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Electron energy-loss spectra of coupled electronic states:
Effects of Rydberg-valence interactions in O2
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The concept of the ‘‘generalized transition moment’’ is extended beyond the region of applicability of the
first Born approximation and is used in the analysis of electron energy-loss spectra for O2, presented here,
which have been measured at intermediate impact energies. A coupled-channel theoretical treatment of the
strongly mixed Rydberg and valence states that dominate the optically allowed spectrum is used to explain the
relative intensities of many unusual features occurring in the 7–11.2-eV energy-loss region. For these elec-
tronically excited states of3Su

2 and 3Pu symmetry, the evolution of the shape of the corresponding electron
energy-loss spectrum as the scattering conditions are changed is controlled essentially by one parameter: the
ratio of the diabatic generalized transition moments into the Rydberg and valence components of the mixed
electronic states. The generalized Rydberg transition moment is found to decrease much faster than the valence
moment as the momentum transferred in the collision increases. The results of the coupled-channel analysis
also indicate that the more diffuse spectral features are generally asymmetric, those in the 7–9.8-eV region
changing slightly in position as the scattering conditions are altered. Thus, the Gaussian–line-shape-based
models that have been employed previously in attempts to decompose the diffuse part of the electron energy-
loss spectrum for O2, into contributions from different electronic states, are unlikely to have given meaningful
results. As a consequence of the Rydberg-valence interactions, it is found that some vibrational levels of the
mixed states give rise to features in the electron energy-loss spectrum which are anomalously strong at the low
impact energies and large scattering angles for which normal optically allowed transitions are expected to
decline in relative strength. These ‘‘persistent lines’’ are easily confused with those from the optically forbid-
den transitions which increase in relative intensity under such conditions. Thus, the coupled-channel technique
is found to be a valuable aid to the assignment of features in the electron energy-loss spectrum.
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I. INTRODUCTION

Electron energy-loss~EEL! spectra of molecules, despit
an energy resolution which is limited when compared w
corresponding optical spectra, provide valuable informat
on the molecular structure of excited states which may
unobtainable by other means. In particular, the relaxation
the optical selection rules for electronic transitions in E
spectra, taken under conditions of significant moment
transfer, results in the observation of features which are
seen in the optical spectrum. For example, the 3ssg C 3Pg
and 3ssg d 1Pg Rydberg states of O2, the molecule of prin-
cipal interest to this work, were identified first from peaks
EEL spectra@1,2#.

As an aid to the deconvolution and assignment of featu
in EEL spectra, it is often assumed that the relative vib
tional intensities for a given electronic transition are ind
pendent of the incident-electron energy and scattering a
and are proportional to the optical Franck-Condon fact
@3–9#. Indeed, this assumption has been verified experim
tally for a number of well behaved molecular transition
e.g., the fourth-positive system of CO,A 1P←X 1S1, in de-
tailed work by Lassettre and co-workers@7,10–13#. As has
1050-2947/2001/63~2!/022707~18!/$15.00 63 0227
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been noted by Lassettre@12#, these experimental studies hav
been conducted for a wide range of kinematical conditio
including incident energies for which the first Born approx
mation~FBA! cannot be expected to hold. However, anom
lous behavior of the relative vibrational intensities has be
observed for some transitions, notably theB 1S1←X 1S1

transition of CO@14# and theE 3Su
2←X 3Sg

2 @15# transition
of O2 @2,12,16,17#. In the case of theE←X transition, the
relative intensities of the peaks in the EEL spectra at 9.9
10.28-, and 10.57-eV energy loss varied so dramatically w
the kinematical conditions that it was not apparent origina
that these features were vibrational bands associated w
single electronic transition.

In an important study which was, however, restricted
scattering conditions under which the FBA was valid, Dillo
et al. @17# showed that anomalous behavior of the vibration
intensities is associated with upper states having a stro
mixed electronic character. In particular, interacting sta
whose adiabatic potential-energy curves exhibit a stron
avoided crossing, for example, Rydberg and valence state
the same symmetry, may be expected to show a non-Fra
Condon distribution of vibrational intensities. It is we
©2001 The American Physical Society07-1
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known @18–21# that some of the 3ppu and 3psu Rydberg
states of O2 interact strongly with valence states and th
molecule is, therefore, expected to provide fertile ground
a study of anomalous relative intensities in EEL spectra
the ;7 –12-eV energy-loss region.

The optical spectrum of O2 in this range consists princi
pally of electric-dipole-allowed transitions into the mixe
Rydberg-valence states of3Su

2 and 3Pu symmetry. The
dominant 3Su

2←X 3Sg
2 features comprise the well-know

Schumann-Runge~SR! continuum, B 3Su
2←X 3Sg

2 , and
Tanaka’s progression I@22#, consisting of thelongest, sec-
ond, and third bands at excitation energies of 9.97, 10.2
and 10.57 eV, respectively. The SR-continuum cross sec
has been reviewed by Hudson@23#, and, more recently, by
Chanet al. @24#. There has been considerable argument,
viewed by Lewiset al. @25#, over electronic and vibrationa
assignments for the longest, second, and third bands. Fol
ing ab initio calculations of Rydberg-valence mixing in th
3Su

2 states of O2 @18–20,26#, and the arguments o
Katayamaet al. @27#, it is clear that these bands are part o
single progression, as envisaged originally by Tanaka@22#.
They are the~0,0!–~2,0! bands of theE 3Su

2←X 3Sg
2 tran-

sition. TheE andB states undergo an avoided crossing in
energy region of interest to this study, explaining the anom
lous behavior of theE←X system and previous difficultie
in the assignment of the corresponding spectrum. Altho
the 3Pu states exhibit a similar avoided crossing@18#, the
resultant spectrum is less prominent than in the3Su

2 case
since the electronic transition moment for the3Pu←X 3Sg

2

valencetransition is unusually small@28#. However, mea-
surements of the quantum yield for the production of O(1D)
in the photodissociation of O2 @29–32# show features in the
O(3P)1O(3P) dissociation channel at 9.15-, 10.66-, a
10.76-eV excitation energies which are associated w
3Pu←X 3Sg

2 transitions. Theoretical treatments of th
Rydberg-valence interactions for the3Pu states @33–35#
have shown that theJ 3Pu andF 3Pu states@36# undergo an
avoided crossing in the energy region of interest to t
study, and that the 9.15-eV band is a diffuse resonance
sociated with a plateau in theJ 3Pu-state potential-energy
curve, while the bands at 10.66 and 10.76 eV are the~0,0!
and ~1,0! bands of theF 3Pu←X 3Sg

2 transition.
All of the features in the optical spectrum of O2 in the

7–12 eV range are, to a greater or lesser extent, diffuse
to predissociation or direct dissociation. The application@37#
of the techniques of scattering theory@38,39# to describe the
half collisions involved in molecular photodissociation ha
led to several coupled-channel~CC! studies that have ana
lyzed quantitatively the O2 Rydberg-valence interactions
Using the CC formalism of Toropet al. @40# to account for
the interactions of the lowest3Su

2 states, Wanget al. @41#
successfully explained the measured temperature coeffic
of the O2 photodissociation cross section in the 7.7–9.5-
range, and, in related work@42#, also succeeded in explain
ing quantitatively the anomalous isotopic shift, linewidt
and line-shape asymmetry observed for the longest b
More recently, Englandet al. @35#, using a CC model tha
treated the interactions between the lowest valence sta
02270
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3Pu symmetry and the3Pu Rydberg states with principa
quantum numbers from 3 to 7, have successfully explai
the anomalous energy structure of the3Pu←X 3Sg

2 predis-
sociating resonances observed in the 10.5–11.5-eV regi

There have been many measurements of EEL spectra
O2 in the 7–11.2-eV energy-loss region, covering a range
incident energies from near threshold to 25 keV and a ra
of scattering angles from 0° to 156°, with instrumental res
lutions from 10-meV full width at half maximum~FWHM!
to 200-meV FWHM. These studies fall loosely into tw
groups. First, measurements of EEL spectra for high-imp
energies and forward scattering have been perform
@10,16,24,43–46#, principally to enable the determination o
generalized oscillator strengths for electronic excitat
which could then be compared with the corresponding o
cal oscillator strengths by extrapolation to zero moment
transfer. These studies include the very-high-resolution~10-
meV FWHM! spectra of Geiger and Schro¨der @16# and cul-
minate in the dipole (e,e) spectra of Chanet al. @24#, taken
at keV impact energies under conditions of negligible m
mentum transfer, which are directly comparable with opti
spectra. Second, low, and intermediate impact-energy E
spectra have been measured for a range of scattering a
@1,2,4,47–49#, principally to enable the determination of di
ferential and integrated cross sections for electronic exc
tion, and to facilitate the discovery of electric-dipole
forbidden transitions of the oxygen molecule. The highe
resolution measurements in this group~20–25-meV FWHM!
are those of Allan@4#. As noted in the reviews of Trajma
et al. @50#, Trajmar and Cartwright@51#, and Itikawaet al.
@52#, the measurements in this group are fragmentary, w
large gaps in the kinematical conditions studied. Shynet al.
@53,54# have attempted to remedy this deficiency by anal
ing a large number of spectra taken with impact energ
from 15 to 50 eV and scattering angles from 12° to 15
obtaining differential and integrated excitation cross secti
for a number of decomposed spectral features. Howe
they published only one spectrum@53#, making it difficult to
assess the validity of their spectral decomposition. Spann
the two classes of spectra are the measurements of Wa
@55#, taken for impact energies from 20 to 500 eV and sc
tering angles from 5° to 130°. This is the only comprehe
sive data set available, but the spectra have not been de
posed into contributions from different electronic states.

Theoretical discussions of the relationship between o
cal and EEL spectra are normally conducted using the c
cept of thegeneralized oscillator strength~GOS!, introduced
by Bethe@56#, and usually formulated within the FBA. In a
important paper, however, Lassettreet al. @57# showed that,
even if the FBA does not apply, a GOS can be defined wh
becomes the optical oscillator strength in the limit of vanis
ing momentum transfer. It follows from this that ageneral-
ized transition moment~GTM! can be defined which be
comes the electric-dipole transition moment in the sa
limit.

In this work we are concerned with the evolution of th
molecular EEL spectrum for electronic-vibrational excitati
away from the optical spectrum, as the momentum transfe
increased. In particular, we address the characteristics o
7-2
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ELECTRON ENERGY-LOSS SPECTRA OF COUPLED . . . PHYSICAL REVIEW A63 022707
vibrational structure of the EEL spectra of coupled electro
states by extending the GTM concept beyond the region
applicabilty of the FBA, using a CC treatment of the rad
wave functions for the target molecule which is known
describe the optical spectrum accurately. This treatm
which is a natural extension of the FBA theoretical approa
of Dillon et al. @17#, relies essentially on the adiabatic-nuc
~AN! approximation for electronic excitation@58# and results
in the kinematical effects being contained in the GTMs
the interacting electronic states. The practical motivation
this work lies essentially in the desire to obtain an improv
understanding of the factors determining the relative inte
ties of electronic-vibrational features in EEL spectra with
view to obtaining realistic spectral assignments. We illustr
the principles involved by performing a detailed CC analy
of some EEL spectra of the strongly mixed Rydberg-vale
states of O2 in the 7–11.2-eV energy-loss region. The spe
tra analyzed are the ‘‘optical’’ dipole (e,e) spectrum of
Chan et al. @24#, the low and intermediate impact-energ
spectra of Allan @4#, and some additional intermedia
impact-energy spectra presented in this work. In addition,
analyze critically the spectral decomposition techniques u
by Cartwrightet al. @59# and Shynet al. @53# to analyze the
SR continuum.

II. EXPERIMENTAL METHOD

All spectra were recorded in the constant residual ene
~CRE! mode, in which the energy lossW is varied by ramp-
ing the beam energyEi and detecting electrons~scattered
through an angleu) having a fixed energyEr . In the present
study, we have supplemented previously reported EEL sp
tra for O2 @4#, measured atEr520 eV, u510°, and Er
52 eV, u590°, with new measurements atEr520 eV, u
50°, 5°, 20°, 30° andEr550 eV, u50°, 10°. In addition,
angular-dependence spectra were measured for some sp
features in the energy-loss rangeW57 –11.2 eV for re-
sidual energiesEr520 eV and 50 eV.

The experimental apparatus and the procedure for c
brating the instrumental response as a function of incid
and residual energy have been described in detail elsew
@60,61#. Briefly, an essentially standard electrostatic sp
trometer, using hemispherical deflectors for electron ene
selection and constructed with a careful choice of materi
was used under computer control to obtain an improved
formance. The beam source and analyzer were different
pumped by a 160-mm-diameter diffusion pump, the collis
region by a 400-mm-diameter diffusion pump. This helped
ensure the long-term stability of the apparatus. O2 ~99.995%,
less than 10 ppm N2) was introduced into the collision re
gion as an effusive beam through a nozzle kept at
63 K. An energy resolution of;25-meV FWHM was
achieved in the energy-loss spectra, together with an ang
resolution varying from ;1.5° FWHM at Er550 eV
through;2.5° FWHM at Er520 eV, to;7° FWHM at
Er52 eV. Due to the CRE mode of operation, it was n
necessary to correct the EEL spectra for the instrume
response function in the particular energy-loss rangeW
57 –11.2 eV of interest to us in this work. The angula
02270
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dependence spectra, measured by repetitively scanning
analyzer position with a stepping motor, were corrected
ing an average of the instrumental angular response fu
tions applicable at the incident and residual energies@4#.

III. THEORETICAL ASPECTS

In this work, we are concerned primarily with therelative
intensities of electronic and vibrational features in the E
spectra of molecules, particularly those associated with in
acting Rydberg and valence states involved in optically
lowed transitions. The following discussion is restricted
diatomic molecules and, unless stated otherwise, ato
units (e5\5me51) are used throughout in the equatio
@62#.

A. Kinematics

As implied in Sec. II, in EEL experiments, the current
electrons with an initial energyEi and residual energyEr ,
following scattering through an angleu, is measured as a
function of energy lossW5Ei2Er , equal to the molecular
excitation energy. The EEL cross sections(W,Er ,u) is di-
rectly related to the differential scattering cross section
electronic excitation. The momentumK transferred to the
molecule in the scattering process is a fundamental quan
in the theory of electron scattering which may be obtain
simply from kinematical considerations. If the initial an
scattered electron momenta are given byk i andkr , respec-
tively, then, from conservation of momentum,

K5k i2kr ~1!

and

K25ki
21kr

222kikr cosu, ~2!

whereK, ki , andkr are the magnitudes ofK , k i , andkr ,
respectively. From conservation of energy,

ki
22kr

252W. ~3!

Equation~2! may be rewritten in terms of the experiment
observables

K254@Er1W/22AEr~W1Er ! cosu#. ~4!

B. Generalized transition parameters

The differential cross section for the electron-impact e
citation of a molecule from a ground stateF0 to the elec-
tronic stateFn is given by the usual expression@63#

S ds

dV D5
kr

ki
uFn0~kr ,k i !u2, ~5!

whereFn0(kr ,k i) is the scattering amplitude for electron
excitation. In the AN or nuclear-impulse approximatio
where, classically, the collision time is significantly less th
the periods for nuclear rotation and vibration, the molecu
nuclei may be regarded as fixed during the collision. Un
7-3
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these conditions, the Born-Oppenheimer~BO! approxima-
tion may be used to separate the nuclear and electronic
ables in the wave function for the molecule-electron syst
@64#. In the frame-transformation picture of electro
molecule scattering@65,66#, the AN approximation is tanta
mount to assuming that the fixed-nuclei~FN! approximation
is applicable for all scattering electron-target distances, e
in the long-range asymptotic region. This assumption is
pected to be valid for nonresonant scattering withEi well
above threshold, provided that the scattering is not do
nated by strong long-range interactions@63#. Under condi-
tions for which the AN approximation is valid, the scatterin
amplitude for electronic-vibrational excitation may be e
pressed in the BO form as@58,63#

Fnv8,0v9
AN

~kr ,k i !5^xnv8~R!uF n0
FN~kr ,k i ;R!ux0v9~R!&,

~6!

whereF n0
FN(kr , k i ; R) is the fixed-nuclei scattering ampl

tude for the electronic transitionn←0, parametrically depen
dent on the internuclear separationR of the target diatom,
and xnv8(R) and x0v9(R) are the unperturbed@67# radial
wave functions for the final and initial states, respective
Since rotational features are not observed generally in E
spectra, we have suppressed the rotational quantum num
in Eq. ~6!, labeling the radial wave functions by the uppe
and lower-state vibrational quantum numbers,v8 and v9,
respectively. In their discussion of the AN approximation f
the case ofelectronic excitation, Shugard and Hazi@58#
noted that the range of applicability of Eq.~6! was restricted
to impact energies well above threshold unless the poten
energy curves for the initial and final states were paralle
the Franck-Condon region. They@58# circumvented this dif-
ficulty, however, by suggesting that the formalism of Eq.~6!
could be retained at impact energies closer to threshold
generalizing the FN scattering amplitude to an off-sh
quantity, with a resultant explicit dependence onv8. In this
case, it may be possible to subsume thisv8 dependence into
an effectiveFN scattering amplitude in Eq.~6! with a differ-
ent R dependence@68#.

In this work, we are interested in comparisons betwe
the optical and EEL spectra and it is, therefore, convenien
extend the notion of the generalized electronic oscilla
strength~GEOS!, defined by Bethe@56#, and, by analogy, to
introduce the adiabatic-nuclei generalized vibrational osci
tor strength~AN-GVOS! defined by

f nv8,0v9
AN

~kr ,k i !5
K2W

2
uFnv8,0v8

AN
~kr ,k i !u2. ~7!

Using Eq.~6!, Eq. ~7! may be rewritten as

f nv8,0v9
AN

~kr ,k i !52Wz^xnv8~R!uM n0
FN~kr ,k i ;R!ux0v9~R!& z2,

~8!

where

M n0
FN~kr ,k i ;R!52

K

2
F n0

FN~kr ,k i ;R!. ~9!
02270
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The corresponding fixed-nuclei generalized electronic os
lator strength~FN-GEOS! is given by

f n0
FN~kr ,k i ;R!52WuM n0

FN~kr ,k i ;R!u2. ~10!

Equations~8! and ~10! have forms similar to the equivalen
expressions for the optical electronic and vibrational osci
tor strengths f n0 and f nv8,0v9 , respectively, with
M n0

FN(kr , k i ; R) playing the role of ageneralized elec-
tronic transition moment~GETM!.

In the first Born approximation, which is expected to a
ply over a more limited kinematical range than the AN a
proximation, following an explicit integration over the coo
dinates of the scattering electron, the correspond
scattering amplitude can be shown to be@17,69#

F n0
B ~K ,R!52

2

K2 K FnU(
j

exp~ iK•r j !UF0L , ~11!

and the Born GETM is given by

M n0
B ~K ,R!5K FnUK21(

j
exp~ iK•r j !UF0L , ~12!

whereFn andF0 are the electronic wave functions for th
excited and ground states, respectively, and the summatio
over the molecular electrons. As is well known@17,69#, in
the limit of vanishing momentum transferK→0, the Born
GETM is equal to the electric-dipole transition moment a
the Born GEOS is equal to the optical oscillator strength.
addition, as noted in Sec. I, Lassettreet al. @57# showed that,
even if the Born approximation does not hold, the GEOS still
becomes the optical oscillator strength in theK→0 limit.
Thus, the relationship between the generalized and op
transition parameters may be regarded as formally es
lished.

C. Relative intensities

In the adiabatic-nuclei approximation, the relative inte
sities of the individual vibrational levels of the AN-GVO
@Eq. ~8!# are determined essentially by the behavior of t
FN-GEOS as a function ofkr , k i , andR. In the first Born
approximation, the FN-GEOS is dependent specifically
K2 andR. In their study, within the framework of the FBA
Dillon et al. @17# considered the problem of relative vibra
tional intensities using accurate multireference single- a
double-excitation configuration-interaction~MRD-CI! calcu-
lations of the FN-GEOS for theA←X andB←X transitions
of CO and theE←X transition of O2. They @17# pointed out
that the shape of the vibrational envelope of the GVOS fo
given electronic transition would be preserved for differe
scattering angles if the FN-GEOS for differentR values~in
the Franck-Condon region! exhibited similar dependences o
K2, and their MRD-CI calculations indicated that such b
havior was indeed to be expected for theA←X transition of
CO. This computational result is consistent with the expe
mental observation@12# of vibrational GVOS envelopes
which do not vary significantly with kinematical condition
7-4
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ELECTRON ENERGY-LOSS SPECTRA OF COUPLED . . . PHYSICAL REVIEW A63 022707
for several ‘‘normal’’ molecular transitions, including theA
←X system of CO, where the upper states of those tra
tions exhibit no significant interactions with other electron
states. Conversely, the MRD-CI calculations of Dillonet al.
@17# show conclusively that the vibrational GVOS envelop
for transitions involving upper states which are of sign
cantly mixed character, involving avoided crossings betw
two states of like symmetry, may vary rapidly with the sc
tering conditions. This provides an explanation for the app
ently anomalous behavior of some vibrational peaks in E
spectra, e.g., in theB←X transition of CO and theE←X
transition of O2.

The experimental results discussed by Lassettre and
workers @12,57# show conclusively that the GVOS vibra
tional envelopes in EEL spectra for a number of molecu
transitions do not vary significantly with the kinematic
conditions, even for impact energies where the FBA is
expected to apply. Lassettre@12# explained these observa
tions using simple arguments, based on the Franck-Con
principle, which were not dependent on the projectile ener
and Lassettreet al. @57# suggested that the concept and de
nition of the GEOS be extended into kinematical regio
where the FBA is invalid. The adiabatic-nuclei approxim
tion assumed in this work is consistent with these obse
tions and suggestions. The AN-GVOS is given by the k
relation, Eq.~8!, wherein the fixed-nuclei GETM is average
over the vibrational wave functions of the upper and low
electronic states. It is not necessary to make assumpt
about the nature of the parametricR dependence of the
GETM, but it is noted that invariance of the AN-GVOS u
der different kinematical conditions requires, effectively, th
the FN-GEOS@Eq. ~10!# exhibits a similar dependence onkr
andk i for the range ofR values in the Franck-Condon regio
necessary to describe the range of vibrational levels of in
est.

In the calculations of this work, the GETM is treated as
R-dependentparameterwhich can be determined empiricall
by comparison between the calculated AN-GVOS, defin
by Eq. ~8!, and the experimental GVOS, defined by@57,69#

f nv8,0v9~Er ,u!5
K2W

2

ki

kr
snv8,0v9~Er ,u!, ~13!

where snv8,0v9(Er ,u) is the EEL cross section fo
electronic-vibrational excitation. The form of Eq.~8! is par-
ticularly suitable for a study which is concerned with t
relationship between optical and electron-impact excitati
as the detailed molecular physics embodied in theunper-
turbedvibrational wave functions is identical for each mo
of excitation, the kinematical effects being isolated in t
GETM electronic parameter which reduces to the elect
dipole transition moment in the limit of zero momentu
transfer. Thus, it is possible to treat the electronic state
the molecule to any desired order of approximation, usi
for example, state-of-the-art potential-energy curves de
mined ab initio, or from high-resolution optical spectra, i
the determination of the vibrational wave functions. Sin
the primary purpose of this work is to consider the EE
spectra of electronic states which are strongly coupled,
02270
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necessary to treat the resultant breakdown of the Bo
Oppenheimer approximationin the isolated molecule@70#.
As we shall see, this can be accomplished easily,within the
Born-Oppenheimer framework, by considering specifically
interactions between the BO molecular basis states and u
the resultant coupled-channel radial wave functions in a m
tichannel version of Eq.~8!.

All of the excited electronic states of O2 considered in this
work ~7–11.2 eV! lie above the first dissociation limit at 5.2
eV and are subject to either direct dissociation or predis
ciation, resulting in an essentially continuous excitation cr
section interspersed with predissociating resonances of v
ing widths. It is well known from theoretical consideration
@71# that the optical oscillator-strength densityd fn0 /dW is
continuous across a molecular dissociation limit and, for
ample, this has been verified experimentally for t
Schumann-Runge system of O2 @72#. Accordingly, Eq.~8!,
which is written for the case of discrete excitation, can
generalized to the case of continuous excitation via the r
tion @70#

d fnW,0v9
AN

~kr ,k i !

dW
52Wz^xnW~R!uM n0

FN~kr ,k i ;R!ux0v9~R!& z2,

~14!

wherexnW(R) is theenergy-normalizedradial wave function
@70# for the upper state, labeled by the good quantum num
W.

D. The coupled-channel method

Thus far, we have considered excitation into the vib
tional levels of a single molecular electronic state. In the c
of Rydberg and valence states of the same symmetry w
molecular-orbital configurations differing in one or two o
the occupied orbitals, such as the3Pu and 3Su

2 states of O2,
respectively, there may be strong interactions which inv
date the Born-Oppenheimer approximation for the isola
molecule@70#. As we have foreshadowed in Sec. III C, th
breakdown of the BO approximation may be addressed
using a coupled-channel model in which the interactions
tween the BO basis states are included explicitly. In the ad
batic basis, the adiabatic potential-energy curves for the
basis states exhibit an avoided crossing and these state
teract nonadiabatically through an off-diagonal element
the nuclear kinetic-energy operator. In the diabatic basis,
diabatic BO basis-state potential-energy curves cross and
teract through an off-diagonal element of the electrosta
HamiltonianH el. Provided that a complete electronic-sta
basis is employed, then the results of CC calculations
insensitive to the choice of an adiabatic or diabatic basis
In practice, it is sufficient to include only enough interactin
electronic states to describe accurately spectra in the en
region of interest. In this work, we choose the diabatic B
basis, as this has the attractive property that the wave fu
tions, potential-energy curves, and coupling matrix eleme
can be expected to change smoothly withR.
7-5
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The techniques of scattering theory@38,39# have been
adapted to the calculation of molecular photodissociat
cross sections. The CC formalism, detailed by van Disho
et al. @37# and Toropet al. @40#, is particularly suitable for
treatment of the strong Rydberg-valence interactions in2
and has been applied previously to explain unusual feat
in the optical spectrum of this molecule@35,41,42,73#. In this
work, we use the CC method to obtain accurate coup
radial wave functions for the target molecule, while retaini
the adiabatic-nuclei approximation in the description of
scattering process. In this approximation, the evolution of
EEL excitation spectrum from the optical limit as the m
mentum transfer increases is governed, essentially, only
the relative changes in the GETMs for the transitions into
interacting states.

Details of a CC formulation suitable for the description
rovibronic photodissociation of O2 have been given by
Lewis et al. @73#. This treatment can be extended readily to
description of electron-impact excitation. Briefly, if we n
glect rotation, fine structure and degeneracy factors, the
GVOS density for excitation from an initial~uncoupled!
electronic stateF0 into the m coupled statesFn , which
includemo open channels, is given, in matrix form, by

d fW,0v9
AN

~Er ,u!

dW
52Wz^xW~R!uMFN~Er ,u;R!ux0v9~R!& z2,

~15!

wherexW(R) is the CC diabatic radial wave-function matr
of dimensionm3mo , andMFN(Er ,u;R) is the GETM vec-
tor of dimensionm31 with elements given by the diabatic
basis GETMsM n0

FN . The matrix notation makes it clear tha
Eq. ~15! is the CC analog of the single-channel Eq.~14!. The
CC radial wave-function matrixxW(R) is the solution of the
diabatic-basis CC Schro¨dinger equations, expressed in m
trix form,

H I
d2

dR2
12m@WI2V~R!#J xW~R!50, ~16!

where m is the molecular reduced mass,I is the identity
matrix, andV(R), of dimensionm3m, is the symmetric
diabatic potential matrix. The diagonal elements ofV(R) are
the diabatic electronic potential-energy curvesVnn(R)
5^FnuH eluFn&, and the couplings between the interacti
electronic states are given by the off-diagonal elements
V(R), Vn j(R)5^FnuH eluF j&. In this work, the AN-GVOS
densities calculated using Eq.~15! are compared with the
experimental GVOS densities determined from EEL spe
using the continuous analog of Eq.~13! @69#,

d fW,0v9~Er ,u!

dW
5

K2W

2

ki

kr

dsW,0v9~Er ,u!

dW
. ~17!

IV. RESULTS AND DISCUSSION

A. The 3Su
À]X3Sg

À transitions

The coupled-channel technique has been applied pr
ously to gain an understanding of various aspects of
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3Su
2←X 3Sg

2 photoabsorption spectrum of O2 @41,42,73#.
These studies were restricted to two-state models in wh
only the interaction between thepu

3pg
3 valence state and th

pu
4pg3ppu Rydberg state was considered. As has be

noted by Lewiset al. @73#, two-state models provide an ac
curate description of the spectrum only for excitation en
gies &10.3 eV. In this work, we extend the previous C
models to include the 4ppu Rydberg state. As we sha
show, the three-state model provides a good description
the spectrum for excitation energies&11.2 eV, covering the
region of interest.

The diabatic potential matrix for the3Su
2 states is given

by @74#

V~R!5S VB̂~R! 0.5000 0.2508

0.5000 VÊ~R! 0

0.2508 0 VÊ8~R!
D , ~18!

where the diagonal elements are the diabatic potential-en
curves shown in Fig. 1, and the off-diagonal couplings are
eV. The corresponding diabatic electronic transition-mom
vector is given by

FIG. 1. Diabatic potential-energy curves and electronic tran

tion moments~solid lines, potentials labeledB̂, Ê, Ê8, in order of
increasing energy forR.1.2 Å ) used in the three-state couple
channel calculations of the differential optical oscillator strength
the mixed Rydberg-valence3Su

2←X 3Sg
2 transitions of O2. The

energy scale is referred to the minimum in the ground-stateX 3Sg
2

potential-energy curve~not shown!. Corresponding adiabatic
potential-energy curves and electronic transition moments~dashed
lines, labeledB, E, E8), determined by transformation of the diab
tic quantities using the Rydberg-valence couplings in Eq.~18!, are
also shown. Coupled-channel energies for the upper resonance
indicated by horizontal lines, associated with the adiabaticE andE8
potential-energy curves.
7-6
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M ~R!5S MB̂X~R!

MÊX~R!

MÊ8X~R!
D , ~19!

where the individual elements are also shown in Fig. 1. T
potential matrix and electronic transition-moment vec
were determined using a least-squares procedure in w
the results of CC calculations were compared with hig
resolution optical measurements for several isotopom
Specifically, energies, predissociation linewidths, oscilla
strengths, and, where possible, rotational constants as
ated with theE(0), E(1), andE(2) levels@25,75#, theE(4)
andE(5) levels@76#, and theE8(0) level @77# were used in
this iterative procedure, together with experimental O(1D)
1O(3P) photodissociation cross sections@29,30#, for exci-
tation energies from 7 to 9.8 eV, which can be associa
with theB←X transition. It was assumed in deriving the C
model that the Rydberg-valence couplings wereR indepen-
dent, but it was necessary to assume linearR dependences
for the electronic transition moments in order to reprodu
correctly the relative strengths of the spectral features.
calculated cross sections were insensitive to the values o
couplings and transition moments outside the Fran
Condon region (R'1.1–1.3 Å ).

The adopted diabatic model parameters are in reason
agreement with recentab initio calculations@78# and, where
comparisons are possible, are in good agreement with
results of previous two-potential CC studies@41,42,73#. It
can be seen in Fig. 1 that the model diabatic potential-ene
curves and electronic transition moments are physically
sonable, varying smoothly withR. Energies for the ionlike
3ppu and 4ppu potentials correspond to quantum defe
d'0.8. The fitted Rydberg-valence couplings in Eq.~18!,
and the diabatic Rydberg electronic transition moments
Fig. 1, at least in the Franck-Condon region, behave in r
sonable agreement with the expected (n* )23/2 scaling@70#,
wheren* 5n2d is the effective principal quantum numbe

A rotationless optical CC cross section for excitation in
the 3Su

2 states was calculated using Eqs.~15! and~16! with
the diabatic model parameters of Fig. 1 and Eqs.~18! and
~19!. The diabatic CC radial wave functionsxW(R), normal-
ized according to the method of Mies@38#, were calculated
by solving Eq.~16! using the renormalized Numerov metho
of Johnson@79#. The ground-state vibrational wave functio
xX0(R) was calculated using a Rydberg-Klein-Re
potential-energy curve for theX 3Sg

2 state constructed from
the spectroscopic constants of Cosby@80#.

The calculated cross section is shown in Fig. 2~a!, in the
form of a differential optical oscillator strength, as a functi
of the excitation energyW. The origin of the interesting
spectral features in the calculated cross section may be
derstood qualitatively by reference to the adiabatic poten
energy curves and electronic transition moments shown
Fig. 1, which were calculated from the corresponding dia
tic parameters using the model Rydberg-valence coupl
and the usual diabatic-adiabatic transformations@37#.
Briefly, the broad continuum and subsidiary maxima in t
7–9.8-eV region may be associated with transitions into
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adiabaticB-state potential, the rapid decrease in the cr
section near 9.1 eV being caused by the avoided cros
between theB andE states and the corresponding flatteni
in theB-state potential, together with the associated decre
in the adiabaticB←X electronic transition moment. Most o
the predissociating resonances above 9.8 eV can be as
ated with the bound levels of theE-state potential which is
formed by the interaction between the valence state and
3ppu and 4ppu Rydberg states. The narrow resonance n
11.03 eV can be associated with the lowest level of theE8
state which is the upper state formed by the interaction
tween the valence and 4ppu Rydberg states@81#. It should
be emphasized at this point that this adiabatic picture, w
instructive, has only qualitative significance. Neither the
abatic nor the adiabatic potential-energy curves exactly r
resent the observed energy levels and it is necessary to
ploy the CC method to obtain realistic energies and cr
sections. The adiabaticity parameter@82,83# for the lowest
3Su

2 crossing isz'1.3, implying character intermediate be

FIG. 2. ~a! The rotationless differential optical oscillato
strength for the mixed Rydberg-valence3Su

2←X 3Sg
2 transitions of

O2, calculated using the three-state coupled-channel model of
IV A with the parameters given in Fig. 1 and Eq.~18!. Upper
adiabatic-state assignments of the spectral features are also
cated.~b! The rotationless differential optical oscillator strength f
the mixed Rydberg-valence3Pu←X 3Sg

2 transitions, calculated us
ing the three-state coupled-channel model of Sec. IV B with
parameters given in Fig. 3 and Eq.~20!. ~c! The experimental dipole
(e,e) differential ‘‘optical’’ oscillator strength of Chanet al. @24#
~open circles!, compared with a rotationless coupled-channel cal
lation ~solid line!. The calculated oscillator-strength density is t
sum of separate optical3Su

2←X 3Sg
2 and 3Pu←X 3Sg

2 contribu-
tions @~a! 1 ~b!#, degraded with an effective instrumental resoluti
of 58-meV FWHM. To emphasise the good agreement between
shapes of the experimental and calculated spectra, the experim
oscillator-strength density has been lowered by 3%.
7-7
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tween adiabatic and diabatic for theB- andE-state levels in
this region.

Vibrational progressions for transitions into nonintera
ing Rydberg states of O2 converging on the ground state o
O2

1 ~equilibrium internuclear distanceRe'1.1 Å ) are ex-
pected to be short, since the equilibrium internuclear dista
for the X 3Sg

2 state of O2 does not differ significantly (Re

'1.2 Å ), resulting in rapidly decreasing Franck-Cond
overlap factors forv8.2. However, the strong Rydberg
valence interaction for the lowest3Su

2 states, which results
in a considerable distortion of theE-state potential~Fig. 1!,
alters this picture. The calculated intensity distribution
the sixE←X bands shown in Fig. 2~a! exhibits an interesting
interference effect which can be understood qualitatively
referring to the electronic transition moments in Fig. 1. In t
current model, the signs of the off-diagonal elements of
potential matrix, i.e., the Rydberg-valence couplings,
taken as positive. With this assumption, in order to correc
reproduce the experimental intensities, the3Su

2 interaction
model requires that the Rydberg and valence diabatic e
tronic transition moments haveoppositesigns. Since the sig
nificant matrix-element productMB̂X(R)VB̂Ê(R)MÊX(R) is
negative, there is the possibility of destructive quantum i
terference between the Rydberg and valence transition
plitudes@70#. In fact, theadiabaticelectronic transition mo-
ment for theE←X transition ~Fig. 1! passes through zer
nearR51.23 Å , leading to the possibility that some vibr
tional bands of theE←X system may be anomalously wea
Indeed, the calculated spectrum of Fig. 2~a! shows that the
~3,0! band is much less intense than either the~2,0! or ~4,0!
bands, providing a partial explanation for the lack of det
tion of the ~3,0! band in any experimental spectrum.

B. The 3Pu]X3Sg
À transitions

The coupled-channel technique has been applied by
gland et al. @35# to a comprehensive assignment of mix
Rydberg-valence3Pu←X3Sg

2 bands of O2. Englandet al.
@35# employed a CC model which treated the interactio
between thepu

4pgsu valence state and thepu
4pgnpsu Ryd-

berg states withn53 –7. For consistency with our3Su
2

model of Sec. IV A, we have simplified their descriptio
@35#, resulting in a three-state model sufficient to descr
the spectrum accurately for excitation energies&11.2 eV.

The diabatic potential matrix for the3Pu states is given
by

V~R!5S VĴ~R! 0.8721 0.4219

0.8721 VF̂~R! 0

0.4219 0 VF̂8~R!
D , ~20!

where the diagonal elements are the diabatic potential-en
curves shown in Fig. 3, and the off-diagonal couplings are
eV. We have introduced the nomenclaturesĴ andJ to indi-
cate the valence potential and the lowest adiabatic3Pu po-
tential, respectively. The corresponding diabatic electro
transition-moment vector is given by
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M ~R!5S MĴX~R!

MF̂X~R!

MF̂8X~R!
D , ~21!

where the individual elements are shown in Fig. 3. Data u
to optimize the diabatic model parameters included energ
rotational constants, predissociation linewidths, and osc
tor strengths associated with theF(0), F(1), F(2), and
F(3) levels @35#, together with experimental O(3P)
1O(3P) photodissociation cross sections@29,30# which can
be associated with theJ←X transition.

Most of the comments made in Sec. IV A regarding t
3Su

2 Rydberg-valence interaction can be applied equally
the 3Pu interaction and will not be repeated here. Howev
there are two differences of degree which should be no
First, whereas the principal molecular-orbital configuratio
of the 3Su

2 valence and Rydberg states differ in two of th
occupied orbitals, in the case of the3Pu states the difference
is only one orbital. This implies a stronger Rydberg-valen
coupling ~0.87 eV for then53 interaction, compared with
0.50 eV for the 3Su

2 case! which results in a much more
strongly avoided crossing and the repulsion of theF-state

FIG. 3. Diabatic potential-energy curves and electronic tran

tion moments~solid lines, potentials labeledĴ, F̂, F̂8, in order of
increasing energy forR.1.25 Å ) used in the three-state couple
channel calculations of the differential optical oscillator strength
the mixed Rydberg-valence3Pu←X 3Sg

2 transitions of O2. The
energy scale is referred to the minimum in the ground-stateX 3Sg

2

potential-energy curve~not shown!. Corresponding adiabatic
potential-energy curves and electronic transition moments~dashed
lines labeledJ, F, F8), determined by transformation of the diabat
quantities using the Rydberg-valence couplings in Eq.~20!, are also
shown. Coupled-channel energies for the upper resonances a
dicated by horizontal lines, associated with the adiabaticF
potential-energy curve.
7-8
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levels to significantly higher energies than theE-state levels.
Second, whereas the diabatic Rydberg electronic trans
moments in the Franck-Condon region are of similar mag
tudes for both symmetries, the valence moment for the3Pu
symmetry is more than an order of magnitude smaller t
the corresponding moment for the3Su

2 symmetry. This lat-
ter result is consistent withab initio calculations@28,33#.

The consequences of these differences are evident in
calculated rotationless CC cross section for excitation i
the 3Pu states, which is shown in Fig. 2~b!. Because of the
small valence electronic transition moment, there is
strong continuum. TheJ←X features are confined to a na
row energy region near 9.15 eV and are associated with
flattening of theJ-state potential produced by the strong
avoided crossing with theF state. As has been discuss
fully by Englandet al. @35#, the irregular vibrational struc
ture of the F state arises essentially from the doub
minimum nature of theF-state potential which is formed b
strong interactions between the valence state and the 3psu
and 4psu Rydberg states.

The adiabaticity parameter for the lowest3Pu crossing is
z'2.9, implying character tending towards adiabatic for
J- andF-state levels in this region. In the adiabatic pictu
the predissociation broadening of theF-state levels is cause
by coupling of the adiabaticF state to the repulsive adiabat
J state~Fig. 3! through nonadiabatic interactions. Higher va
ues for the adiabaticity parameter imply smaller nonadiab
coupling and, hence, a smaller probability of predissociati
This explains qualitatively why theF-state levels shown in
Fig. 2~b! are significantly narrower than theE-state levels
shown in Fig. 2~a!.

Although there are no large interference effects eviden
the calculated vibrational intensity distribution for theF
←X bands, it is clear from the model electronic transiti
moments shown in Fig. 3 that such a possibility exists.
for the 3Su

2 case, in order to explain the observed intensit
it is necessary that the matrix-element produ
MĴX(R)VĴF̂(R)MF̂X(R) is negative. As a consequence, th
adiabatic electronic transition moment for theF←X transi-
tion passes through zero nearR51.20 Å , leading to the
possibilty of destructive interference effects controlling t
intensities for some of theF←X bands.

C. The optical spectrum

It is of interest to compare the calculated optical CC sp
tra for the electric-dipole-allowed transitions of O2 with elec-
tron energy-loss spectra taken under conditions of vanish
momentum transfer. Geiger and Schro¨der @16# measured a
very-high-resolution EEL spectrum of O2 in the 6.8–21-eV
energy-loss range, taken with an impact energy of 25 k
and small scattering angle, but only relative intensiti
rather than absolute oscillator strengths, were repor
Huebner et al. @45# reported oscillator strengths in th
6–14-eV energy-loss range, derived from EEL measu
ments taken with an impact energy of 100 eV and a sm
scattering angle, but these results must be regarded as d
ful since the momentum transfer was too large for the opt
limit to apply @24#. More recently, Chanet al. @24# have
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reported absolute oscillator strengths in the 5–30-eV ene
loss range, derived from EEL spectra measured with an
pact energy of 3 keV, a mean scattering angleu50°, and an
instrumental resolution of 48-meV FWHM. The momentu
transfer applying to these dipole (e,e) spectra was suffi-
ciently low for the optical limit to be valid. Chanet al. @24#
converted their EEL spectra into differential oscillat
strength spectra using a modified version of Eq.~13! which
included careful allowance for the effects of limited instr
mental angular resolution about the 0° scattering an
Their oscillator strengths were calibrated in the 26-
energy-loss region against earlier low-resolution dipole (e,e)
spectra@46# which had been normalized using procedur
based on the Thomas-Reiche-Kuhn sum rule@46#.

The differential ‘‘optical’’ oscillator-strength spectrum
determined by Chanet al. @24# is compared in Fig. 2~c! with
our calculated CC spectrum. The CC spectrum is simply
sum of the rotationless CC spectra for the3Su

2←X 3Sg
2 and

3Pu←X 3Sg
2 transitions, given in Figs. 2~a! and 2~b!, re-

spectively, following convolution with a Gaussian functio
of 58-meV FWHM. The experimental spectrum has be
lowered by 3% to emphasize the excellent agreement
tween the shapes of the calculated and measured spe
Differences between the spectra are insignificant. First,
relatively small discrepancy between the 48-meV FWH
instrumental resolution quoted by Chanet al. @24# and the
58-meV FWHM resolution used by us to optimize the agre
ment for the sharp peaks can be explained, at least in par
the neglect of rotational structure and fine structure in the
calculations. Second, the;10 meV discrepancy betwee
the energy scales evident from an inspection of the peak
the 10–11 eV energy-loss region, which is, in any ca
small compared with the instrumental resolution, can be
derstood by noting that the experimental energy scale
calibrated only against a He transition at 21.218 eV ene
loss@84#. Third, the 3% discrepancy between the experim
tal and CC oscillator strengths in the;9-eV energy-loss
region is within the combined uncertainties@85# and is a
testament to the reliability of the Bethe-Born factor em
ployed by Chanet al. @24#, since their intensity calibration
point is at 26-eV energy loss.

Two conclusions follow from the excellent agreement b
tween the experimental and calculated spectra of Fig. 2~c!.
First, notwithstanding a limited instrumental resolution, t
claim by Chanet al. @24# to have measured an absolute ‘‘o
tical’’ spectrum has been verified, since the CC spectrum
based on a fit to very high-resolution absolute optical cr
sections. Second, we have shown that a coupled-cha
model based on three-state treatments of the Rydb
valence interactions for the3Su

2 and 3Pu states explains al
spectral features in the 7–11.2 eV energy-loss rangequanti-
tatively. Clearly, the bulk of the observed oscillator streng
arises from the3Su

2←X 3Sg
2 transitions, with the lowest-

energyJ 3Pu←X 3Sg
2 feature appearing only as an infle

tion on the high-energy side of theB←X continuum. The
first four peaks in the high energy-loss region, i.e., the lo
est, second, and third bands and theF(0)←X band, are
single, while the four discernible peaks at higher energy l
7-9
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consist of overlapping transitions involving theE, E8, andF
states. The assignments in Fig. 2~c! correct those of Buenke
et al. @21#, repeated by Chanet al. @24#, which were in error
for the F←X transitions.

D. EEL spectra at intermediate impact energies

In this section we extend the coupled-channel treatmen
a description of EEL spectra for impact energies where
optical limit is inapplicable. This is achieved by retaining t
CC models detailed in Secs. IV A and IV B to describe t
structure of the mixed Rydberg-valence states of the O2 tar-
get molecule, but allowing the elements of the electro
transition moment vector to vary. This approach is consis
both with the philosophy of the generalized electronic tra
sition moment espoused in Sec. III and the general F
formalism of Dillon et al. @17#.

The relative intensities of vibrational features arising fro
transitions into Rydberg-valence coupled states of a gi
symmetry depend essentially on theratio of the Rydberg and
valence GETMs. For simplicity, we consider only that p
rameter space in which the relativeR dependences of th
relevant elements of the GETMs remain constant, and
which then53 andn54 Rydberg GETMs are scaled by
common factor relative to the valence GETM. In this ca
we can define a single dimensionless parameter

r 5~MR/Mv!/~MR/Mv!opt, ~22!

where the subscripts R andv indicate the (n53) Rydberg
and valence moments, respectively, in terms of which
relative intensities computed using the CC technique may
described. As implied by Eq.~22!, values of this paramete
for each symmetry,r S and r P , are normalized using the
optical-limit moments given in Secs. IV A and IV B for th
3Su

2 and 3Pu states, respectively.
In Fig. 4~a!, the results of CC calculations of the relativ

intensities of the3Su
2←X 3Sg

2 EEL features are presente
for a wide range of transition-moment ratiosr S , with all
values given relative to the intensity of the longest bandE
←X(0,0) @86#. It is evident from Fig. 4~a! that allowing the
transition-moment ratio to vary from the optical valu
achievable experimentally through, e.g., the employmen
electron-impact excitation, allows a rich range of behavi
of the relative intensities to be accessed. Rapid change
the relative intensities occur, especially near the inten
minima occurring for particular resonances as the destruc
quantum-interference effects vary withr S . Similar com-
ments apply to the CC calculations of relative intensities
the 3Pu←X 3Sg

2 transitions, shown in Fig. 4~b! relative to
the F←X(0,0) intensity@86#. However, in this case the in
teresting region of most rapid change occurs forr P,1,
rather thanr S.1 in Fig. 4~a!. This difference in behavior
occurs because of the vastly different optical transitio
moment ratios for the two symmetries@see Figs. 1 and 3; the
optical (n53) Rydberg:valence ratios are approximately 0
and 3, for the 3Su

2 and 3Pu states, respectively, nearR
51.2 Å #.

In Fig. 5~a!, computed oscillator-strength densities for t
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optically allowed transitions of O2 are presented for selecte
combinations ofr S , r P , andS:P weights, chosen so as t
optimize overall relative agreement with the experimen
oscillator-strength densities summarized in Fig. 5~b! for vari-
ous non-FBA scattering conditions. The experimen
oscillator-strength densities were derived using Eq.~17!
from the EEL spectra measured here and in Ref.@4#. The
computed densities, obtained using Eq.~15!, are the sums of
separate rotationless CC calculations for the3Su

2←X 3Sg
2

and 3Pu←X 3Sg
2 transitions, degraded by convolution wit

a Gaussian function of 30-meV FWHM to account for t
effects of limited instrumental resolution and broadening d
to the neglected rotational and fine structure. Both the co
puted and experimental spectra in Fig. 5 are normalized
the same constant integrated intensity for the longest ba
Under all conditions, the experimental spectra are conta
nated by the effects of electric-dipole-forbidden transitio
particularly theg←g transitions into the 3s, 4s, and 3d
Rydberg states, indicated on Fig. 5~b!. Nevertheless, it is
clear that many features arising from the optically allow
transitions vary markedly in relative intensity as the scatt
ing conditions are varied. In particular, for the case of tra
sitions into the3Su

2 states, intensities of both the SR co
tinuum B←X and the second bandE←X(1,0) decrease
rapidly with respect to that of the longest bandE←X(0,0) as
the momentum transfer increases. In the case of the3Pu
states, under the same conditions the relative intensity of
F←X(0,0) transition at 10.66 eV at first decreases rapi
from the optical value@see Fig. 2~c!#, then passes through

FIG. 4. Variation in the relative intensities of vibrational fe
tures in the optically allowed electronic transitions of O2 calculated
using the coupled-channel method, as the ratio of the Rydberg
valence generalized electronic transition moments is changed
the optical value.~a! The 3Su

2←X 3Sg
2 transitions as a function o

r S . ~b! The 3Pu←X 3Sg
2 transitions as a function ofr P .
7-10
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minimum, and finally increases rapidly. Two points are w
thy of note following a comparison between Figs. 5~a! and
5~b!. First, the general behavior of the relative experimen
intensities for the optically allowed transitions is reproduc
in the computed spectra. Second, the values ofr S and r P

necessary to achieve this agreement decrease from unit
wards zero as the momentum transfer increases, in q
similar ways for each symmetry.

In order to establish the detailed behavior of the optica
allowed EEL peaks in Fig. 5~b!, it is necessary to make a
lowances for the contributions of optically forbidden tran
tions. In Fig. 6, the relative intensities of three peaks
10.57, 10.80, and 11.03 eV, deduced from the experime
spectra of Fig. 5~b! and plotted as a function ofK2, are seen
to exhibit somewhat similar behavior, with rapid initial in
creases in relative intensity, followed by gentle decrea
and finally strong increases, asK2 increases. These peaks a
very prominent in theEr52 eV, u590° spectrum and co
incide with the known energies of transitions into vibration
levels of 3d and 4s Rydberg states of various symmetri
@87#. TheK250 points in Fig. 6 were deduced from variou

FIG. 5. Comparison between experimental and modeled e
tron energy-loss spectra for O2 in the 7.1–11.2-eV energy-loss re
gion. All spectra have been normalized to a constant integra
intensity for the longest-band peak at 9.97 eV.~a! Summed
oscillator-strength densities for the optically allowed transitio
3Su

2←X 3Sg
2 and 3Pu←X 3Sg

2 , calculated using the coupled
channel method, with indicated parametersr S andr P optimized by
overall comparison with the experimental spectra. The compu
spectra have been convolved with a Gaussian instrumental fun
of 30-meV FWHM. ~b! Experimental oscillator-strength densitie
for various indicated scattering conditions. In addition to the op
cally allowed transitions, all experimental spectra contain featu
arising from optically forbidden transitions, especially theg←g
transitions into the indicated 3s, 4s, and 3d Rydberg states.
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high-resolution optical oscillator-strength measureme
@25,35,75,77#. The 10.80-eV peak is unique in correspondi
purely to an optically forbidden transition. We assume tha
corresponds principally to 3d←X(1,0) and 4s←X(2,0)
transitions@88#. Adopting the additional assumption that th
contributions of other vibrational levels of the 3d,4s←X
systems to the peaks at 10.57 and 11.03 eV have the samK2

dependences as that for the 10.80-eV peak, we have
rected the relative intensities of the 10.57 and 11.03
peaks for the effects of the optically forbidden transition
This was achieved by applying scaling factors to the 10.
eV intensity of 0.7 and 0.8, respectively@89#.

In Fig. 7, intensities of all accessible EEL peaks arisi
from 3Su

2←X 3Sg
2 transitions are plotted as a function o

K2 and compared with intensities computed using the
method, plotted as a function of 12r S . Both the experimen-
tal and computed intensities are given relative to that of
longest bandE←X(0,0). The experimental intensities hav
been derived from the spectra in Fig. 5~b! @90#, with K250
values obtained from various optical spectra and oscilla
strength measurements@24,25,75,77,91#. The E←X(2,0)
andE8←X(0,0) intensities in Fig. 7 have been corrected
the effects of optically forbidden transitions, as described
the previous paragraph. In addition, theE←X(4,0) andE8
←X(0,0) intensities have been corrected for the effects
weakerF←X transitions@92#. ‘‘Structures’’ observed at low
K2 values in the experimentalE←X(2,0) andE8←X(0,0)
intensities in Fig. 7 are probably artifacts related to ina
equacies in the correction process for the optically forbidd
contributions.

Overall, relative to the intensity of the longest band,
tensities of the EEL features arising from the Rydbe
valence mixed3Su

2←X 3Sg
2 transitions illustrated in Fig. 7

exhibit a wide range of non-Franck-Condon behavior asK2

increases, ranging from a large decrease for the second
E←X(1,0), through a small decrease forE←X(5,0), to a

c-

d

,

d
on

-
s

FIG. 6. Experimental intensities as a function ofK2, relative to
the longest band@labeledE(0)#, for the energy-loss peaks atW
510.57, 10.80, and 11.03 eV, which contain partial or total con
butions from optically forbidden transitions into the 3d(v) and
4s(v11) Rydberg levels. Circles:Er520 eV. Upward triangles:
Er550 eV. Downward triangles:Er52 eV.
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significant increase forE8←X(0,0). Thus, the unusual per
sistency of the longest band under all scattering condition
not unique, being nearly matched byE←X(5,0) and ex-
ceeded byE8←X(0,0). While there is a small, systemat
dependence of the experimental relative intensities onEr , as
might be expected under non-FBA conditions, with, e.g.,
50 eV values generally exceeding the 20 eV values,
energy dependence is dwarfed by the major variations ca
by the Rydberg-valence interactions discussed here. Rem
ably, the behavior of the computed relative intensities in F
7 matches the experimental behavior in detail for all featu
with the exception ofE←X(5,0) where the experimenta
values decrease slightly asK2 increases, while the compute
values increase slightly as 12r S increases. Overall, thes
results provide convincing evidence for the validity of o
coupled-channel generalized-electronic-transition-mom
treatment, suggesting a loose correspondence betweeK2

and 12r S . For example, if a value for 12r S is deduced
from Fig. 7 by equating the experimental and theoreti
relative intensities for, say,E←X(1,0), then the relative in-
tensities computed with thesame valueof 12r S provide
decent descriptions of the experimental behaviorfor all other
bands.

Unfortunately, the comparative weakness of the3Pu

FIG. 7. Comparison between the experimental and model
havior of the relative intensities of energy-loss features associ
with transitions into the mixed Rydberg-valence3Su

2 states of O2,
for a range of scattering conditions. All results have been norm
ized to the integrated intensity of the longest band@labeledE(0)#,
and the experimental results forE(2), E(4), andE8(0) have been
corrected for the effects of overlapping transitions. The experim
tal intensities, plotted as a function ofK2 ~circles: Er520 eV;
upward triangles:Er550 eV; downward triangles:Er52 eV),
correlate with the model calculations, plotted as a fuction o
2r S .
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←X 3Sg
2 systems of O2 makes them difficult to study, but i

is possible to obtain useful intensity information on the low
levels from the EEL spectra of Fig. 5~b!. In Fig. 8 ~lower
panels!, experimental intensities for theJ←X and F
←X(1,0) bands@93#, relative to that forF←X(0,0), are
plotted as a function ofK2 and compared with correspondin
CC calculations, plotted as a function of 12r P . The K2

50 points were obtained from experimental optic
oscillator-strengths@30,35#, and theF←X(1,0) intensities
have undergone a small computed correction for the effe
of the weak E←X(3,0) band. Both theJ←X and F
←X(1,0) experimental relative intensities in Fig. 8 rise to
maximum and then fall off rapidly asK2 increases, behavio
quite different from that observed for the correspondi
3Su

2←X 3Sg
2 transitions. Nevertheless, this observed beh

ior is reproduced qualitatively by the computed intensiti
indicating a loose correlation betweenK2 and 12r P . In Fig.
8 ~upper panel!, it can be seen clearly that the experimen
F←X(0,0) intensity goes through a deep minimum relati
to the E←X(0,0) intensity at quite a small value ofK2, a
behavior confirmed by additional angular-dependence m
surements~not shown!. While this behavior is reproduced b
the calculations@94#, the fact that the experimental minimum
intensity ratio is clearly nonzero (;0.02), compared with a
near-zero computed value, leads to the significant quan

e-
ed

l-

-

FIG. 8. Comparison between experimental and model beha
of the relative intensities of energy-loss features associated
transitions into the mixed Rydberg-valence3Pu states of O2, nor-
malized to the peak at 10.66 eV@labeledF(0)#, for a range of
scattering conditions. The contrasting behavior of the transiti
into theF 3Pu(0) andE 3Su

2(0) states is also shown in the upp
panels. The experimental intensities, plotted as a function ofK2

~circles:Er520 eV; upward triangles:Er550 eV; downward tri-
angles:Er52 eV), correlate with the model calculations, plotte
as a function of 12r P .
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tive differences between the experimental and compu
3Pu←X 3Sg

2 intensity ratios in Fig. 8.
It is of importance to consider the possible causes of

nonzero minimum in theF←X(0,0) relative intensity. The
most obvious explanation would involve the presence o
coincident optically forbidden transition to another electro
state which contaminates the measurements of the puF
←X(0,0) transition. We believe that this explanation is u
likely for the following reasons. First, theF←X(0,0) EEL
peak at 10.66 eV is well separated from vibrational featu
due to the 3d,4s←X systems discussed above@87#. Thus,
g←g optically forbidden transitions cannot be playing
role. Second, perusal of available information on the 3psu

and 3ppu Rydberg states of O2 shows only two states in th
vicinity of F(0) which can contribute to optically forbidde
u←g transitions@95#, specifically, a1Du level centered on
10.63 eV energy loss, with a FWHM of;0.1 eV @96#, and
a 3Du level at 10.64 eV@96#. These levels are sufficientl
well separated fromF(0) to be excluded as possible co
tributors to the intensity of the 10.66-eV peak which reta
position and shape under all scattering conditions. Theref
it appears that the experimental behavior of the 10.66
peak reflects only the behavior of theF←X(0,0) transition,
leading us to question the theoretical prediction of a ne
zero minimum in intensity. We have performed addition
calculations for finite temperatures which include all op
cally allowed fine-structure components and the effects
limited experimental angular resolution, but these do not m
terially alter the theoretical result. We believe that the ans
to the dilemma involves the spin structure of the upper a
lower levels in theF 3Pu←X 3Sg

2 transition. The3Sg
2 state

hasuVu50,1, while the3Pu state hasuVu50,1,2, with only
the perpendicular subtransitions 1←0 and 2,0←1 being
electric dipole allowed. Therefore, our explanation involv
suggesting that the optically forbidden subtransitions
←0 and/or 1←1 become allowed under conditions
electron-impact excitation, thus contributing to the intens
of the 10.66-eV EEL peak. Since these subtransitions do
connect the same fine-structure levels as the optically
lowed subtransitions, no additional interference effects oc
and their intensities would add incoherently to the intensi
of the allowed subtransitions, which, themselves, are not
cluded from passing through a near-zero intensity minimu
as predicted by our calculations. This explanation leads to
interesting prediction. If the transition of interest were
optically allowed singlet-singlet transition, then the abo
fine-structure considerations would not apply, and, in sim
circumstances of Rydberg-valence mixing, the destruc
interference effects might well result in the observation o
near-zero minimum in intensity in the EEL spectra, with t
complete disappearance of a band under specific scatte
conditions.

Overall, the results presented above indicate that a dia
tic mixed-state description of the molecule, coupled with
generalization of the GETM picture beyond the realm of
FBA, together give a good description of the many irreg
larities in the relative intensities of mixed Rydberg-valen
transitions in EEL spectra, suggesting a correlation betw
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the square of the experimental momentum transfer an
2r , wherer is as defined in Eq.~22!. In Fig. 9, relationships
between 12r and K2 are presented for the3Su

2←X 3Sg
2

and 3Pu←X 3Sg
2 Rydberg-valence transitions of O2. These

relationships were determined empirically using the best
computed and experimental EEL spectra of Fig. 5. A
shown in Fig. 9 are empirical results for the3Su

2←X 3Sg
2

transitions deduced using second-band:longest-band in
sity ratios from theEi5200-eV EEL spectra of Dillonet al.
@17# and our computations of Fig. 4~a!, together with fully
theoretical results implied by their@17,97# ab initio calcula-
tions of the diabatic GETMs within the FBA@98#. The
present results for both the3Su

2←X 3Sg
2 and 3Pu

←X 3Sg
2 transitions in Fig. 9 show a rapid linear depe

dence of 12r on K2, for smallK2, followed by a degree of
‘‘saturation’’ at higherK2. The initial slopes are discernibly
larger for Er520 eV than for Er550 eV, and are also
larger for the 3Pu←X 3Sg

2 transitions than for the3Su
2

←X 3Sg
2 transitions. Similar behavior is observed for th

Ei5200 eV results of Dillonet al. @17# for the 3Su
2

←X 3Sg
2 transitions, albeit with an earlier onset of saturati

which acts to limit the accessible ranges of 12r and the
corresponding intensity ratios. Theab initio results for the
3Su

2←X 3Sg
2 transitions in the case of the FBA@17,97#

show reasonable agreement with theEi5200 eV measure-
ments, but a much lesser degree of saturation.

Our results imply that relative intensities of vibration
features for mixed Rydberg-valence transitions in EEL sp
tra provide a sensitive probe of the relative Rydberg a

FIG. 9. Relationships between 12r and K2 for the mixed
Rydberg-valence3Su

2←X 3Sg
2 ~solid symbols! and 3Pu←X 3Sg

2

~open symbols! transitions of O2, determined empirically using the
computed and experimental EEL spectra of Fig. 5. Results dedu
from the experimental second-band:longest-band intensity ratio
Dillon et al. @17# at Ei5200 eV, through comparison with th
computed ratios of this work@Fig. 4~a!# are also shown~solid
squares!, as are theirab initio results @17,97# for the 3Su

2

←X 3Sg
2 transitions, calculated within the first Born approximatio

~solid line!.
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valence GETMs, and that, relative to the valence GETM,
Rydberg GETM decreases rapidly asK2 increases. This con
clusion is consistent with theab initio calculations of Dillon
et al. @17,97# which show, for the3Su

2←X 3Sg
2 transitions

within the FBA, that the magnitude of the diabatic (n53)
Rydberg GETM atR52.3 a.u. decreases to zero nearK2

50.85 a.u., while the valence GETM decreases only
;30%. Considering the diffuse nature of the Rydberg orb
als and a likely correspondingly increased sensitivity to
influence of the impacting electron, such a result can be
ily understood. Notwithstanding small systematic differenc
between the results in Fig. 9 for the3Su

2←X 3Sg
2 and

3Pu←X 3Sg
2 transitions, essentially similar GETM behavio

is observed for both transitions. This is a remarkable res
given the order-of-magnitude difference in the Rydberg:
lence optical-limit electronic transition-moment ratios, a
implies that the nppu

3Su
2←X 3Sg

2 and npsu
3Pu

←X 3Sg
2 Rydberg GETMs evolve in similar ways as th

scattering conditions are altered.
Finally, we recall some of the approximations and a

sumptions underlying our analysis. First, in the spec
coupled-channel analyses described in this section, for c
ity we have made simple assumptions regarding theR and
n* dependences of the GETMs. While relaxation of the
constraints in the CC model certainly results in improv
quantitative agreement with experiment, these improvem
are in detail only, and the principal conclusions of this s
tion are unaltered. Second, the value of residual energy
low which the fundamental adiabatic-nuclei approximati
employed in this work becomes invalid is unclear@99#, as is
the value ofEr below which the GETMs becomeeffective
~see Sec. III B!. Third, we have assumed nonresonant sc
tering. Intensity anomalies due to the effects of negative-
resonances may well play a role at low impact energ
@100#, but here we consider only those effects arising fro
the evolving GETMs of the interacting molecular electron
states. Further theoretical work addressing these latter po
would be valuable.

E. Spectral decomposition

As one of the fundamental steps in extracting cro
section information from EEL spectra, least-squares-fit
convolution techniques are typically employed@3# in the
analysis of overlapping vibrational progressions. In this p
cedure, several assumptions are made. First, the energie
each of the vibrational levels of the electronic states of in
est, relative to thev950 level of the ground electronic state
are assumed known. Second, the respective Franck-Co
factors for the pertinent transitions are also assumed to
known, and, third, the instrumental function is assumed to
Gaussian in form. Finally, and perhaps most importan
each of these criteria is assumed to hold irrespective of
kinematical conditions. These techniques have been
ployed successfully in studies on electron-impact excitat
of the electronic states of N2 @5# and the metastablea1Dg

and b1Sg
1 states of O2 @4,6#. While the various electronic

states in these studies were overlapped in energy loss,
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were no strong perturbative interactions between the st
and the usual assumptions listed above remained valid
addition, several attempts have been made to decompos
EEL spectra of overlapping electronic states excited into
continuous regions of their spectra. These analyses assu
that the continuous spectrum of each contributing electro
state could be represented by a broad Gaussian pr
@53,59#. As will be described in more detail below, the r
sults of the previous sections show clearly that some of
assumptions underlying these techniques for the deconv
tion of overlapping discrete or continuous spectra are co
pletely invalid in the case of transitions into excited states
strongly mixed character, e.g., the Rydberg-valence state
O2.

In the case of theE←X transition of O2, which is of
heavily mixed Rydberg-valence character, the present E
results, together with those of Dillonet al. @17#, show that
the intensity of the~1,0! band decreases much faster than
intensity of the~0,0! band as the impact energy decreases~or
the scattering angle increases!. In fact, due to the anomalou
behavior of these bands, it was not realized that they w
members of a vibrational progression until this was su
gested by optical and theoretical studies@18,19,21,26,101#.
York and Comer@2#, for example, suggested that the stro
relative intensity of the~0,0! band, under conditions of low
impact energy and high scattering angle, might indicate
presence of an electric-dipole-forbidden transition at
same energy-loss location. Clearly, if the invariance of vib
tional intensities under different scattering conditions is
voked to decompose overlapping vibrational progressions
volving strongly mixed states, such as theE3Su

2 state of O2,
then the resultant decomposition will be invalid.

Cartwrightet al. @59# and Shynet al. @53# have attempted
to decompose the Schumann-Runge continuum region o
O2 spectrum into contributions from transitions to differe
electronic states. They employed similar models in wh
each contribution to the diffuse spectrum was assumed
have a Gaussian shape and the number, positions, wid
and intensities of these Gaussians were adjusted to fit
observed EEL spectra. Cartwrightet al. @59# analyzed the
25-keV, 0° spectrum of Geiger and Schro¨der @16#, together
with 12 spectra taken at impact energies of 20, 30, and
eV. Ignoring the small, discrete contributions of Rydbe
states in the 7–9.5-eV energy-loss region, they@59# found
that transitions into four valence states with vertical exci
tion energies of 7.50, 8.30, 8.68, and 8.93 eV were neces
to explain fully all of their EEL spectra. The weak 7.5-e
peak was attributed to an electric-dipole-forbidden transit
into a 3Pg state, the 8.30- and 8.68-eV peaks to electr
dipole-allowed transitions into theB3Su

2 and 3Pu states,
respectively, and the 8.93-eV peak to an unknown transit
Shyn et al. @53# analyzed 338 spectra covering the impa
energy range 15–50 eV and the scattering-angle ra
12° –156° and found that their spectra could be reprodu
using only three broad Gaussians, corresponding to tra
tions into valence states with vertical excitation energies
7.65, 8.34, and 8.87 eV, assigned as the3Pg , B3Su

2 and an
unknown state, respectively. Each group of investigat
@53,59# attempted to determine potential-energy curves
7-14
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the valence states excited in the Schumann-Runge regio
inverting their results, assuming linear potentials in t
Franck-Condon region and what were, effective
R-independent GETMs for the excitations.

Our coupled-channel results show clearly that the
sumptions underlying the spectral decompositions of C
wright et al. @59# and Shynet al. @53# are invalid. It is cer-
tainly true that the main feature in the Schumann-Run
continuum region is due to the electric-dipole-allowed tra
sition into the valence stateB3Su

2 . However, theB state is
complementary@70# to the E state and contains a Rydbe
admixture which increases with energy~Fig. 1!, resulting in
a cross section which falls off quickly at higher energ
@Fig. 2~a!#. Thus, the assumption of a Gaussian shape is
correct for theB←X transition. The broad Gaussian peaks
8.68 and 8.93 eV found by Cartwrightet al. @59#, and that at
8.87 eV found by Shynet al. @53# are fitting artifacts neces
sary to reproduce the asymmetric shape of theB←X peak
when the analytical model is restricted to symmetric Gau
ian line shapes. This interpretation is consistent with
‘‘curious resemblance’’ found by Shynet al. @53# between
the differential cross sections for excitation of theB and
unknown states, at 8.34 and 8.87 eV, respectively. O
coupled-channel results also predict that the broader feat
in the EEL spectra of the mixed3Su

2 states of O2 in the
7–9.8-eV energy-loss region shift to lower energies a
change shape as the impact energy decreases or the sc
ing angle increases@102#, making it even more difficult to
perform a simple spectral decomposition.

Similar comments apply to the weaker3Pu excitations.
The coupled-channel analysis shows an even stron
Rydberg-valence interaction than that for the3Su

2 states, but
the smaller optical transition moment for the valence exc
tion @28# results in the 3Pu←X3Sg

2 spectrum in the
Schumann-Runge region being dominated by a relativ
narrow (;0.15 eV FWHM), but highly asymmetric peak i
the EEL spectrum@Fig. 2~b!# at 9.15 eV, primarily of Ryd-
berg character. This region of the spectrum was modeled
Cartwright et al. @59# with a number of narrow Gaussian
but was not mentioned by Shynet al. @53#. At present, it is
an open question as to whether any relative change in
small generalized transition moment for the3Pu←X3Sg

2

valence excitation with varying kinematical conditions w
produce a detectable contribution to the EEL spectrum. I
certain, however, that the assignment of the 8.93-eV arti
to this transition by Cartwrightet al. @59# is incorrect@34#.

In summary, we conclude that it is not possible meani
fully to use conventional deconvolution techniques to u
ravel the contributions of different electronic states to
experimental EEL spectrum when those states are of stro
mixed character. In particular, it is difficult to devise a su
able technique to decompose the Schumann-Runge
tinuum region of the EEL spectrum of O2. While a consid-
erable improvement over the Gaussian model could be m
by representing the shape of the strongB←X continuum by
the coupled-channel shape of the optical spectrum, this
cedure would still fail to take account of the small shape a
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position changes which occur when the scattering conditi
are changed.

V. SUMMARY AND CONCLUSIONS

The concept of the generalized transition moment
been extended beyond the region of applicability of the fi
Born approximation and used in the analysis of new elect
energy-loss spectra for O2, which have been measured
intermediate impact energies. A coupled-channel theoret
treatment of the strongly mixed Rydberg and valence sta
transitions to which dominate the optically allowed spe
trum, has been used to explain the relative intensities
many unusual features occurring in the 7–11.2-eV ener
loss region. For these electronically excited states of3Su

2

and 3Pu symmetry, the evolution of the shape of the corr
sponding electron energy-loss spectrum as the scatte
conditions are changed is controlled essentially by one
rameter: the ratio of the diabatic generalized transition m
ments into the Rydberg and valence components of
mixed electronic states. The observed behavior of rela
intensities in the EEL spectra of O2 indicates that the Ryd-
berg GETM decreases away from the optical value mu
faster than the valence GETM as the momentum transfe
in the collision increases, in a similar way for both th
3Su

2←X 3Sg
2 and 3Pu←X 3Sg

2 transitions.
The results of the coupled-channel analysis indicate

the shapes of the more diffuse spectral features are gene
asymmetric and that such features may shift slightly as
scattering conditions are changed. This implies that the s
plistic Gaussian–line-shape-based models, which have b
employed previously in attempts to decompose the diff
part of the electron energy-loss spectrum for O2 into contri-
butions from different electronic states, are unlikely to ha
given meaningful results. As a consequence of the Rydb
valence interactions, it has also been found that some vi
tional levels of the mixed states give rise to features in
electron energy-loss spectrum which are anomalously str
at the low impact energies and large scattering angles
which optically allowed transitions are expected to decline
relative intensity. These persistent lines are easily confu
with those from the optically forbidden transitions which i
crease in relative intensity under such conditions, and
coupled-channel-GETM technique is thus a valuable aid
the assignment of features in electron energy-loss spect
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