matrix-element slopes
uhBC8u. The fitting procedure indicates that the perturbations
for B(16218) culminate @23# at J58.1, J519.5, and
J510.9, respectively. The deperturbed term values, predis-
sociation linewidths, and oscillator strengths consistent with
the model parameters of Table VII, together with the fitted
perturbed values, are shown in Figs. 4, 5, and 6, respectively.

In Fig. 7, the model interaction matrix elements are com-
pared with the values determined individually from the mea-
surements using Eq.~5!. It is seen in all cases that the simple
perturbation model which we have used gives an excellent
description of the observations.

The best agreement between the calculated and deper-
turbed perturber levels is obtained by assuming thatC8(0)
perturbsB(16), C8(2) perturbsB(17), andC8(3) perturbs
B(18). While these vibrational assignments are likely, they
cannot be regarded as definitive until further experimental
information on perturber isotope shifts becomes available.

TABLE IV. (Continued).

v8 Level N8 uTm2Txu, cm21 Gx /Gm Gm1Gx , cm
21 ( f v8m1 f v8x)3105 uHmxu, cm21 uSu, cm21

18 F3 2 0.21160.027 1.9460.19
4 0.21760.017 1.8760.10
6 0.22160.009 2.0260.07
8 0.20960.010 2.0360.07
10 0.20960.009 1.9160.05

FIG. 5. Measured predissociation linewidths~closed circles! for
the F2 levels ofB

3Su
2(v516218) in the region of their lowest-

energy rotational perturbations. In the case of the perturbed levels,
the sum of the linewidths for the main and extra lines~open circles!
is also shown. The deperturbed linewidths~solid lines! were ob-
tained from a quadratic fit to the main-extra linewidth sums, while
the corresponding perturbed linewidths~dashed lines! were calcu-
lated using the two-level perturbation model described in the text
and the respective model parameters given in Table VII.

FIG. 6. Measured equivalent band oscillator strengths~closed
circles! for theB 3Su

2(v8516218, F2)←X 3Sg
2(v950) bands in

the region of their lowest-energy rotational perturbations. In the
case of the perturbed levels, the oscillator-strength sum for the main
and extra lines~open circles! is also shown. The deperturbed oscil-
lator strengths~solid lines! were obtained from a linear fit to the
main-extra oscillator-strength sums, while the corresponding per-
turbed oscillator strengths~dashed lines! were calculated using the
two-level perturbation model described in the text and the respec-
tive model parameters given in Table VII.
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Cheunget al. @10,12# have reported rotational perturbations
in theB(16) level of 16O18O and theB(18) andB(19) lev-
els of 18O2, but their failure to observe extra lines makes it
difficult to determine the perturber origins for these isoto-
pomers. For comparative purposes, calculated MRCI1 Q
constants for theC8 3Pu perturber levels are included in
Table VII. The agreement between the deperturbed and cal-
culated band origins and rotational constants is good, espe-
cially when it is realized that the calculated values do not
take into account the spin-splitting of theC8 3Pu state, and
effectively refer to theV51 component, whereas the actual
levels which perturbB(16) andB(17 and 18) haveV52
andV50, respectively. The calculated value of the centrifu-
gal distortion constantD for theC8(2) level agrees with the
deperturbed value within the experimental uncertainty. How-
ever, since theC8(3) level suffers a further perturbation
from below for J values higher than those examined here,
not removed by our two-level deperturbation procedure, the
D value for this level is not fully deperturbed and cannot be
compared with the calculated value.

The small discrepancies between the deperturbed and cal-
culated perturber spectroscopic constants in Table VII can be
reduced further by considering the spin-splitting of the
C8 3Pu state. It follows, approximately, from the triplet term
formulas discussed by Kova´cs @24# that the origins of the
outer components of a regular3P term with coupling inter-
mediate between Hund’s cases~a! and ~b! are given by
n06A, and the effective rotational constants by
B(162B/A), wheren0 andB are the origin and rotational
constant for the central component,A.0 is the spin-orbit
constant, and the upper and lower signs refer to theV52
andV50 components, respectively. Qualitatively, the appli-
cation of these relations to the calculatedV51 values
in Table VII simultaneously increases then0 and B
values for C8 3Pu2(v50), while decreasing those for

C8 3Pu0(v52, 3), providing better agreement with all of the
deperturbed parameters. Quantitatively, invoking a regular
C8 3Pu state having a spin-orbit constantA'130 cm21

minimizes the discrepancies between the deperturbed and
calculated origins and rotational constants. The verification
of this tentative conclusion, however, must await the obser-
vation of moreV levels of theC8 state than those reported
here.

We have estimated numerically theJ-independent part of
the L-uncoupling interaction matrix elements between the
RKR B-state potential and the calculatedC8-state potential
using Eq.~A3! with the electronic part replaced by the pure-
precession@23# value, i.e.,uhBC8u5A2z^vBuBuvC8& z. The vi-
brational quantum number of theC8 state was treated as a
continuous variable and the values ofuhBC8u for levels de-
generate with theB-state levels were estimated by graphical
interpolation. Agreement between the relative calculated and
deperturbed values, which is only fair, can be improved by
considering the spin-structure of theC8 state, as demon-
strated above for the spectroscopic constants. For a regular

FIG. 7. Perturbation matrix elements for the interacting main
and extra F2 ~closed circles! and F3 ~open circle! levels of
B 3Su

2(v516218), obtained from the measurements given in
Table IV using Eq.~5!. Fitted matrix elements~solid lines! implied
by the respective two-level perturbation-model parameters given in
Table VII are also shown. In anticipation of later conclusions in this
work, and for consistency with expressions given in the Appendix,
the abscissa of the figure includes theV value for the perturbing
level, which differs for theB(16) andB(17 and 18) perturbations,
respectively.

TABLE V. Energies~in cm21), calculated at the MRCI1 Q
level, for three weakly bound states of O2 correlating with the
O(1D) 1 O(3P) limit. Energies are referred to the O(3P) 1
O(3P) limit.

R ~a.u.! C8 3Pu 2 3Du 3 3Su
1

2.50 72827.54
2.60 62190.18
2.70 53250.23 80859.66
2.80 45817.28 68056.57
3.00 34170.16 34582.20 47896.91
3.20 26988.06 33595.93
3.25 27172.41
3.40 22042.15 23487.62
3.50 21090.32
3.60 17979.95 18897.54
3.75 17511.58
3.80 16477.64 17120.72
4.00 16017.78 15758.97 16217.36
4.20 15490.76 15826.55
4.25 15540.28
4.40 15447.00 15700.87
4.50 15454.00
4.75 15490.94
4.80 15575.29 15733.68
5.00 15556.66
5.20 15719.54 15828.26
5.50 15679.83
5.60 15815.67 15895.99
6.00 15771.80 15873.63 15936.25
6.50 15837.14 15915.26
7.00 15882.77 15939.49 15976.41
7.50 15914.15 15954.84 15982.91
8.00 15935.53 15965.13 15986.18
9.00 15960.20 15976.85 15988.53
10.00 15966.93 15982.73 15989.28
11.00 15986.13 15989.86
100.0 15975.03
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3P state, the effective potential-energy curves for the
V52 andV50 components will lie a little above and below
that for theV51 component, respectively, resulting in over-
lap factors z^vBuBuvC8& z smaller forV52, and larger for
V50, than those forV51. These variations are in such a
sense as to improve agreement between the calculated and
deperturbed relative values ofuhBC8u given in Table VII. We
do not pursue these considerations more quantitatively be-
cause of the great sensitivity of the overlap factors to the
details of the calculated potential-energy curves, but merely
note that the calculated MRCI1 Q potential-energy curve
for theC8 state is broadly consistent with all of the deper-
turbed parameters of Table VII. In contrast, if, for example,
we were to postulate that the levelB(18) were perturbed by
either the 33Su

1 or the 23Du states, then the corresponding
overlap factors result in numerical estimates ofuhu some 70
times and 15 times greater, respectively, than the tabulated
value of uhBC8u, clearly ruling out these states as the per-
turber.

Finally, from Tables I and IV, an estimate of the deper-
turbed term value for C8 3Pu2(v50,J53,e) of

56 725.7260.04 cm21 can be determined. From our deper-
turbed spectroscopic constants for theC8 state in Table VII,
an estimated deperturbed term value for
C8 3Pu2(v50,J53, f ) of 56 725.7560.06 cm21 is ob-
tained @29#. The deperturbedL doubling for J53 is thus
Tf2Te50.0360.08'0 cm21 within the experimental un-
certainty. As discussed in the Appendix, such a small value
is consistent with expectation for a3P2 level approaching
Hund’s coupling case~a!.

D. Perturbations in lv and gv for B
3Su

2

As noted in Sec. I, the spin-splitting constants for the
B 3Su

2 state of O2, lv andgv exhibit smooth perturbations
which increase rapidly for highv as theB-state dissociation
limit is approached. Bergeman and Wofsy@13# first sug-
gested that the perturbation inlv could be explained by a
spin-orbit interaction between theB state and a3Pu state
correlating with the same limit. Later, Julienne and Krauss
@8# noted that the rotational constantsBv would also be af-
fected by rotational interactions with such a3Pu state, pro-
viding a possible explanation for the pathological turning in
of the inner limbs ofB-state RKR potential-energy curves
derived from the experimental data. In this section, we in-
vestigate the consequences forlv andgv of the interactions
between theB 3Su

2 state and theC8 3Pu state, which, as we
have seen in the previous sections, is responsible for rota-
tional perturbations in theB-state levels withv>16.

Brown et al. @31# have developed an effective Hamil-
tonian for diatomic molecules and give a convenient set of
expressions for theR-dependent electronic Hamiltonian pa-
rameters which includes both direct contributions and the
effects of interaction with other electronic states through ap-
propriate perturbation-theory terms. For example, the effec-
tive spin-spin parameterl(R) comprises two contributions:

l~R!5l~1!~R!1l~2!~R!, ~7!

wherel (1)(R) results from the direct spin-spin interaction
HSS and l (2)(R) arises from second-order interactions in-
volving the spin-orbit operatorHSO. Thus, the effective spin-
spin constant for the levelv is given by

lv5^vul~1!~R!uv&1^vul~2!~R!uv&5lv
~1!1lv

~2! . ~8!

Field and Lefebvre-Brion@32# have estimated the direct
component oflv for the B state of O2 using the single-
configuration approximation, obtaininglv

(1)51.38 cm21. In

FIG. 8. Potential-energy curves for electronic states energeti-
cally capable of playing a role in the perturbation of
B 3Su

2(v516218). TheB-state curve is a RKR potential, while
the others were obtained from spline fits to the MRCI1 Q calcu-
lations of Table V, following shifting in energy to be consistent
with the experimental O(1D) 1 O(3P) dissociation limit@27#: the
C8 3Pu , 2

3Du, and 33Su
1 curves were lowered by 106.5 cm21,

121.5 cm21, and 121.5 cm21, respectively. Energies are given rela-
tive to the minimum of the ground-stateX 3Sg

2 potential-energy
curve.

TABLE VI. Summary of spectroscopic constants for the three weakly bound states of Fig. 8~in cm21, unless indicated otherwise!,
determined from fits toGv andBv values obtained by numerically integrating the Schro¨dinger equation for the MRCI1 Q potential-energy
curves of Fig. 8. Constants reproduce theGv andBv values to within61 cm21 and60.002 cm21, respectively.

State Te De ve vexe veye Re ~Å! Be ae ge
a

C8 3Pu
b 57406 518 154 16.0 0.63 2.386 0.370 0.0337

2 3Du
c 57372 552 211 27.0 1.12 2.301 0.398 0.0306 20.0025

3 3Su
1d 57621 303 158 20.9 2.401 0.366 0.0226 20.0095

aNot to be confused with the effective spin-rotation constantgv .
bConstants determined from levels withv5026.
cConstants determined from levels withv5025.
dConstants determined from levels withv5023.
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the unique-perturber approximation, where we assume that
theB state is perturbed only by theC8 state, the expression
for the indirect contribution given by Brownet al. @31# re-
duces to

l~2!~R!52
1

2

uj~R!u2

VB~R!2VC8~R!
, ~9!

where

j~R!5^B 3Su1
2 uHSOuC8 3Pu1&, ~10!

andVB(R) andVC8(R) represent the potential-energy curves
of theB andC8 states, respectively.

Similarly, the effective spin-rotation parameterg(R) is
given by

g~R!5g~1!~R!1g~2!~R!, ~11!

where the first-order termg (1)(R) results from the direct
spin-rotation interactionHSR and is much smaller than the
second-order termg (2)(R) which arises from interactions
with other states involving the product of theL-uncoupling
and spin-orbit operators. The effective spin-rotation constant
for the levelv is given by

gv5^vug~1!~R!uv&1^vug~2!~R!uv&5gv
~1!1gv

~2! . ~12!

With a unique-perturber view of the second-order contribu-
tion to the effective spin-rotation parameter of theB state,
the expression given by Brownet al. @31# reduces to

g~2!~R!522A2
j~R!h~R!

VB~R!2VC8~R!
, ~13!

where

h~R!5^B 3Su
2uBL2uC8 3Pu&. ~14!

In principle, the sign of the interference cross-term
j(R)h(R) in Eq. ~13!, which is independent of the phase
conventions for the molecular wave functions, can be deter-
mined experimentally by observing the sense of the pertur-
bation ingv .

The expressions given by Julienne and Krauss@8# describ-
ing the perturbations inlv andgv for a

3S state uniquely
perturbed by a3P state are equivalent to our treatment, but
are computationally unattractive, involving perturbation
sums over the discrete and continuum levels of the perturber.
On the other hand, the expectation values of Eqs.~9! and
~13! are easy to calculate and the resultant values oflv

(2) and
gv
(2) should be accurate for levels in regions where the

potential-energy curves of theB andC8 states do not ap-
proach each other too closely. In this section, we consider
only theB-state levels withv<15. From Fig. 8, it can be
seen that the separation in energy of theB- and C8-state
potential-energy curves is;200 cm21 near the outer turning
point for B(v515). As we shall see, this is significantly
greater than theB-C8 interaction matrix elements and im-
plies that Eqs.~9! and ~13! are applicable.

Effective values oflv and gv for B-state levels with
v50215, determined from the measurements of Yoshino
et al. @3# by Lewiset al. @33#, are shown in Fig. 9, where the
rapidly increasing perturbations forv*11 can be seen
readily. Using Eqs.~8!, ~9!, ~12!, and ~13!, we have calcu-
lated values forlv

(2) and gv
(2) in the unique-perturber ap-

proximation. The RKR and calculated MRCI1 Q potential-
energy curves were used forVB(R) and VC8(R),
respectively. In addition, it was assumed thatj(R) was
R-independent@34# and that Eq.~14! could be rewritten as

h~R!5B~R!L2~R!, ~15!

where

B~R!5h/~8p2mcR2!, ~16!

TABLE VII. Deperturbed spectroscopic constants and interaction matrix elements~in cm21) for levels of theB 3Su
2 andC8 3Pu states,

obtained from the measured term values of Tables I, II, and III and the width ratios of Table IV, together with comparable calculated
constants for theC8 3Pu levels.

State Level v n0
a B D3105 uhBC8u

b

B 3Su
2 F2 , f 16 56719.5360.03 0.393760.0004 3.1060.08

C8 3Pu V52, f 0c 56721.3560.06 0.367060.0015 ;0.4 0.040260.0012
C8 3Pu V51, calc.d 0 56691.5 0.3545 0.94 0.05e

B 3Su
2 F2 , f 17 56852.4260.06 0.347460.0006 3.7060.01

C8 3Pu V50, f 2c 56875.6560.58 0.280860.0026 1.460.3 0.132560.0022
C8 3Pu V51, calc.d 2 56913.8 0.2852 1.63 0.09e

B 3Su
2 F2 , f 18 56954.6560.06 0.301660.0019 4.761.0

C8 3Pu V50, f 3c 56960.7060.09 0.246060.0024 21.961.1f 0.213760.0026
C8 3Pu V51, calc.d 3 56988.5 0.2519 1.97 0.14e

aThe unperturbedB- andC8-state term values were represented by the polynomialn01BJ(J11)2D@J(J11)#2 in the deperturbation
procedure.
bThe interaction matrix elements are given byuHBC8u5uhBC8uAJ(J11)2VC8.
cLikely vibrational numbering fromab initio calculations. Absolute numbering is not definitive.
dConstants determined by numerical integration of the Schro¨dinger equation for the calculatedC8 potential-energy curve of Fig. 8.
ePure-precession estimateA2z^vBuBuvC8& z for degenerate levels.
fAnomalous sign forD reflects a further perturbation at higherJ, not included in the present analysis.
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and

L2~R!5^B 3Su
2uL2uC8 3Pu& ~17!

was also taken to beR-independent@34#. The results ob-
tained withj(R)535 cm21, L2(R)522.0 and constant ef-
fective valueslv

(1)51.8 cm21 andgv
(1)520.015 cm21 are

compared with the measurements in Fig. 9 where the agree-
ment is seen to be very satisfactory. No allowance has been
made for the small perturbations caused by the repulsive
states, shown in Fig. 1, which are responsible for the
B-state predissociation@8#, but this will not affect our con-
clusions significantly. The character of the observed pertur-
bations inlv andgv can be understood by referring to Fig. 8,
where it can be seen that the energy denominator in Eqs.~9!
and ~13!, VC8(R)2VB(R), decreases forR.Re(C8)52.39
Å, but increases very rapidly forR,Re . Since the outer
turning point for B(v512) is approximately equal to
Re(C8), this explains why the perturbations in the spin-
splitting parameters have a rapid onset nearv512.

Our value forj(R) is in satisfactory agreement with val-
ues of 40 cm21 and 32 cm21 determined by Bergeman and
Wofsy @13# and Cheunget al. @10#, respectively, by fitting
the perturbation inlv using a simple unique-perturber for-
mula which did not involve the potential-energy curves of
the relevant electronic states. A spin-orbit matrix element of
this size seems reasonable: a value of 31 cm21 has been

reported for the interaction between theB state and the first
valence state of3Pu symmetry@4#. There have been no pre-
vious estimates ofL2(R).

As has been pointed out by Julienne and Krauss@8#,
whereas many electronic states can contribute to the pertur-
bation oflv for theB state, only3Pu states can contribute to
the perturbation ofgv ~andBv). The Wigner-Witmer corre-
lation rules@35# imply that, in addition to theC8 state, there
are two other states of3Pu symmetry associated with the
O(1D) 1 O(3P) limit. However, for the same electronic in-
teraction strengths, our calculations show that these essen-
tially repulsive states are expected to be 324 times less
efficient than theC8 state at perturbing theB state, due to
greater separation in energy from theB-state potential. Of
the other bound states shown in Fig. 8, only the 33Su

1 state
has a first-order-allowed spin-orbit interaction with theB
state,̂ 3Su1

1 uHSOu3Su1
2 &, resulting in a perturbation which de-

creaseslv . This is in the opposite sense to the perturbation
produced by theC8 state and observed experimentally,
where both theV50 andV51 components participate in
spin-orbit interactions in which theB 3Su0

2 levels are de-
pressed by twice as much as theB 3Su1

2 levels. Julienne@9#
has estimated a semiempirical spin-orbit matrix element of
16 cm21 atR52.117 Å for the 33Su1

1 2B 3Su1
2 interaction.

If we adopt this value, together with our MRCI1 Q
potential-energy curve for the 33Su

1 state, then our estimate
of the corresponding perturbation inlv is 215% of the ob-
served value. Thus, the inclusion of this effect will change
our conclusions only marginally. Despite all of the approxi-
mations in our analysis, it is likely that the interaction pa-
rameters obtained using the unique-perturber approximation
will be qualitatively sound. Nevertheless, a completeab ini-
tio study of the spin-orbit andL-uncoupling matrix elements
between all relevant electronic states correlating with the
O(1D) 1 O(3P) limit would be invaluable in refining our
picture of theB-state perturbation.

Summarizing the results of this section, we concur with
the suggestion of Bergeman and Wofsy@13# that the pertur-
bation inlv for theB state is caused principally by a single
3Pu state. Moreover, our unique-perturber calculations indi-
cate that the perturbing state is likely to be the same
C8 3Pu state that we have shown to be responsible for the
rotationalB-state perturbations reported in Sec. V A. The
C8 state is also principally responsible for the observed per-
turbations ingv . The negative sign determined for the elec-
tronic matrix-element productL2(R)j(R) is significant. In
contrast, following a consideration of interference effects
governing fine-structure-specific predissociation linewidths
in the SR bands, Lewiset al. @4# found that the equivalent
matrix-element product was positive for interactions between
theB and 13Pu states. Although there are significant uncer-
tainties, adopting the calculated MRCI1 Q potential-energy
curve for theC8 state, and considering both the analysis of
observed rotational perturbations presented in Sec. V C and
the results of this section, it appears that the magnitude of the
J-independent part of the electronicL-uncoupling matrix el-
ement between theB andC8 states is on the order of the
pure-precession valueuL2(R)u5A2. This is not necessarily

FIG. 9. Measured values~closed circles! of the spin-splitting
parameterslv andgv for theB

3Su
2 state, emphasizing the rapidly

increasing perturbations forv*11. Also shown are values of
1.81lv

(2) and 20.0151gv
(2) ~lines! calculated in the unique-

perturber approximation whereby it is assumed that only the
C8 3Pu state perturbs theB state, and that the corresponding spin-
orbit and L-uncoupling interactions arej(R)535 cm21 and
L2(R)522.0, respectively.
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to be expected for these mixed-configuration valence states
@23# and suggests that anab initio evaluation of this matrix
element is desirable.

VI. CONCLUSIONS

Several rotational perturbations in theB 3Su
2 state of mo-

lecular oxygen have been studied by measuring high-
resolution VUV laser photoabsorption cross sections of the
~16,0!–~18,0! Schumann-Runge bands of16O2. The obser-
vation of many extra lines in the spectrum, a line-profile
analysis procedure which allows for non-Lorentzian line
shapes due to interference between the main and extra lines,
and state-of-the-artab initio calculations have enabled the
perturbing state to be identified as the second valence state of
3Pu symmetry,C8 3Pu .
In particular, we have located three vibrational levels of

the C8 state which perturbB(v516218, F2) through an
L-uncoupling interaction. We have also shown that theC8
state is likely to be responsible for much of the well-known
rapid increase in the magnitudes of theB-state triplet-
splitting constantslv andgv as the dissociation limit is ap-
proached.

Further work is in progress to examine and analyze other
rotational perturbations inB 3Su

2(v>16) which occur at
higher energies, at higher rotational excitation, and in other
fine-structure components. Eventually, with the aid of isoto-
pic studies, we hope to make rigorous vibrational assign-
ments and determine a realistic semiempirical potential-
energy curve and spin-orbit constant forC8 3Pu . In
addition, it may be possible to clarify the roles of the
2 3Du and 33Su

1 states in the perturbation of theB 3Su
2

state. Ab initio calculations of the spin-orbit and
L-uncoupling interactions between theB 3Su

2 state and
other states in this energy region would be extremely valu-
able in progressing towards a complete understanding of the
B 3Su

2 perturbations.
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APPENDIX: THE 3Su
223Pu COUPLING

3S23P perturbations have been discussed in detail by
Kovács @24,36,37# and are central to an understanding ofL
doubling in 3P states@24,38#. Here, we are concerned pri-
marily with determining which3PV substates are respon-
sible for the perturbations observed in theF2(v516218)
andF3(v516) levels of theB 3Su

2 state.
If we express the molecular wave functions in the Hund’s

case~a! e/ f -parity basis@23#, then the nonzero3S23P in-
teraction matrix elements are given by@4,8,39#

^3S0
2 ,v,J,euHu3P0 ,v8,J,e&5A2~j1A2h!, ~A1a!

^3S0
2 ,v,J,euHu3P1 ,v8,J,e&52hA2J~J11!,

~A1b!

^3S1
2 ,v,J, f

euHu3P0 ,v8,J, f
e&57hAJ~J11!, ~A1c!

^3S1
2 ,v,J, f

euHu3P1 ,v8,J, f
e&5j1A2h, ~A1d!

^3S1
2 ,v,J, f

euHu3P2 ,v8,J, f
e&52hAJ~J11!22,

~A1e!

where

j~v,v8,J!5^v,Ju^3S1
2uHSOu3P1&uv8,J&, ~A2!

h~v,v8,J!5^v,Ju^3S2uBL2u3P&uv8,J&, ~A3!

andH, HSO, andBL2 represent the full molecular Hamil-
tonian, the spin-orbit operator, and theJ-independent part of
theL-uncoupling operator, respectively.

Over the full range of rotation, appropriate wave func-
tions for theB 3Su

2 state are intermediate between Hund’s
coupling cases~a! and ~b! and can be expressed as@40,41#

u3Su
2 ,F1 ,v,J&5au3S0

2 ,v,J,e&1bu3S1
2 ,v,J,e&,

~A4a!

u3Su
2 ,F2 ,v,J&5u3S1

2 ,v,J, f &, ~A4b!

u3Su
2 ,F3 ,v,J&5bu3S0

2 ,v,J,e&2au3S1
2 ,v,J,e&.

~A4c!

The mixing parametersa andb are given by

a~v,J!5A@T2~v,J!2T1~v,J!#/@T3~v,J!2T1~v,J!#,
~A5a!

b~v,J!5A@T3~v,J!2T2~v,J!#/@T3~v,J!2T1~v,J!#,
~A5b!

whereTi(v,J) are the fine-structure term values, provided
that centrifugal distortion is neglected@40#.

First, we wish to consider the interactions of theF2 levels
of theB state. From Eqs.~A1c!, ~A1e! and ~A4b!, it can be
seen that only the3P0 and

3P2 substates can interact with a
3S1

2 state in a way consistent with theJ-dependent pertur-
bation matrix element measured in this work. From Eqs.
~A1! and~A4!, the interactions of these3PuV substates with
B 3Su

2(F2 and F3) are given by

^3Su
2 ,F2 ,v,JuHu3Pu0 ,v8,J, f &5hAJ~J11!, ~A6a!

^3Su
2 ,F3 ,v,JuHu3Pu0 ,v8,J,e&5A2b~j1A2h!

1ahAJ~J11!,
~A6b!

and
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^3Su
2 ,F2 ,v,JuHu3Pu2 ,v8,J, f &52hAJ~J11!22,

~A7a!

^3Su
2 ,F3 ,v,JuHu3Pu2 ,v8,J,e&5ahAJ~J11!22.

~A7b!

In the case ofB 3Su
2(v516,J53), substituting into Eq.

~A5! the deperturbed term valuesT3(16,3) deduced from
Tables I and IV,T2(16,3) deduced from Table VII, and the
unperturbedT1(16,3) of Yoshinoet al. @3#, we find that
a(16,3)50.92 andb(16,3)50.38. If the perturbing substate
is 3Pu0, from Eq.~A6! the ratio of theF3 andF2 perturba-
tion matrix elements is

H3~v,J!

H2~v,J!
5a1

A2b~j1A2h!

hAJ~J11!
. ~A8!

Thus, H3(16,3)/H2(16,3)'0.9210.155j/h, assuming that
h!j. With this assumption, the second term~of either sign!
will dominate and the ratio will be much greater than unity,
inconsistent with our observations. For example, in the case
of the interaction between theB state and the 13Pu valence
state, it has been reported by Lewiset al. @4# that
h/j50.019. In this case,H3(16,3)/H2(16,3)'9. However,
if the perturbing substate is3Pu2, from Eq. ~A7! it follows
that H3(v,J)/H2(v,J)52a and H3(16,3)/H2(16,3)
520.92. Clearly, this is consistent with our observation,
illustrated in Fig. 7, thatuH3(16,3)/H2(16,3)u'1 and dem-
onstrates that the perturber ofB(16) is a 3Pu2 state.

The above arguments, based on a case~a! picture of the
3Pu perturber, are essentially unchanged when we consider
a 3Pu state with coupling intermediate between cases~a! and
~b!, but tending to case~a!. This situation is expected to
apply for rotational quantum numbersJ!Y5A/B, where
A andB are the diagonal spin-orbit and rotational constants
of the 3Pu state, respectively. Applying this approximation
to the triplet transformation matrix of Kova´cs @24#, we can
express the intermediate-coupled3Pu wave functions in
terms of the case~a! basis functions as follows:

u83Pu08,v,J&'u3Pu0 ,v,J&1
A2J~J11!

Y
u3Pu1 ,v,J&,

~A9a!

u83Pu18,v,J&'2
~J21!A2~J11!

YAJ
u3Pu0 ,v,J&

1u3Pu1 ,v,J&1
JA2~J12!

YA~J21!
u3Pu2 ,v,J&,

~A9b!

u83Pu28,v,J&'2
A2~J21!~J12!

Y
u3Pu1 ,v,J&

1u3Pu2 ,v,J&. ~A9c!

Using Eqs.~A9a! and~A9c!, it is easy to show that the form
of Eqs. ~A6a! and ~A7a! remains unchanged when the3Pu

state has intermediate coupling withJ!Y, but the parameter
h must be replaced by an effective value given by
heff'h1A2j/(Yh). In other words, the conclusion that
only 3Pu2 or

3Pu0 states can produce purelyJ-dependent
perturbations in theF2 levels of theB state remains valid for
coupling intermediate between cases~a! and~b!, but tending
to case~a!. Thus, the observation that the experimental per-
turbation matrix elements shown in Fig. 7 do not deviate
significantly from a linearJ dependence forJ&25 implies
that the value ofY for the perturber is significantly greater
than 25. Similarly, although Eqs.~A6b! and ~A7b! are
slightly modified in the case of intermediate coupling, both
by the appearance of terms weakly dependent onJ2 and by
the introduction of effective values forh in the
J-dependent terms, the conclusion, based on a consideration
of the ratioH3(16,3)/H2(16,3), that the perturber ofB(16)
is a 3Pu2 state remains valid.

Support for these conclusions can be obtained from a con-
sideration ofL doubling in 3P states. For a3P state con-
forming to Hund’s case ~a! coupling (Y→`), the
L-doubling expressions given by Brown and Merer@38# re-
duce to

DTfe~
3P0!52~ov1pv1qv!, ~A10a!

DTfe~
3P1!5qvJ~J11!, ~A10b!

DTfe~
3P2!50, ~A10c!

whereov , pv , andqv are the normalL-doubling parameters
@31,38#. The parameterov includes the effect of the direct
spin-spin interaction and the effects of spin-orbit interactions
with other electronic states. The second-order parameters
qv and pv represent the effects of interactions with other
states through theL-uncoupling operator, and through the
product of theL-uncoupling and spin-orbit operators, respec-
tively. Broadly speaking, theL-doubling parameters for a
3P state embody the same interactions as those responsible
for the perturbations inlv , gv , andBv for a

3S state and
mathematical inter-relationships can be demonstrated in the
case of the unique-perturber approximation and further sim-
plifying assumptions@38#.

An examination of Eq. ~A10! indicates that the
L-doubling characteristics for the3P0 and

3P2 components
differ considerably. The lack of doubling expected for a
3P2 level supports the classification of theB(16) perturber
as a3Pu2 level, since an inspection of Fig. 4 shows minimal
splitting between thee and f levels of this perturber. The
nonzero doubling expected for a3P0 level is consistent with
the classification of theB(17 and 18) perturbers as3Pu0
levels, since we have observed noe-level perturbers for
theseB-state levels, implying that theL doubling in these
cases is large, i.e., beyond the scale of Fig. 4. This can be
understood by anticipating the results of Sec. V D in which it
is proposed that theB state and the perturbing3Pu state are
in a unique-perturber relationship, resulting in large pertur-
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bationsinlv for theB-state levels withv>17. Under these
conditions, it is expected that the magnitude ofov will be
dominated by this unique spin-orbit interaction, and that the
e levels of the 3Pu0 perturber will be pushed to energies

significantly higher than the correspondingf levels, since the
B state has noV50 levels of f parity. This expectation is
consistent with the lack of perturbation of theF3(e) levels of
B(v517 and 18) shown in Fig. 4.
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