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Transitions into the lowest ’E: valence state of O,, which we shall name f’ 12: , are observed. A total of
nine weak absorption bands is found from the system f’ '3« X 33, ¢ for the isotopes 160, and '0,. The
observed band origins and rotational constants are found to be significantly perturbed due to an electrostatic
interaction between the valence state f’ '3 and the Rydberg states 3pmr, f!3F and 4pm, j '3} . In
addition, rotational perturbations observed in certain vibrational levels of the Rydberg states f '3 and
J 12; are found to be caused by the f’ 12: state through the same valence-Rydberg interaction. The
f'<—X bands are found to be predissociating resonances that exhibit Beutler-Fano line shapes of widely
varying asymmetry. In particular, the (13,0) band of 30, is an example of a window resonance in molecular

dissociation.

PACS number(s): 33.20.Ni, 33.70.—w

I. INTRODUCTION

Although there have been no previous experimental
observations of the 'S valence states of O,, such
states are well known theoretically. The lowest
molecular-orbital configuration for 0O,,
(10)%(10,)2(20)%(20,)2(30)* (1 m) (1 )%, gives
rise to three bound states X 32; ,a lAg, and b ]2;, dis-
sociating to OCP)+0(3P), all of which have been ob-
served. The first-excited molecular-orbital configuration
(10)%(10,)*(20)*(20,)*(3o)*(17,)*(17,)? gives rise
to six states ¢ '3, A’ 3A,, A2}, B33, 'A,, and
's, : , the first four of which have been found to be bound.
The ¢, A’, and A states dissociate to O(*P) + O(*P) at
521 eV, the B state to OCP) + O('D) at 7.18 eV, the
A, state to O('D)+0('D) at 9.15 eV, and the 'S state to
O('D)+0('S) at 11.37 eV [1]. Although neither of the latter
two states has been observed experimentally, they were both
predicted to be bound in the early semiempirical study of
Gilmore [2]. Later ab initio calculations [3-7] of the '3
state predicted well depths D, from 0.74 eV to 1.65 eV and
equilibrium internuclear distances R, from 1.61 A to 1.66
A, similar to the values found for the other isoconfigurational
states [6]. Unfavorable Franck-Condon overlaps with the
ground state (X 32;, R, =1.21 A) and the second meta-
stable state (b '3, ; , R,=1.23 A) explain why the '3 state
has not been observed previously, even in the electric-dipole-
allowed transition 'S« b 12; [8]. In Fig. 1, we show
O, potential-energy curves for valence and Rydberg states of
interest to this work, including the most recent ab initio cal-
culation [9] of the 'S valence state, which indicates that
the diabatic Rydberg and valence 'S potential-energy
curves cross at an internuclear distance near 1.34 A.

The atomic oxygen green line at 5577 A , arising from the
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forbidden transition 'S—!D, is a well-known feature of the
night-sky emission spectrum. Following a suggestion of
Kaplan [10] that dissociative recombination (DR) of O,"
with an electron might provide a significant channel for the
production of ionospheric O('S), Nicolet [11] showed that
green-line emission could result from the DR of O," . Gu-
berman [12,13] showed theoretically that the 'S valence
state is the only significant channel enabling the generation
of O(!S) from the lowest ten vibrational levels of
0," (x 2I'Ig). Thus the relevant DR process is O, +e~
—0,(!2H— 0('S) + O('D). In addition, he showed that
the IE: potential-energy curve crosses that of the ion be-
tween v " =1 and 2, resulting in DR rates that increase sig-
nificantly as v * increases from 0 to 2 [14—-16], in agreement
with satellite-based results [17—19]. In a recent work, Guber-
man and Giusti-Suzor [9] treated both direct DR and indirect
DR, which involves the temporary capture of the electron
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FIG. 1. Selected potential-energy curves for O,, including the

most recent ab initio calculation [9] of the '3 valence state, which

we have named f' 12: following the observations reported in this
work.
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into a neutral, vibrationally excited Rydberg state which then
autoionizes or predissociates, by the methods of multichan-
nel quantum-defect theory. In the course of that work, they
calculated an ab initio diabatic potential-energy curve for the
12: valence state, shown in Fig. 1, which is expected to be
more accurate than previous calculations, obtaining
T,=10.08 eV, D,=131 eV, R,=1.626 A, w,=752 cm™!,
and w,x,=7.98 cm~!. They also calculated an ab initio
electronic width I'(R), which is related to the electrostatic
coupling H(R) between the valence '3 state and the
Rydberg series npm, '3 : by the relation I'(R)
=2mp|H®(R)|?, where p is a density of states. Their results
imply [20] that the coupling between the 3pm, f'3" and
the valence '3 states is H°=2242 cm™ ' at R=2.2819q,,
decreasing at larger internuclear distances. In comparison,
the corresponding valence-Rydberg coupling for the 32;
states, isoconfigurational with the 12: states, is approxi-
mately 4000 cm™! [21-23]. The considerably weaker cou-
pling between the 12; states, together with the bound nature
of the 12: valence state below 11.37 eV, results in the ob-
served f '3 ¥ levels being relatively sharp and regular when
compared with the extremely diffuse and irregular E 32;
levels.

In this work, we observe levels of the 'S, : valence state,
henceforth called the f' 'S state. We characterize rota-
tional perturbations in the ]2: Rydberg states and show that
they are caused by the f' 'S valence state through electro-
static Rydberg-valence coupling, contrary to the heteroge-
neous perturbation mechanism suggested by Katayama et al.
[8] for the v=4 level of the f 'S} state of °0O,. The
fristex 3y ¢ bands are found to be predissociating reso-
nances that exhibit Beutler-Fano line shapes.

II. EXPERIMENTAL METHOD

Two distinct experimental systems were used to take the
measurements presented here. Because of superior signal sta-
bility, a conventional light source and scanning monochro-
mator system was used for the bulk of the measurements,
which necessarily involved very weak bands of the
frisiex 32; system competing with relatively strong
background continua. On the other hand, because of superior
wavelength stability and narrower bandwidth, a laser-based
system was employed in the precise measurements of rota-
tional perturbations in the less diffuse bands of the
fisrex 32(; Rydberg system.

A. Monochromator system

The apparatus was similar to that used in our previous
studies [24,25] of resonances in the window region of the
O, spectrum. Background radiation was provided by an
argon-dimer continuum discharge lamp powered by a pulser
based on a design developed at the Argonne National Labo-
ratory [26]. The lamp was operated in the windowless mode
at a pressure of 400 Torr of argon, a pulse repetition fre-
quency of approximately 80 kHz, and a current of 200 mA.
The radiation was dispersed by a modified 2.2-m scanning
vacuum ultraviolet (vuv) monochromator [27] operating in
the first order of a 2400 grooves/mm grating, resulting in a

full width at half maximum (FWHM) resolution of approxi-
ately 0.025 A. Radiation was detected photoelectrically, us-
ing EMR LiF-windowed solar-blind photomultipliers oper-
ated in the pulse-counting mode, before entering and after
leaving the 10-cm, temperature-controlled, LiF-windowed
absorption cell. The scanning system and data collection
were controlled by an IBM AT microcomputer.

The absorption cell was filled with molecular oxygen
(BOC 99.9%, containing 99.8 at. % '°0, or ICON, contain-
ing 99.5 at. % '®0, 0.2 at. % 0, and 0.3 at. % '°0),
through an electromagnetically controlled leak valve, to
pressures in the range 1—100 Torr, monitored by a Datamet-
rics Barocel variable capacitance manometer. In order to
concentrate the rotational structure of the weak bands studied
here, most scans were performed with the absorption-cell
surround filled with liquid nitrogen, providing an effective
cell temperature of 79 K. Scans were generally performed
over wavelength regions of width 1.2 A, with wavelength
increments of 0.01 A, in the range 1100-1200 A, but incre-
ments of 0.005 A were used on a few occasions. The wave-
length scale of the monochromator was calibrated against
known emission lines of N 1, O I, and C I and absorption
lines of the A 'IT—X 'S 7 system of CO [28]. This enabled
pre-correction of the periodic wavelength error [27] caused
by machining errors in the monochromator drive screw. Tem-
poral wavelength drifts were corrected by monitoring the ap-
parent wavelength of the impurity line of N 1 at 1134.980
A before and after each scan. Small stray-light and dark-
count corrections were applied to the photomultiplier signals.
Empty-cell background ratios (detector to monitor) were
taken at the initial wavelength before the scan and the final
wavelength after the scan and a linear interpolation was ap-
plied to obtain the ratio for intermediate wavelengths. This
procedure was found to be satisfactory since, although the
transmittance of the cell windows decreased noticeably with
time at 79 K, the decrease over the relatively short period of
a scan, approximately 2 h, was observed to be linear to
within 0.5%. Absolute cell transmittances were determined
by dividing the full-cell ratios (detector to monitor) by the
empty-cell ratios at each wavelength.

Using the known pressure, temperature, cell length, and
absolute cell transmittance, absolute total photoabsorption
cross sections were determined using the Beer-Lambert law.
Since the bands of interest are rather weak, with peak cross
sections approximately 1-10 % of the underlying continuum
cross section, particular attention was paid to the statistical
accuracy of the measurements. We aimed to obtain a statis-
tical scatter of less than 20% of the peak of the band cross
sections, equivalent to an absolute statistical accuracy of ap-
proximately 0.2-2.0 % in the total cross section. It is easy to
show, using counting statistics and neglecting the monitor
photomultiplier, that optimum relative statistical accuracy in
the measured cross section is obtained at a transmittance near
0.1, the optimum being better by a factor 2 than that obtained
at a transmittance of 0.5. Considering the complicating fac-
tors of stray light and photomultiplier dark counts, both of
which increase the uncertainty in the measured cross section
at low transmittances, we aimed to operate at a reasonable
compromise transmittance of approximately 0.25, as far as
was possible. Typically, by photon counting for 50 s at each
wavelength, we obtained a root-mean-square (rms) statistical
uncertainty of approximately 1% from a single scan, in some
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FIG. 2. Schematic diagram of the laser-based apparatus.

cases necessitating averaging over several scans in order to
obtain the desired accuracy. In addition to the statistical un-
certainty in the measured cross sections, an absolute uncer-
tainty of less than 5% arose because of uncertainties in cell
length, pressure, temperature, and window transmittance
degradation at 79 K.

B. Laser system

The technique of four-wave frequency mixing in gases as
a means of generating coherent radiation in the vuv has been
used extensively in recent years and the resultant narrow-
bandwidth radiation has been employed in a number of high-
resolution spectroscopic studies [29]. In this work, we used
two-photon-resonant difference-frequency four-wave mixing
[30] in Xe to generate tunable vuv radiation near 1196 A in
order to study rotational perturbations in the (4,0) bands of
the Rydberg systems f '3} X 32; of %0, and 9080
with a resolution of approximately 0.25 cm™ ! FWHM.

The apparatus is shown schematically in Fig. 2. Radiation
from a Lambda Physik EMG201 XeCl excimer laser (3080
A, 450 mJ per pulse) was used to pump transversely two
Lambda Physik FL3002 dye lasers, one of which was oper-
ated with the dye Styryl 14 in dimethyl sulfoxide (9040-—
9920 A, 15 mJ per pulse), the other with Stilbene 3 in metha-
nol (4120- 4430 A, 21 mJ per pulse). The latter dye laser
was operated with an intracavity étalon and its output was
frequency doubled in a temperature-stabilized - 8-BaB,Oy,
(BBO 1I) crystal. The frequency-doubled output was tuned to
be two-photon resonant with a chosen vuv transition of Xe
by observing the (2+1)-photon ionization signal from a Xe
cell and was combined, after removal of the fundamental
radiation, with the tunable infrared (ir) laser output. The laser
beams were then focused into a second Xe cell by a 25-cm
focal length quartz lens. The approximately 25-cm-long cell
was equipped with a quartz entrance window, a MgF, exit
window, and an MKS Baratron gauge that monitored the
pressure of Xe (ICON 99.999%). The generated vuv radia-
tion was passed through an ARC VM502 0.2-m vuv scanning
monochromator (1200 grooves/mm osmium-coated grating,
reciprocal dispersion 40 A/mm, 30—100 g slit widths) acting
as a comparatively broad bandpass filter, tuned synchro-
nously with the ir dye laser, which discriminated against the
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fundamental and doubled dye-laser radiation. The vuv radia-
tion leaving the monochromator was divided by a MgF,
beam splitter into two beams. The reflected beam was moni-
tored directly, while the transmitted beam passed through a
33-cm-long MgF,-windowed absorption cell before being
detected. Molecular oxygen (BOC 99.9%, containing 99.8
at. % '°0, or ICON, containing 50.4 at. % '%0, 49.0 at. %
160, and 0.6 at. % '70) was admitted to the cell through an
electromagnetically controlled leak valve and cell pressure
was monitored by a Datametrics Barocel variable capaci-
tance manometer. Output pulses from the solar-blind monitor
and detector photomultipliers (EMI type 9413, Csl photo-
cathode) were processed by an EGG/PARC 4400 series box-
car averaging system operating in alternate base-line subtract
mode. The apparatus was automated using an IBM AT mi-
crocomputer to control the triggering of the excimer laser,
the scanning of the ir dye laser, the synchronous scanning of
the monochromator, the pressure of O, in the absorption cell,
and the acquisition of the shot-averaged detector and monitor
signals from the boxcar system.

The level scheme for the two-photon-resonant difference-
frequency four-wave mixing process used in the current ex-
periment is shown in Fig. 3. The visible dye laser was tuned
to a vacuum wavelength of 4242428 A so that the
frequency-doubled radiation was two-photon resonant with
the Xe transition, 5p>(2P%,)9p[ 310+ 5p® 'S,. The produc-
tion of vuv radiation between 1192 A and 1200 A using this
scheme was verified by tuning the ir laser between 9130
A and 9620 A. The two-photon resonances used in early
difference-frequency four-wave mixing experiments [30]
were confined to relatively low-lying levels of Xe due to the
limits for the production of the fundamental laser radiation in
the ultraviolet. However, the development of the BBOII
crystal has allowed two-photon access to high-lying states of
Xe. An attempt by Miyazaki eral [31] to use the
5p°(*P5,)9p[3], level for two-photon-resonant third-
harmonic generation led only to the production of very small
signals. As far as we are aware, we are the first to demon-
strate the effective generation of tunable vuv radiation using
this level of Xe in a two-photon-resonant difference-
frequency four-wave mixing experiment.

In order to obtain the measurements presented here, scans
were performed over 0.5-1.0 A ranges in the vuv from 1195
to 1199 A with wavelength increments of 0.0015 A. The
phase matching was optimized by adjusting the pressure of
Xe in the range 1—10 Torr to maximize the vuv signal for the
appropriate scan range. Despite the use of the baffled mono-
chromator and solar-blind photomultipliers as detectors, a
residual signal due to scattered doubled radiation at 2121.2
A was present. Accordingly, before and after each scan the ir
laser beam was blocked and the scattered radiation mea-
sured. The monitor and detector signals were averaged over
200 laser shots for each data point during scans with the
absorption cell empty and then filled with presssures of O, in
the range 1.5-2.5 Torr. Division of the detector signal by the
monitor signal, after correction for the scattered radiation,
provided a measure of protection against the shot-to-shot
fluctuations in the generated vuv signal, but the statistical
performance of the laser-based system was still markedly
inferior to that of the 2.2-m monochromator system and the
very short lifetimes of the laser dyes used made it difficult to
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FIG. 3. Xe energy-level scheme for the two-photon-resonant difference-frequency four-wave mixing process.

improve the data by multiple scanning. We also observed a
strong, reproducible component of the generated vuv signal
that appeared to vary sinusoidally with wavelength, but that
was not removable by dividing the detector and monitor sig-
nals, possibly being associated with polarization-dependent
effects related to the MgF, beam-splitter. Thus it was neces-
sary to perform complete empty-cell scans so that the effects
of the periodic signal could be removed from the absolute
cell transmittances that were obtained by dividing the full-
cell ratios (detector to monitor) by the empty-cell ratios for
each wavelength. Photoabsorption cross sections were calcu-
lated from the absolute transmittances using the Beer-
Lambert law.

For high-resolution spectroscopic studies, it is essential to
establish an accurate wavelength scale. In a previous study
[32], which used four-wave mixing in Kr to generate vuv
radiation near 1244 A, the ir dye laser used here was fully
calibrated against a Burleigh pulsed wavemeter. Not only
was the nominal dye-laser wavelength observed to deviate
from the correct value quadratically with wavelength, but a
periodic error component of amplitude 0.17 A and period 20
A was found. The effects of the periodic error, due to ma-
chining or mounting imperfections in the dye-laser grating
drive screw, were verified in the vuv domain by comparing
the known positions of absorption lines of the CO
A 'TI—X '3 system [28] with those measured using the
four-wave mixing apparatus. In this work, the nominal vuv
wavelength was calculated from

1/)\““,: 1/)\2[7_1/}\ irv s (l)

where A, is the vuv wavelength, \,, (=1060.607 A) is
half of the two-photon-resonant frequency-doubled vacuum-
corrected wavelength, and \;, is the calibrated, vacuum-
corrected ir dye laser wavelength. Final absolute calibration
was achieved by comparing the measured °0, absorption
line positions with values deduced from spectrographic mea-

surements [8] of the f 'S" b 13, ; band system. The nomi-
nal vuv wavelength was generally within 0.003 A of the
final calibrated value and day-to-day wavelength drifts were
less than 0.002 A  because of precise laboratory temperature
control. The bandwidth of the generated vuv radiation was
determined to be approximately 0.25 cm™ ! FWHM by fitting
an instrumentally-degraded Voigt profile to the very narrow
(approximately 0.1 cm™! FWHM) !0, absorption lines
near the (4,0) f« X bandhead.

III. EMPIRICAL BAND MODEL

Spectroscopic and line-shape parameters were obtained
from the measured cross sections of the bands of the
f' 'S5 —X 33 system by fitting an empirical band model
similar to those used in previous interpretations of the
E3S, —X 33, resonances [2425] and the D 3%
—X 328_ bands [33] of O,. As in those cases, it was found
necessary to describe each rotational line by an asymmetric
profile.

Spectroscopic constants for the X 33 ¢ states of 160, and
180, were taken from Veseth and Lofthus [34] and Steinbach
and Gordy [35], respectively. These were used to generate
the manifold of rovibrational term values for the ground state
and the corresponding weighted Boltzmann factors for
T=79 K. The band origins v, and the rotational constants
B’ and D' for levels of the f’ '3 state were parameters of
the fit. Rotational line strengths for the five branches of a
ISt 33 transition, R, 2R, 20, 2P, and °P, were
taken from Watson [36], for the case of a 33~ state interme-
diate between Hund’s cases (a) and (b). The ground-state
coupling factors ¢ and s [36] were determined from the
calculated term values and the ratio of the parallel and per-
pendicular transition moments z [36] was a parameter of the
fit.

Rotational line centers v; were generated using the term
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values obtained from the upper- and lower-state spectro-
scopic constants and relative line strengths r;, where
3,r;=1, were proportional to the product of an appropriate
Boltzmann factor and rotational line strength. The parameter
z affected only the relative strengths of different branches.
Each rotational line was described by a Fano profile [37] of
the form

1.77X 107 2f o 7, (g +x)?
o(V)= | |
! &E(1+g7)al 1+x
X (1+al'x+bI%x?), ?2)

where x=2(v—»,)/T" and the FWHM predissociation line-
width T cm™!, the reciprocal of the Fano line-shape param-
eter g, the Fano overlap parameter £ [38], the effective band
oscillator strength f.¢, and the polynomial coefficients a and
b, which describe the energy dependence of the underlying
continuum, all of which were assumed to be independent of
the particular rotational line under consideration, were pa-
rameters of the fitting procedure. The total cross section was
given by o(v)=ZX,0;(v). In view of the restricted rotational
structure at 79 K, the constant-parameter assumption was
generally adequate. However, in some cases it was not pos-
sible to obtain a good fit to the measured cross sections [39]
unless the Fano parameters p were allowed to vary with
rotation according to the relation

p=potpJ'(J'+1) . 3)

After modification of o(v), to allow for the Doppler con-
tribution to the line shapes, and convolution (in transmission)
with a Gaussian instrument function, the model cross section
appropriate to the experimental conditions was least-squares
fitted to the measured cross section, enabling the determina-
tion of the spectroscopic and line-shape parameters associ-
ated with the f’ <X transition.

The effective band oscillator strength f.g, related to the
amplitude-width product of the rapidly varying band struc-
ture, should be distinguished from the formal discrete oscil-
lator strength defined by Fano and Cooper [37],
F=Ffeq*/(1+ %), which goes to zero in the case of a win-
dow resonance (g =0). The effective band oscillator strength
used in this work bears a more direct relationship to the
apparent strength of the band structure observed experimen-
tally.

IV. RESULTS AND DISCUSSION
A. Rotational perturbations [40]
1. The (4,0) band of the 3pm, f '3 —X 3 system of 1°0,

A perturbation near J' =9 in the rotational structure of the
(4,00 band of the forbidden Rydberg system
3pm, f'3, X%, of '%0, was first reported by Ogawa
and Yamawaki [41], who noted that the rotational constant of
the perturbing vibrational level must be smaller than that of
f 13 (v=4). Katayama et al. [8], following observations
of the (4,0) band of the allowed Rydberg system
f'S;—b 'S in the photoabsorption spectrum of O, ex-
cited by a transformer discharge, reported the same upper-
state perturbation for '°0O,, but no perturbation was ob-
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FIG. 4. Measured photoabsorption cross sections for selected
regions in the (4,0) band of the f 'S —X 33 system of '°O,,
which show the extra lines with J'=9 associated with rotational
perturbations in the SR and 2R + ©¢P branches. Measurements
were taken at room temperature with the laser-based system (reso-
lution approximately 0.25 cm™! FWHM) and at liquid-nitrogen
temperature with the monochromator-based system (resolution ap-
proximately 1.7 cm™! FWHM). A least-squares fit to the room-
temperature results, based on Voigt line shapes, is also shown.

served for '80,. They [8] suggested that the perturbation
was heterogeneous, but no extra lines from the perturbing
state were observed and it was thus impossible to determine
its rotational constant. The main impetus for the work pre-
sented here came from our observation of extra lines associ-
ated with the rotational perturbation discussed above. This
enabled an accurate determination of the rotational constant
of the perturbing level and consequent identification of the
perturbing electronic state. Further measurements based on
predictions suggested by these key observations enabled an
extensive characterization of the perturbing state.

In Figs. 4 and 5 we present measured photoabsorption
cross sections for small regions of the (4,0)
f 'S, —X 3%, band of '°0,. The cross sections show extra
lines that are not part of the normal f«X band structure.
Using the method of combination differences, these weak
extra lines [42] can be assigned as SR.(7), °R,(9) +
2p (9), 2rR.(11) + 2P, (11), and °P,(13). Their positions
and strengths relative to the corresponding main f«X lines,
the most perturbed in the (4,0) band, imply that the extra
lines are associated with the /=9 and 11 rotational levels of
the perturbing state [43].

We determined wave numbers, widths, and relative
strengths for the observed extra lines by least-squares fitting
to the measured cross sections a model, based on Voigt line
shapes. In this case, asymmetric profiles were not necessary
to obtain satisfactory fits. The results of the fitting procedure
are presented in Table I. The parameters determined for
9P ,(13) are more uncertain than those for the other lines
because the height of the line is only a factor 2 greater than
the measurement noise and no wavelength calibration lines
are nearby. The extra lines have Lorentzian width compo-
nents of approximately 2 cm”™! FWHM, considerably
broader than the nearby lines of the f«X system, which
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FIG. 5. Measured photoabsorption cross section for a selected
region in the (4,0) band of the f !5« X 32; system of '60,,
which shows the extra lines with J' =11 associated with rotational
perturbations in the °P and 2R + 2P branches. Measurements were
taken at room temperature with the monochromator-based system
(resolution approximately 1.7 cm™! FWHM). The upper cross sec-
tions (open points) were obtained by subtracting the underlying
continuum from the measured cross section, followed by an expan-
sion of the vertical scale by the factors indicated and then a vertical
displacement of the results, for clarity. Voigt-profile fits to the extra
lines are shown.

have Lorentzian widths of approximately 1 cm™! FWHM.
Evidently, the perturbing electronic state is significantly pre-
dissociated by one or more repulsive states correlating with
any of the lowest four dissociation limits of O,.

The observation of two rotational levels of the perturbing
state enables a rotational deperturbation to be performed on
the f '3 (v=4) levels using a simple two-level perturba-
tion model [44,45]. We used term values T%(1— 19) deduced
from the R-branch measurements of the (4,0) f« b transition
by Katayama eral [8] and the level T%(21)=84341.4
cm™! determined from our fit to the high-resolution room-
temperature cross section shown in Fig. 4, which contains
the unresolved lines 2R(21)+<¢P(21). The perturber term
value for /=9 was taken to be the weighted average of the

separate  determinations from the SR.(7) and
2R (9)+2P,(9) observations, while for J= 11 we used the
term value determined from the QRX( 11+ QPX( 11) observa-
tion alone since the absolute wavelength calibration for the
©P.(13) line was inferior. Using an iterative least-squares
technique, we deperturbed the above levels and obtained the
results presented in Table II. The quality of the fit was ex-
cellent, with a rms deviation of approximately 0.1 cm™'.
The maximum perturbations for f 'S (v=4) are —2.5
cm™! for J=9 and +1.0 cm™! for J=11, with a culmina-
tion [45] at J=9.5.

If we assume that the perturbed transition f«—X carries an
oscillator strength, but that the transition into the undeter-
mined perturbing staie x does not, it can be shown [44,45]
that the ratio of the strengths of the extra and main lines of a
particular branch are given by

I(J) 2 .

1,(J) 1+[AEO(J)/’.Z]{[AEO(J)/2]2+Hj%x}_%
) “
T S()+AET) )

where AE(J) is the unperturbed energy separation between
the perturbed and perturbing levels, Hy, is the interaction
matrix element, and S(J)>0 is the shift in energy of each
level due to the perturbation. Using Eq. (4) with the param-
eters obtained from the deperturbation of the observed en-
ergy levels, in the case of the most strongly perturbed lines
we obtain 1,(9)/1;(9)=0.20 and 1,(11)/1,(11)=0.034, in
good agreement with our observed values of 0.220£0.015
and 0.047%0.012, respectively. This agreement indepen-
dently supports the validity of the simple perturbation model
employed since line intensities were not included in the fit-
ting procedure.

The Rydberg transition f 'S X 33 is nominally for-
bidden and borrows strength from the allowed transition be-
tween the ground state and the mixed Rydberg-valence state
E 3% . by means of a spin-orbit coupling Hr between the
f 'S and E 33 states [46]. In this picture, the extra lines

TABLE 1. Wave numbers, widths, relative strengths, and upper-state term values for the extra lines ob-
served in association with rotational perturbations in the (4,0) band of the f 'S« X 32g' system of
160,, determined by least-squares fitting a model based on Voigt line shapes to the measured cross sections.

y q g g p

Line v (cm™h) FWHM I (cm™') 111" T’ (em™")
SR.(7) 83677.80+0.11 2.17%0.17 0.225+0.015 83756.29+0.11°
CR.(9)+2P(9) 83628.74+0.17 2.37%0.39 0.192+0.040 83756.11x0.17
J'=9¢ 2.20+0.16 0.220+0.015 83756.24=0.10
2R (11)+2P (11) 83596.35+0.15 2.28+0.61 0.047+0.012 83783.88+0.15
OP(13) 83523.98+0.30 2.90+0.50 0.040=0.008 83783.58+0.30
J' =11° 2.28+0.61 0.047=0.012 83783.88+0.15

*The intensities of the extra lines are expressed relative to the main line intensities, e.g., SR .(7)/°R(7).
P g x
®The quoted uncertainties in line positions and term values are 1o statistical values determined by the fitting
procedure. There is an additional absolute calibration uncertainty of approximately 0.2 cm™'.
“Best estimates obtained from the measurements as described in the text.
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TABLE II. Summary of the experimentally determined (deperturbed) spectroscopic constants, isotopic
shifts, and interaction matrix elements relevant to rotational perturbations in the np7,'3 : Rydberg states
(R) caused by an electrostatic interaction with the valence state f' '3,

Rydberg npm, 'S}

Valence f' '3}

Isotope n v Parameters (cm™ ') Hgp (cm™Y) v Parameters (cm™ ')
160, 3 4 vo=83600.1+0.2° 5.3+0.1 5 vo=283687.1+0.6
B=1.6089+0.0006 B=0.740+0.007
D=(9.5+3.8)X107°
160180 3 4 vo=283400.7+0.2 4.0+0.1 5 vo=83612.3%1.4°
B=1.5208+0.0006
D=(44*+15)x10"°
‘AG=221.6*0.1° IAG=97.0*+1.6
180, 3 4 vo=283194.9+0.2 3.0=0.9 5 vo=283539+94
B=1.4338%0.0007
D=(6.6*1.1)x10"°
IANG=450.4+0.1 AG=193+9
160, 3 5 vo=85324.7+1.3 413+0.4 8 vo=285467.01.2
B=1.578+0.010 B=0.701+0.005
D=(5.6+1.6)x1077
160, 4 1 vo=289263.8+0.4 1.3+0.4 17

B=1.712+0.003

D=(9.0x1.1)x107°¢®

#Band-origin uncertainties include statistical (1¢) and calibration uncertainties.
PRotational constant fixed at the isotopic value '*'®Bs~ p3c .Bs=0.699.
“Uncertainties in the isotopic shifts are unaffected by the calibration uncertainty.
dRotational constant fixed at the isotopic value '*Bs~ p?,Bs=0.658.

°Rotational constants perturbed by a lower-lying 'II, level. H=(5.6+1.0)X 1073,

that we have observed borrow their strengths from the al-
lowed E 33, X 32; transition by a second-order process
involving the Hy and Hy, interactions and the f IS ¥ inter-
mediate state.

The deperturbed rotational constant for the perturbing
state (0.740 cm™!) implies an internuclear distance of ap-
proximately 1.7 A, characteristic of a valence state. This is
in contrast to the approximately 1.1 A internuclear distance
for the f and other Rydberg states in this energy region that
converge to the ground state of the ion. In order to produce
the observed rotational perturbations in the f '3 Rydberg
state, the perturbing state must be bound at approximately
10.5 eV and the selection rules for perturbation [45] require
that the perturbing state be of ungerade symmetry. Of the
bound ungerade valence states predicted by ab initio calcu-
lations [5,6], only the '3 state, arising from the first-
excited molecular-orbital configuration and correlating with
the O('D) + O('S) dissociation limit at 11.37 €V, is ener-
getically capable of rotationally perturbing the f state. In
addition, the calculated equilibrium internuclear distance for
the '3 valence state [9] is in good agreement with the
approximately 1.7 A internuclear distance deduced from
our measured rotational constant for the perturbing state
[47]. Thus the present measurements have allowed the iden-
tification of the perturbing state as the valence state
fl 12 : .

Further support for our perturber assignment can be ob-

tained by considering the interaction matrix elements. Ac-
cording to Lefebvre-Brion and Field [45], the valence and
Rydberg '3 : states may interact electrostatically because
their primary molecular-orbital configurations differ by two
orbitals. Guberman and Giusti-Suzor [9,20] have calculated
an electrostatic interaction strength H°~2000 cm ™! between
the valence and 3pm, Rydberg IE: states. Such a strong
interaction is necessary to explain our observation of a vi-
bronic interaction H = (v Hlvs)~5 cm™' between the
f 1E,j(vf=4) and the f’ lzj(vf, =v,) levels, since the vi-
brational overlap (v v ) will be very small because of the
large difference in R, between the perturbed and perturbing
states. In view of this, it is unlikely that the weaker spin-orbit
or L-uncoupling interactions could explain the observed per-
turbation. We should also note that our deperturbation analy-
sis assumed implicitly that the perturbation interaction H s
was J independent. In view of our assignment for the per-
turbing state, this has proven to be a valid assumption.

In summary, our observation of extra levels associated
with rotational perturbations in the v =4 level of the f '3}
Rydberg state of '°0, has allowed a full rotational depertur-
bation, resulting in an accurate rotational constant for the
perturbing state and an accurate determination of the strength
of the perturbation. Together with information from ab initio
calculations, this has allowed us to identify the perturbing
state as the lowest '3 valence state, which we denote as
f' 'S} . The perturbation occurs through an electrostatic
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Rydberg-valence interaction, which may be quite strong. The
extra lines that we have observed are experimental observa-
tions of the f' 'S valence state.

2. The (4,0) band of the 3pw, f '3 —X 73 system of 0,

In order to establish the vibrational numbering of the per-
turbing state f' '3, ; , it is helpful to obtain isotopic shifts for
the perturbing levels. Ogawa [48] measured wave numbers
for the (4,0) band of the f 'S X 32 system of
180, , while Katayama et al. [8] measured those for the (4,0)
band of the f '3 —b 'S system of '*0,, but neither au-
thor has reported any rotational perturbations for the heavier
isotope.

We calculated rotational term values for the
f 1S (w=4) level of 0, from the R-branch measure-
ments of Katayama et al. [8] and have found evidence for a
weak rotational perturbation at J=21. We have not at-
tempted to find extra lines associated with the perturbation
by taking new measurements since the main lines for high
rotational excitation are weak and exhibit predissociation
linewidths that increase rapidly with rotation. Nevertheless,
we rotationally deperturbed the £ '2 . levels for !0, in the
manner described previously, but with the additional assump-
tions that the same vibrational level is involved in the per-
turbation of each isotope and that the rotational constant for
the perturbing state is B=0.658, obtained from our 'O,
value using the normal isotopic relation [44] with
p1g=0.94268. The results are presented in Table II. The de-
rived band origin for the perturber and the interaction
strength are, necessarily, approximate since no extra lines
have been observed. The resultant deperturbation indicates a
weak rotational perturbation of approximately 0.7 cm™! for
J=21. While the quality of the deperturbation is similar to
that obtained for '°0,, with a rms deviation of approxi-
mately 0.1 cm™!, the weakness of the perturbation and the
greater measurement uncertainty for the higher rotational
levels suggest that further isotopic information would be de-
sirable.

3. The (4,0) band of the 3pm,f '3[ —X 3% system of "°0'%0

We have measured room-temperature photoabsorption
cross sections for an isotopic mixture of O, containing 50.4
at. % '*0 in the region of the (4,0) f 'S, X *3_ bands of
16080 and '°0,, using narrow-bandwidth vuy radiation
produced with the laser system described in Sec. II B. Our
measured cross section is shown in Fig. 6 for the region
83 420-83 575 cm™ ', which shows the SR branch of the
(4,0) f+X band of '°0'80. An abnormally large spacing is
evident between the SR(13) and SR(14) lines and also be-
tween the 2R(15)+2P(15) and 2R(16)+2P(16) lines,
which are partially obscured by the stronger SR(4) and
SR(5) lines respectively. These observations suggest that the
J=15 and J=16 levels of f '3 " (v=4) are rotationally per-
turbed for '%0'80. However, no extra lines associated with
the perturbing state have been observed.

Our measured wave numbers for the 2R+<P and R
branches are given in Table III, together with f 12: term
values derived from our measurements and the ground-state
spectroscopic constants for °0'80 given by Steinbach and
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FIG. 6. Photoabsorption cross section for an isotopic mixture of
O, in the region of the (4,0) f 'SF X 32 bands of '%0'®0 and
160,, measured at room temperature with ‘narrow-bandwidth (ap-
proximately 0.25 cm™! FWHM) vuv radiation generated using the
laser-based system. Anomalous separations between the R(13) and
SR(14) lines and the 2R(15)+2P(15) and 2R(16)+2P(16) lines
indicate that the levels with J'=15 and 16 are rotationally per-
turbed.

Gordy [49]. For J<18, our T%(J) are accurate to better than
* 0.1 cm™! in a relative sense. The absolute wave-number
scale has been established by calibration against '°0, term
values deduced from the measurements of Katayama et al.
[8], making use of the overlap between the 9080,
SR-branch lines of higher rotation and the '°0,,
OP-branch lines in our experimental scan. The additional
caliblration uncertainty is expected to be approximately 0.2
cm™ .

We have performed a rotational deperturbation of the
160180 levels Tﬁ(O— 19), given in Table III, using our
simple two-level perturbation model with the rotational con-
stant of the perturbing f’ level fixed at 0.699, determined
using the normal isotopic relation with p;3=0.971 77. The
results obtained are presented in Table II. The quality of the
deperturbation, illustrated graphically in Fig. 7, is excellent,
consistent with the very low uncertainties in the experimen-
tal measurements. The maximum perturbations are +1.2
cm™! for J=16 and — 1.0 ecm™! for J= 15, with a culmina-
tion at J=15.6.

Using our deperturbed band origins for the unknown per-
turbing level v, of the f' 'S valence state for '°0, and
160180 and noting that the isotopic shift for the v =0 level
of the X 32 state is 22.2 cm ™!, it follows that the isotopic
shift for f’ 12 (v, is Y18AG, ,=97.0£1.6 cm™'. From
the usual polynomial representatlon of the vibrational levels
G, of a potential well [44]

G,=w,(v+5)—wx,(v+i)>+---, (5)

it can be shown [44] that the isotopic shift is
'AG,=G,—'G,
=(1=p)G,=pi(1=plwx,(v+3)°+ -, (6)
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TABLE III. Measured wave numbers for the SR and 2R+2P branches of the (4,0) band of the
fisrex 33 ¢ System of 160180, together with the corresponding upper-state term values.

N op opR SR J' T'% (cm™ 1)
0 83402.41 83411.42 0 83400.60°
1 83402.79 83404.90 © 83418.00 1 83403.63
2 83403.59¢ 83424.79 2 83409.69
3 83404.60%¢ 83431.87 3 83418.82
4 83405.86¢ 83439.31 4 83431.01
5 83407.47¢ 83447.00 5 83446.20
6 83409.43¢ 83455.03 6 83464.47
7 83411.65>¢ 83463.38 7 83485.74
8 83414.29¢ 83472.09 8 83510.04
9 83417.18¢ 83481.07 9 83537.38
10 83420.44¢ 83490.36 10 83567.78
11 83423.96¢ 83499.98 11 83601.17
12 83427.84¢ 83509.70 12 83637.60
13 83432.2624 83519.51 13 83677.08
14 83436.35¢ 83532.31 14 83719.34
15 83440.844 83542.39 15 83764.42
16 83448.22%4 16 83815.22
17 83452.86¢ 83564.97 17 83865.95
18 83458.81¢ 18 83920.71
19 19 83977.96

*Weighted averages determined from the separate branch wave numbers.

®Partial blend.

Relative uncertainties less than 0.1 cm™! for J' <18 and less than 0.2 cm™! for J'=18,19. There is an

additional calibration uncertainty of approximately 0.2 cm™ ".

dUnresolved 2P and 2R branches.

where i refers to the heavier isotope and p;=u/u;. If we
neglect terms in (v + 1/2)? and higher powers, it follows
from our f’ isotopic shift measurement that
G, ~'"'®AG, /(1—pje15)=3440 cm™'. Since the dissocia-

tion limit for the f’ state is 11.37 eV and, from Table II,

@—@ measured
O--0Odeperturbed

7:neas(‘l) - 7::a.lc("j) (Cm_1)

FIG. 7. Rotational deperturbation of the v =4 energy levels of
the f 13 : Rydberg state of °0'®0. The plotted differences be-
tween the measured term values and unperturbed (solid points) or
perturbed {open points) term values calculated with the parameters
given in Table II emphasize the rotational perturbations that culmi-
nate at J=15.6.

1

v, 0=83687.1 cm™!, it also follows that the minimum en-

ergy of the f' potential well 7,~10.05 eV and that the well
depth D,~1.32 eV. These values, estimated solely from ex-
perimental measurements, agree remarkably well with the
latest ab initio values of Guberman and Giusti-Suzor [9],
T,=10.08 ¢V and D,=1.31 eV. For the moment, there is not
enough experimental information available to define v,
uniquely. However, if we assume the ab initio values [9]
w,=752 cm™! and w,x,=7.98 cm™ !, we may use Egs. (5)
and (6) with our experimental isotope shift to obtain an es-
timate for the vibrational excitation of the perturber, obtain-
ing v,=4.6~5. Since the isotopic shift for '%0'%0 is ap-
proximately half of that for '80,, the above results suggest
that a single level f' 'S ,:" (v=75) is responsible for the rota-
tional perturbations observed in the f 'E: (v=4) level of
isotopic O,, as foreshadowed in Table II. In addition,
slightly modified experimental values for the f' !37
valence-state-potential  parameters Gs=3670 cm™!,
T,=10.02 eV, and D,=1.35 eV can be determined.

4. The (5,0) band of the 3pw,f '3 —X 3 system of °0,

If our picture of the interaction between the Rydberg and
valence 'S, states is correct, then stronger rotational pertur-
bations might be expected at energies higher than
f 1S (v=4). Ogawa et al. [50] have assigned features ob-
served spectrographically in the '®0, photoabsorption spec-
trum near 85315 cm™! and 85 382 cm™! to the (5,0) f—X
band. In Fig. 8 we present measured room-temperature pho-
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FIG. 8. Measured photoabsorption cross section in the region of
the (5,0) band of the f !5} «X 325,_ system, taken at room tem-
perature with the monochromator-based system (resolution approxi-
mately 1.7 cm™! FWHM). The expanded-scale upper trace, ob-
tained by subtracting the smoothly varying component from the
measured cross section, illustrates the asymmetric nature of the
(5,0) f«X resonance, rotational perturbations in the f«X branch
structure, and extra lines resulting from transitions into the perturb-
ing level v=8 of the valence state f’ !5 . Only the numbered
lines (not necessarily resolved) have been assigned in Table IV.

toabsorption cross sections for %0, in this region, obtained
using the monochromator system. The dominant feature in
the spectrum is a broad peak near 85 230 cm™ !, the third
band of Tanaka [51], actually the (2,0) band of the
E33 X 3Eg system discussed previously by Lewis e al.
[25]. The (5,0) f<—X band appears as a diffuse feature with a
head near 85 320 cm™ !, on the high-energy wing of the third
band. Of particular interest is the fact that the (5,0) f—X
band is a Beutler-Fano resonance of quite high asymmetry.
This can be seen clearly in the upper trace of Fig. 8, a dif-
ference cross section obtained by subtracting a smooth curve
drawn through the measured cross section, ignoring the more
rapid fluctuations, from the measured cross section, and ex-
panding the vertical scale by a factor 10.

Apart from the feature near 85 380 cm™ ', also observed
by Ogawa et al. [50], we have found a number of other ir-
regularities in the spectrum, notably a group of rotational
lines between 85390 cm™! and 85490 cm™!. We propose
that these additional features arise because of a strong rota-
tional perturbation caused by the interaction of the Rydberg
level f 'S (v=5) with another undetermined vibrational
level of the valence state f 'S . Assignments of features
were made by the method of combination differences and by
using characteristics such as linewidth and asymmetry. Extra
lines have been assigned that are significantly narrower at
low rotation than the (5,0) f«<X lines. As rotation increases,
the extra lines become broader and asymmetric, appearing as
dips for J=17. An iterative technique was used to aid the
assignment of the weaker features. The initially assigned
lines were used in a two-level deperturbation model, which
was used to predict the positions of unassigned features.

1
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Observed wave numbers for rotational features from the
(5,0) f«X and the perturbing f'<X bands are given in
Table 1V, together with corresponding term values for the f
and f’ states. In each case, the tabulated wave numbers refer
to the estimated line centers, which differ from the line peaks
in the case of asymmetric features, for example, the broad,
dispersion-profile-like features of the (5,0) f«X bandhead.
Relative uncertainties in the tabulated term values range
from approximately 0.5 cm~! for the narrower low-
rotational levels of the valence state to approximately 2
cm™! for the broader levels of each state and there is an
additional calibration uncertainty of approximately 0.7
cm™!. The assignments given in Fig. 8 and Table IV for the
extra lines SR.(5), SR.(7), SR.(9), 2R.(T)+CP.(7),
CR.(9)+2P (9), and R (11)+9P (11) can be verified
explicitly from the observed combination differences. Most
of the other assignments are tentative due to the problems in
interpreting strongly perturbed spectra and difficulties due to
weak, diffuse, asymmetric, and blended features.

The results of the final deperturbation of the term values
given in Table IV are given in Table II. The deperturbation is
illustrated in Fig. 9, where the culmination is seen to occur at
J=12.3. The interaction matrix element Hg: (=41.3
cm™ ') is nearly an order of magnitude larger than that found
for the v ;=4 perturbation. This is in accord with our quali-
tative picture of valence and Rydberg '3 : states exhibiting
a strong electrostatic interaction, with a rapidly increasing
vibrational overlap as the vibrational excitation increases and
the crossing point of the Rydberg and valence potential-
energy curves is approached from below.

The vibrational quantum number of the perturbing f” state
may be estimated as follows. Experimentally, we have deter-
mined that G54, — Gs=85467.0—83687.1=1779.9*+1.3
cm™!, where Av is the unknown difference in vibrational
excitation between the levels of the valence state that perturb
the v=4 and v =35 levels of the Rydberg state. Using the ab
initio values for w, and w,x, [9] in Eq. (5), we obtain
Av=2.8~3, suggesting that the v =38 level of the f’ state
perturbs the v =35 level of the f state, as foreshadowed in
Figs. 8 and 9 and Table II.

Before proceeding, we should note that the spectrum in
the region of the (5,0) f«X band is complex, involving
three interacting electronic states, one of which (E 32; )isa
mixed Rydberg-valence state which is heavily predissoci-
ated. The correct theoretical treatment of such a situation
requires the use of a coupled-Schrodinger-equations (CSE)
technique [45], which is beyond the scope of this work.
Therefore, it may be necessary to increase the uncertainties
in the deperturbed parameters given in Table II to allow for
the approximate nature of the two-level model.

5. The (1,0) band of the dpw,j '3 —b ‘3] system of "°0,

Since the strong electrostatic interaction between the va-
lence state £’ 'S and the Rydberg state 3pmr,f 'S is re-
sponsible for the rotational perturbations observed in the f
levels, it is likely that a similar interaction between the
f' '3} and the higher-lying 4pm,j '3 Rydberg state will
produce perturbations in the j levels. Since the electrostatic
interaction between the valence state and the Rydberg series
is expected to decrease with increasing effective principal



52 EXPERIMENTAL OBSERVATION OF THE LOWEST 'S7 ...

2727

TABLE IV. Measured wave numbers for the main (M) and extra (X) lines observed in association with
strong rotational perturbations in the (5,0) band of the f '3, «—X 3% system of '°0,, together with
corresponding upper-state term values for the perturbed Rydberg and perturbing valence IS4 states.

N" op OR+0p SR J' 7/ (em™h) T (cm™1)
3 85316.6M* 85486.0X 3 85331.8+2.0°
5 85480.5X 5 85501.3%+0.7
7 85442.6X 85472.2X 7 85521.4+0.5
9 85394.0X 85423.9X 85462.7X 9 85550.8%+0.5
11 85362.6X° 85401.8X 11 85501.9+1.5 85589.7+0.5
85242.3M°
N
13 { 85330, L 85385.1M 13 85644.5+0.5 85561.5+1.5
85218.6X 85270.8X
+ +
15 { 85301 40° {85376.81‘4a 15 85719.3+0.7 85614.9+1.5
85178.5x°f
17 {85281.4]” 17 85667.3=2.0
19 85123.5x°f 85178.5x°%" 85505.8M° 19 85722.1£2.0
21 85123.5x°F 85522.6M° 21 86049.3%2.0 85784.7%2.0
23 23 86183.6+2.0

#Broad, asymmetric.

PEstimated relative uncertainties are given for all term values. There is an additional calibration uncertainty

of approximately 0.7 cm™ 1.

“Weak.
dShoulder.
“Dip.
fBlended.

quantum number as (n*) 32 [45], for a given vibrational
overlap the perturbations will be weaker for the higher Ryd-
berg member.

The only sharp levels of the j state are the lowest two.
Katayama et al. [8] have observed spectrographically the
(0,0) and (1,0) bands of the allowed system j«b and have
listed the corresponding wave numbers. An examination of
their results shows no irregularity in the structure of the (0,0)
band, but there are indications of a weak rotational perturba-
tion in the (1,0) band. The densitometer tracing taken from
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FIG. 9. Observed term values for the f!'3'(v=5) and
f' 'S F(v=8) levels of '°0,, illustrating a strong mutual pertur-
bation. Deperturbed term values for the f and f' states, calculated
with the parameters given in Table II, indicate a culmination of the
rotational perturbations at J=12.3.

the (1,0) j«— b spectrogram of Katayama et al. [8] shows that
the R(12) line is anomalously weak when compared with a
smooth curve drawn through the transmittance minima of the
other R-branch lines. We used the measured wave numbers
of Katayama et al. [8], assumed to have relative uncertainties
of approximately 0.1 cm™!, to obtain the rotational term
values of j ]2: (v=1). The term values and spectrogram
suggest a very weak rotational perturbation of —0.3*0.05
cm™! at J=13, transitions into this level losing (5= 1)% of
their strength. Using Eq. (4) with I(13)/1;(13)=0.05/0.95
and S(13)=0.3 cm™!, we obtain H;»=13%0.4 cm™' and
AEy(13)=5.4*0.1 cm™!. These results, together with the
measured [8] upper-state term value 7%(13)=89572.3
cm™!, imply that the corresponding perturbing level is at
89 578.3= 1.1 cm™ !. It is not possible to estimate the vibra-
tional excitation of this perturbing level of the f’ state using
the techniques employed previously since this energy is ap-
proaching the dissociation limit where the polynomial ex-
pression Eq. (5) breaks down. We shall see in Sec. V that the
perturbing level is likely to be v=17. The results of this
section and the previous sections have been collected to-
gether and are presented in Table II, which provides a sum-
mary of the experimental results pertinent to the rotational
perturbations caused in the npr, '3} Rydberg states by the
f' 'S valence state.

B. The f' '3 —X 33 system

At energies higher than than those applying to the rota-
tional perturbations discussed above and especially near the
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FIG. 10. Observed and fitted photoabsorption cross sections for
the (14,0) f* 'S —X *Z_ band of *0,.

crossing point of their potential-energy curves, the f and f’
levels might be expected to interact strongly. This suggests
the possibility of observing a few complete absorption bands
from the f« X valence system, as distinct from the fragmen-
tary extra lines observed in association with the rotational
perturbations discussed in Sec. IV A. We have searched the
photoabsorption spectrum of O, for signs of weak bands
having branch structure consistent with a '3 7«33~ transi-
tion and have found one partial (v’ =15) and two complete
such bands (v'=14,19) in the spectrum of 60, and six
complete bands (v'=7,10,13,14,18,19) in the spectrum
of '80,. All measurements were taken with the
monochromator-based system at a resolution of approxi-
mately 1.7 cm™! FWHM and it was necessary to average
over 3—40 separate scans in order to attain the desired accu-
racy. With the exception of the partial band observed for
160, , all measurements were taken at an effective tempera-
ture of 79 K in order to concentrate the rotational structure.
Indeed, the (7,0) band of '30,, for example, could not be
detected in room-temperature scans.

All observed bands exhibit a single head and relatively
open rotational structure that is degraded to the red, consis-
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FIG. 12. Observed and fitted photoabsorption difference cross
sections for the (18,0) f' 'S F X 32; band of 120, .

tent with an upper state having a rotational constant much
smaller than that of the ground state. This characteristic ap-
pearance is in marked contrast with all other bands observed
in this region of the O, spectrum, including those of the
f«X Rydberg system that exhibit two heads due to the Q
and returning ?P branches and are degraded to the blue. The
bands reported here vary widely in strength, with peak cross
sections (excluding the continuum component) from ap-
proximately 1X1072! cm? for (19,0) band of 'O, to ap-
proximately 6 10~2° cm? for the (13,0) band of '#0,. The
apparent rotational linewidths vary from a little greater than
the instrumental bandwidth of 1.7 cm™! to much broader,
indicating a significant degree of predissociation in the upper
state of these bands.

Perhaps the most dramatic aspect of the measured cross
sections is the marked degree of line-shape asymmetry ex-
hibited in some of the bands. While rotational lines from the
(14,0) and (19,0) bands of 90, and '0, seem relatively
symmetric, those from the (7,0), (10,0), (13,0), and (18,0)
bands of '80, display unusual line shapes. The measured
photoabsorption cross section for the band containing the
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an example of a window resonance in molecular photodissociation.
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TABLE V. Summary of experimentally determined upper-state (perturbed) spectroscopic constants, oscillator strengths, and line-shape
parameters for vibrational bands from the f' '3 X 32; valence systems of %0, and '%0,.

Isotope v’ vo (cm™h) B (cm™!) 10°D (cm™Y) 107 f ot 1/q £ I (cm™1)
160, 5 83687.5+0.6° 0.745%+0.007*° 2.20+0.16™¢
8 85478.1+1.2*  0.770%=0.005%

14 88313.7+1.0  0.723+0.006 1.94+0.14 0.029+0.004 ~0.0 1.70+0.18
15 88631.0+2.0° 0.840%0.015¢ 2.19+0.21¢  1.07+0.11¢ 1.75+0.35¢
19 899754+1.0  0.499+0.006 0.224+0.024 0.080+0.006 ~0.0 1.37+0.31

150, 7 84686.5+-1.0  0.665*0.006 1.76+0.11° —0.345+0.033  0.0075%0.0013 2.73+0.21
10 86220.3+1.0  0.766=+0.009 2.06+024  0.644+0.053 —0.417+0.048  0.061*=0.010 3.75+0.31F
13 87597.1+1.0  0.670%0.006 24.6+1.9 —23.0+13.0 0.264%0.012 5.06+0.38
14 88190.1=1.0  0.775%=0.006 —1.21+0.12  1.58+0.108 0.000+0.008" ~0.0 2.15+0.14
18 89421.6+1.0  0.571*0.006 5.84+0.46 0.682+0.048  0.136+0.013 2.65+0.27
19 89662.6+=1.0  0.599+0.006 174040  0.800=%0.045 0.108+0.024  0.016+0.005 2.22+0.19

“Perturbed value derived from rotational deperturbation analysis.
PExtrapolated value.

“Derived primarily from data with J=~9.

9Derived primarily from data with J~ 13.

°f;=(—1.30+0.15)x 107°.

T,=(—6.7+3.1)x1073 cm™".

8f,=(5.4%2.3)x 10710,

N1/g),=(7.7£2.2)x 1073,

most symmetric line shapes, the (14,0) band of '20,, is pre-
sented in Fig. 10, where the strength of the underlying con-
tinuum is evident. More interesting line shapes can be seen
in Figs. 11-13, where, in order to emphasize the observed
rotational structure, which is weak compared with the under-
lying continuum, we have shown the difference cross section
that has been obtained by subtracting the slowly varying con-
tinuum contribution from the measured photoabsorption
cross section. In particular, in Fig. 11 it is clear that the
low-energy wings of the rotational lines are more prominent
than the high-energy wings. The rotationally averaged effect
of this asymmetry can be seen near the bandhead of the
(10,0) band where the difference cross section is negative at
energies higher than the bandhead. Precisely the opposite
behavior is observed for the (18,0) band in Fig. 12, where the
underlying difference cross section is negative at energies
lower than the bandhead. Most spectacular of all is the (13,0)
band of '®0,, shown in Fig. 13, which appears to be a series
of rotational window resonances. The entire difference cross
section for this band is negative.

While asymmetric line shapes are commonplace in auto-
ionization spectra, few examples have been observed in mo-
lecular photodissociation spectra. Until recently, the only re-
ported examples occurred in the spectrum of H, [52,53], but
other examples have since been observed in the
E’S —X3;, D’ X3S, and f'S;<X35;
bands of O, [24,25,33,46] and the photofragment-yield spec-
trum of Cs, [54]. The present observation of the (13,0) band
of the f' 'S X 33 system of '®0, is a rare example of
a window resonance in molecular photodissociation.

In order to put the foregoing discussion onto a quantita-
tive basis, we have fitted the empirical '3 " +3%~ band
model described in Sec. III, based on asymmetric Fano pre-
dissociation line shapes, to the measured cross sections. Fit-

ted cross sections are shown in Figs. 10—13, together with
the measurements. Within the statistical uncertainties of the
measured cross sections, the agreement is seen to be very
good. Preliminary fits using a band model based on Lorent-
zian predissociation line shapes were incapable of reproduc-
ing the experimental measurements.

The ratio of the perpendicular and parallel transition mo-
ments is an important parameter controlling the rotational
line strengths in a '3 % «33" transition [36]. In particular,
the perpendicular transition moment is solely responsible for
the appearance of the 2Q branches. As far as we can tell, no
20 lines occur in our measured spectra and preliminary fits
to our measurements that allowed the transition moment ra-
tio to vary consistently gave ratios near zero. Accordingly,
we fixed the perpendicular transition moment to zero in per-
forming the final fits. This result is consistent with an
f' 'S, —X 3, transition that borrows strength from the
fishex 32; transition through Rydberg-valence cou-
pling. The spectrograms of Ogawa and Yamawaki [41] and
Ogawa [48] show no evidence of 2Q-branch lines in the
vibrational bands of the f 13« X 33, ¢ System, implying a
zero perpendicular transition moment for that system, which
is known [46] to borrow its strength from the parallel tran-
sition E 3%, X 328_ through spin-orbit coupling.

The upper-state spectroscopic constants, oscillator
strengths, and line-shape parameters resulting from the em-
pirical band-model fits to the measured cross sections are
listed in Table V. The tabulated uncertainties include compo-
nents due to uncertainty in the absolute wave-number cali-
bration and a fitting uncertainty related to the statistical scat-
ter in the data and the appropriateness of the empirical band
model. Since its bandhead is overlapped by a stronger band
at higher energy, parameters for the (15,0) band of '°0, were
determined from an average of nine room-temperature cross-
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section measurements encompassing more highly rotation-
ally excited lines with J'=11-19. Consequently, the tabu-
lated spectroscopic constants for the v=15 level of '°0,
involve a certain degree of extrapolation and the oscillator
strength and predissociation linewidth listed apply at
J=~13. The parameters listed in Table V for the v=5 and 8
levels of %0, are perturbed values determined from the ro-
tational deperturbation analyses given in Sec. IV A.

The spectroscopic constants listed in Table V for the re-
maining vibrational levels are referred to the line centers
rather than the peaks and have been used to determine the
rotational-line assignments given in Figs. 10—13. The B val-
ues and, less obviously, the band origins exhibit irregular
perturbations. The vibrational assignments of Table V were
estimated by a trial-and-error procedure starting from the as-
signments of the v =35 and 8 levels of '°0, deduced in Sec.
IV A from the rotational-perturbation data. Because of the
remaining large perturbations in B and v, the relative as-
signments cannot be regarded as completely definite. For
some levels, the D values are significant, surprisingly in
view of the restricted range of rotational levels observed in
the 79 K cross sections. Indeed, for the v=14 level of
1802, D has a substantial negative value. Such behavior is
consistent with a vibrational series subject to perturbation.

The observed effective oscillator strengths also vary in an
irregular fashion over two orders of magnitude. For the (7,0)
and (14,0) bands of !80,, it was necessary to include a
J-dependent strength term f; in the fitting procedure. Such a
necessity can occur if the band under consideration gains
strength primarily from a single, nearby vibrational band of
the perturbing transition. The (7,0) band of 30, is a particu-
larly interesting case since we have observed significant ro-
tational structure despite the fact that the level
! 12:(v=7) for 80, lies between the v=>5 and 8 levels
for 10, , for which only fragmentary extra lines have been
observed in association with rotational perturbations. This
can be understood by noting that, for 1802, the level
f =7 (v=5) lies only approximately 125 cm™! higher than
f' 'SF(v=7). Therefore, the bandhead of the (7,0) f'+X
band gains strength primarily from the (5,0) f«—X band
through the Rydberg-valence coupling Hy . However, since
the rotational constant for f 12: (v=>5) is approximately
twice the value observed for f' '3 (v=7), the Rydberg
and valence levels separate rapidly with increasing rotation,
allowing less strength to be borrowed. This explains the
negative value of f; determined for the (7,0) f' < X band of
80, and helps to explain the nonobservation of that band in
room-temperature scans that favor higher rotational quantum
numbers.

The observed predissociation linewidths vary from 1.4 to
5.1 cm~ ! FWHM, the maximum occurring for the window-
resonance (13,0) '« X band of '30,. For the (10,0) band of
180, , it was necessary to include a J-dependent width ', in
the fitting procedure. In this case, the predissociation lin-
ewidths were observed to decrease with increasing rotation.

The fitted line shapes display a wide range of behaviors.
At one extreme, the line shape for the (14,0) band of '20, is
indistinguishable from Lorentzian (1/g~0); at the other ex-
treme, the line shape for the (13,0) band of '80,, as we have
already noted qualitatively, is a near-window resonance
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FIG. 14. Approximate diabatic potential-energy curves for the
valence and Rydberg 'S : states of O, . Known vibrational levels of
the Rydberg states 3pm, f '} and 4pm, j 'S} are shown, to-
gether with the levels of the valence state f’ '3 reported in this
work.

(q~—0.04). The other bands display varying degrees of
asymmetry of either sign. The maximum asymmetry is
reached for the (7,0), (10,0), and (18,0) bands of '20,,
where |g| is of the order of unity. For the (14,0) band of
180, , it was necessary to include a J-dependent line-shape
parameter (1/g); in the fitting procedure, implying that strict
Lorentzian line shapes occur only near the bandhead for this
band.

The square of the Fano overlap parameter &> gives essen-
tially the proportion of the underlying continuum with which
the bound level interacts [see Eq. (2)]. The fitted values of
& vary from approximately 0 for the more Lorentzian lines
to 0.26 for the window-resonance (13,0) band of 1802. The
underlying continuum in the O, photoabsorption spectrum
comprises contributions from allowed parallel transitions
S & 2, and allowed perpendicular transitions
’I1,—X *3, . In our proposed picture of the origin of the
f' <X bands, described previously, the f’ and f states inter-
act through the electrostatic term H ;s , while the f I35 and
E 337 Rydberg states exhibit a spin-orbit interaction. Ac-
cording to the AQ =0 selection rule for spin-orbit perturba-
tions [45], only the 33, «X SESg component of the parallel
transition can donate strength to the discrete transition
f' '25,—X 2, . Therefore, the maximum proportion of
the continuum available to interact, corresponding to the ab-
sence of a contribution from the 3II,—X 3212 transition, is
£2=1/3. This value is approached by the £2=0.26 observed
for the (13,0) /' '2 <X 3% band of '80, that occurs near
the peak of a broad resonance which appears to be part of the
vibrational Rydberg series E >3, «—X 3 .

V. DISCUSSION

In Fig. 14 we present approximate diabatic potential-
energy curves for the 12: valence and Rydberg states of
O, relevant to this study. Known vibrational levels of the
Rydberg states 3pw,f 'S’ and 4pm, 'S} are shown
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[8,55], as are levels of the valence state f’ '3 measured in
this work. The composite f' potential-energy curve com-
prises an anharmonic potential constructed to be consistent
with the rotational perturbation data of Sec. IV A, together
with a Morse extension above v= 11, which provides rough
agreement with the perturbed band origins and rotational
constants of Sec. IV B. However, because of the strong
valence-Rydberg interaction and the need to apply a full CSE
theoretical treatment in order to determine accurate poten-
tials and interaction matrix elements for such strongly
coupled states, the eigenvalues of our approximate potential-
energy curves do not coincide exactly with the actual per-
turbed energies. Nevertheless, Fig. 14 provides a convenient
summary of our results and aids in understanding the physi-
cal processes behind our observations. Our f' potential-
energy curve is in good agreement with that recently calcu-
lated ab initio by Guberman and Giusti-Suzor [9] and shown
in Fig. 1.

The large difference between the R, values of approxi-
mately 1.1 A for the Rydberg and approximately 1.6 A for
the valence potentials reflects the disparity in the correspond-
ing observed rotational constants. The B values for the Ryd-
berg levels are greater than the ground-state B value, while
the B values for the valence levels reported here are consid-
erably smaller, resulting in Rydberg bands
npm, '3 : —X 337 that are shaded to the blue and valence
bands ' 'S —X °3 " that are shaded to the red.

In Fig. 14 it can be seen that the v =4 and 5 levels of the
f state for 'O, lie slightly lower than the v =35 and 8 levels
of the f' state, respectively. The greater rotational constants
for the Rydberg levels ensure that the diabatic Rydberg and
valence rotational term series will cross, resulting in rota-
tional perturbations due to the Rydberg-valence interaction
H and the presence of extra lines from transitions into the
valence levels. The outer-Rydberg and inner-valence turning
points lie closer together for f(v=75) and f'(v=238) than for
f(v=4) and f' (v =35), resulting in a much larger vibrational
overlap and interaction matrix element Hys . Our measured
values for Hys and vibrational overlaps calculated using the
potential-energy curves of Fig. 14 support an electrostatic
Rydberg-valence interaction H®~1500—2000 cm ' at
R=1.340 A , the crossing point of the diabatic f and f’
potentials, but this is an indicative range of values only. The
ab initio calculations of Guberman and Giusti-Suzor [9] im-
ply an interaction of H¢~2000 cm~ ' at the crossing point.

The uncertainty in the absolute vibrational numbering for
the lower levels of the f' state, estimated solely from the
isotopic energy-level data of Sec. IV A, is approximately one
unit. However, a consideration of the interaction matrix ele-
ments allows this uncertainty to be eliminated since the ratio
of the Hym values for the f(v=5)—f'(v=8) and
f(v=4)—f"(v=>5) interactions is very sensitive to the local
slope of the f' potential-energy curve. The ratio of the vibra-
tional overlaps for these levels, calculated using the poten-
tials of Fig. 14, reproduces the measured H s ratio. A vibra-
tional renumbering by one unit, and the corresponding
reconstruction of the f’ 12: state potential-energy curve,
fails to reproduce the measured ratio. Thus the vibrational
assignments estimated in Sec. IV A are confirmed. As we
have already mentioned in Sec. IV B, however, the vibra-

tional assignments for the significantly perturbed, more
closely spaced levels with v =13 are not as definite. Because
of the strong mixing of the Rydberg and valence levels near
the crossing point of the corresponding potential-energy
curves, even the electronic assignments of the levels become
uncertain in this energy region, particularly for the
F'(v=14) level of '30,, which is likely to be heavily mixed
with f(v=7). Nevertheless, all of the observed bands are
5y <—3Eg_ transitions where the upper state has a consider-
able f' '3} valence character, as evidenced by the low mea-
sured rotational constants.

We have suggested previously in Sec. IV A5 that the
v=1 level of the 4pm,j IE: state for '°0, is rotationally
perturbed by a high-lying level of the f’ '3 valence state.
From Fig. 14 it can be deduced that the v =17 level of
160, (not shown) is likely to be the perturbing level. We
have observed previously that the Rydberg-valence interac-
tion is much smaller for the d4pm,j 'S (v=1)
—f" 'S (v=17) perturbation, where Hppi~13 cm™!, than
for the 3pw,f 'S (v=4)—f" 'S (v=>5) perturbation,
where Hypr~5.3 cm™ !, The difference can be explained par-
tially by a smaller vibrational overlap in the former case and
also by noting that, according to quantum-defect theory [45],
the electronic part H® of the Rydberg-valence interaction is
expected to fall off as (n*)”¥2. For the 3p, and 4pm,
Rydberg states of 12: symmetry, it follows from the ob-
served energy levels [8] that n* =2.28 and 3.31, respectively,
implying that the n=4 electronic interaction matrix element
should be only 57% of the n=3 value, provided that we
ignore the R dependence of H®.

The other low-lying levels of the f’ valence state that we
have observed (the v=7 and 10 levels of '20,) lie slightly
below the f Rydberg state levels v=>5 and 6 of 80,, ex-
plaining why no rotational perturbations are evident in the
latter levels. The proximity of the Rydberg to the valence
level, however, is sufficient to enable the (7,0) and (10,0)
bands of the f'« X system to gain enough strength to be
observed. All other observed valence levels lie near or above
the crossing point of the f’ and f potential-energy curves and
do not require the presence of a nearby level of the f state for
the corresponding band to be observed.

In Fig. 15 we have combined the isotopic f'«X band
origin data from Table V into an effective AG, curve plotted
as a function of the mass-reduced vibrational quantum num-
ber p(v+1/2) [56,57]. The irregular perturbations in the
measured vibrational term differences can be seen clearly in
comparison with the smooth behavior of the unperturbed
term differences calculated using the f' potential-energy
curve of Fig. 14. The maximum vibrational perturbation oc-
curs near the crossing point of the f’ and f potentials where
p(v+1/2)~12.8.

In Fig. 16 we present isotopically reduced rotational con-
stants B, /p? [56] for the f' state as a function of the mass-
reduced vibration. Once again, the rotational constants show
significant irregular perturbation when compared with a
smooth curve calculated using the f’ potential-energy curve
of Fig. 14. The measured rotational constants are all larger
than the unperturbed values since the perturbations caused
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FIG. 15. Measured isotopically combined vibrational differ-
ences for the f' 137" state of O,, compared with estimated deper-
turbed values.

by the Rydberg states result in the valence-state wave func-
tions borrowing some of the characteristics of the perturbing
states.

The predissociation linewidths, effective oscillator
strengths, and line-shape parameters for the f’'«X bands
also exhibit irregular perturbations that show maximum ef-
fects near the crossing point of the f' and f potentials. In
particular, the Fano line-shape parameter g changes sign near
the crossing point. Kim and Yoshihara [54] have also re-
cently observed g reversal in the photofragment-yield spec-
trum of Cs,. )

In this section we have collected together all of our ob-
servations of the f’ 12: valence state and have attempted to
explain them coherently in general terms. It is clear from the
discussion that significant interactions occur between the
f' '3 valence state and the npr, 'S" Rydberg states. In
addition, it is necessary to consider several other electronic
states in order to explain the strength, predissociation, and
asymmetry of the observed bands. An accurate treatment of
the problem requires more than the normal techniques of
perturbation theory. Therefore, in an associated work [58],
we provide a CSE interpretation of the f' 13,7« X 33, ¢ SyS-
tem that puts our previous descriptive framework onto a
more quantitative basis. Also, the semiempirical information
resulting from the CSE treatment is compared with an ab
initio treatment of the f' 'S state.

VI. CONCLUSIONS

The lowest valence state of O, with IE: symmetry,
f' 'SF, has been observed experimentally. Using a high-
resolution -monochromator-based system with excellent
signal-to-noise performance, we have found a total of nine
bands from the system f’ '% "« X 33 in the photoabsorp-
tion spectra of the isotopic molecules '°0O, and '%0,. The
bands are found to be predissociating resonances that exhibit
Beutler-Fano line shapes, rarely observed in molecular pho-
todissociation. The observed line-shape asymmetries vary
widely, an example of a window resonance in dissociation
occurring for the (13,0) band of '®0, . Irregular perturbations
observed in the spectroscopic constants of the f’ 12; state
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FIG. 16. Measured isotopically combined rotational constants
for the f’ 'S} state of O,, compared with estimated deperturbed
values.

are attributed to strong electrostatic interactions with the
npm, 'S T Rydberg states.

Using a combination of monochromator-based and very
narrow-bandwidth  laser-based measurements of the
f 'S, <X 3% Rydberg transitions of isotopic O,, we have
found rotational perturbations in the v=4 level of °0'%0
and the v=>5 level of %0, and have observed extra lines
associated with the rotational perturbations in the v =4 and 5
levels of %0, . These observations have enabled us to show
that the valence state f' 12;’ reported here is responsible for
the rotational perturbation of the Rydberg states
3pm,f'S) and 4pw,j 'S through the same electrostatic
valence-Rydberg interactions responsible for the vibrational
perturbations observed in the f' state.

The weakness of the bands of the f'«X system of O,
precludes any significant influence on the transmission of
solar vuv radiation through the terrestrial atmosphere. How-
ever, the agreement between our results and the recent ab
initio calculations by Guberman and Giusti-Suzor [9] of the
= : valence potential-energy curve and Rydberg-valence
coupling supports their view of the importance of the
f' 'S valence state as a channel for the production of iono-
spheric o's) during the dissociative recombination of O;
with electrons in the atmosphere.
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FIG. 3. Xe energy-level scheme for the two-photon-resonant difference-frequency four-wave mixing process.



