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Electron energy-loss spectra of coupled electronic states:
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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, fore€ented 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 of> and 3T, 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 @ 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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[. INTRODUCTION been noted by Lassettf&2], these experimental studies have
been conducted for a wide range of kinematical conditions,
Electron energy-loséEEL) spectra of molecules, despite including incident energies for which the first Born approxi-
an energy resolution which is limited when compared withmation(FBA) cannot be expected to hold. However, anoma-
corresponding optical spectra, provide valuable informatiorious behavior of the relative vibrational intensities has been
on the molecular structure of excited states which may bepserved for some transitions, notably tBé3 X3 *

unobtainable by other means. In particular, the relaxation of;ansition of CO[14] and theE 33— X 357 [15] transition
the optical selection rules for electronic transitions in EEL 0, [2,12,16,17. In the case c;lf thEHg( transition. the
spectra, taken gnder condltlons of significant momentumrelative intensities of the peaks in the EEL spectra at 9.97-,
transfer, results in the observation of features which are noi0 28-, and 10.57-eV energy loss varied so dramatically with
. . 3 . ) . =
2?13”312 tgﬁﬁptgaésgfcg?ge':;r peit(r?g]ralsl’etclﬁegff [#;] the kinematical conditions that it was not apparent originally
g g 1Y 9 b that these features were vibrational bands associated with a

cipal interest to this work, were identified first from peaks in . . "
EEL spectrg1,2]. single electronic transition.

As an aid to the deconvolution and assignment of features !N @n important study which was, however, restricted to
in EEL spectra, it is often assumed that the relative vibra.Scattering conditions under which the FBA was val!d, D.|Ilon
tional intensities for a given electronic transition are inde-€t &l-[17] showed that anomalous behavior of the vibrational
pendent of the incident-electron energy and scattering angl@tensities is associated with upper states having a strongly
and are proportiona| to the 0ptica| Franck-Condon factorgnlxed electronic character. In part|CU|ar, |nteraCt|ng states
[3-9]. Indeed, this assumption has been verified experimeniwhose adiabatic potential-energy curves exhibit a strongly
tally for a number of well behaved molecular transitions,avoided crossing, for example, Rydberg and valence states of
e.g., the fourth-positive system of C@M1—X!3" inde- the same symmetry, may be expected to show a non-Franck-
tailed work by Lassettre and co-workdig,10—13. As has  Condon distribution of vibrational intensities. It is well
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known [18—21] that some of the B, and 3o, Rydberg  3II, symmetry and the’ll, Rydberg states with principal
states of Q interact strongly with valence states and thisquantum numbers from 3 to 7, have successfully explained
molecule is, therefore, expected to provide fertile ground fotthe anomalous energy structure of thid,« X 325 predis-
a study of anomalous relative intensities in EEL spectra irsociating resonances observed in the 10.5-11.5-eV region.
the ~7-12-eV energy-loss region. There have been many measurements of EEL spectra for
The optical spectrum of Oin this range consists princi- O, in the 7—11.2-eV energy-loss region, covering a range of
pally of electric-dipole-allowed transitions into the mixed incident energies from near threshold to 25 keV and a range
Rydberg-valence states ofs, and I, symmetry. The of scattering angles from 0° to 156°, with instrumental reso-
dominant 3EJ<—X 32& features comprise the well-known lutions from 10-meV full width at half maximuntFWHM)
Schumann-RungeSR) continuum, B33 X 32&* and o 200-meV FWHM. These studies fall loosely into two
Tanaka’s progression[R2], consisting of thdongest sec-  9roups. First, measurements of EEL spectra for high-impact
ond, andthird bands at excitation energies of 9.97, 10.28,energies and forward scattering have been performed
and 10.57 eV, respectively. The SR-continuum cross sectioh-0,16,24,43—45 principally to enable the determination of
has been reviewed by Huds¢®3], and, more recently, by 9generalized oscillator strengths for electronic excitation
Chanet al. [24]. There has been considerable argument, rewhich could then be compared with the corresponding opti-
viewed by Lewiset al. [25], over electronic and vibrational €@l oscillator strengths by extrapolation to zero momentum
assignments for the longest, second, and third bands. Follovansfer. These studies include the very-high-resolutidh
ing ab initio calculations of Rydberg-valence mixing in the MeY FWHM) spectra of Geiger and Schiter[16] and cul-
3y states of Q@ [18-20,28, and the arguments of minate in the dlpoleet{,e) spectra of (_:haret al. [24],_ taken
Katayameet al.[27], it is clear that these bands are part of a&t K€V impact energies under conditions of negligible mo-
single progression, as envisaged originally by Tana. mentum transfer, which are 'dlrectly qomparable with optical
They are the(0,0—(2,0) bands of theE 33 « X 329— tran-  SPectra. Second, low, and intermediate impact-energy EEL
sition. TheE andB states undergo an avoided crossing in th spectra have been measured for a range of scattering angles

energy region of interest to this study, explaining the anomafl’z"t.’4|7_4§" .prtmmpflllg to enable tt.he d?tern}lnattlor! of d'f.'t
lous behavior of th&e< X system and previous difficulties erential and Integrated cross sections for electronic excita-

in the assignment of the corresponding spectrum. Althouglﬁ'c())rrk;’i dggr? trtgnsfﬁi(é)”rll?tsf ttr?: oilscher;yolgéuIeele%g_ﬁ:pﬁlees:t-
the 3I1, states exhibit a similar avoided crossifitg], the , € OXyg ' 9
resultant spectrum is less prominent than in &%, case resolution measurements in this gro@@-25-meV FWHM

. he el . - - pine are those of Allar{4]. As noted in the reviews of Trajmar
since the electronic transition moment for thH,—X"%, o 5 150, Trajmar and Cartwrighf51], and Itikawaet al.
valencetransition is unusually small28]. However, mea-

X ) ; [52], the measurements in this group are fragmentary, with
surements of the quantum yield for the production of@X  |3rge gaps in the kinematical conditions studied. Sayal.

In t3he photgdmsquatu_)n_of £129-32 show features in the |53 54 have attempted to remedy this deficiency by analyz-
O(°P)+O("P) dissociation channel at 9.15-, 10.66-, andjng 5 Jarge number of spectra taken with impact energies
10.76-eV excitation energies which are associated Withom 15 to 50 eV and scattering angles from 12° to 156°,
*I, X%, transitions. Theoretical treatments of the ghtaining differential and integrated excitation cross sections
Rydberg-valence interactions for thifl, states[33-38  for a number of decomposed spectral features. However,
have shown that thé°IT, andF °II, stateg36] undergo an they published only one spectri63], making it difficult to
avoided crossing in the energy region of interest to thisassess the validity of their spectral decomposition. Spanning
study, and that the 9.15-eV band is a diffuse resonance age two classes of spectra are the measurements of Wakiya
sociated with a plateau in the[1,-state potential-energy [55], taken for impact energies from 20 to 500 eV and scat-
curve, while the bands at 10.66 and 10.76 eV are(h®  tering angles from 5° to 130°. This is the only comprehen-
and(1,0) bands of theF *I1,«X 3 transition. sive data set available, but the spectra have not been decom-
All of the features in the optical spectrum of,@n the  posed into contributions from different electronic states.
7-12 eV range are, to a greater or lesser extent, diffuse due Theoretical discussions of the relationship between opti-
to predissociation or direct dissociation. The applicaf®n| cal and EEL spectra are normally conducted using the con-
of the techniques of scattering thedB88,39 to describe the cept of thegeneralized oscillator strengtfGOS), introduced
half collisionsinvolved in molecular photodissociation has by Bethe[56], and usually formulated within the FBA. In an
led to several coupled-chann@C) studies that have ana- important paper, however, Lassetgeal. [57] showed that,
lyzed quantitatively the © Rydberg-valence interactions. even if the FBA does not apply, a GOS can be defined which
Using the CC formalism of Toropt al. [40] to account for  becomes the optical oscillator strength in the limit of vanish-
the interactions of the Iowes%ZJ states, Wanget al. [41] ing momentum transfer. It follows from this thatggneral-
successfully explained the measured temperature coefficieiged transition momentGTM) can be defined which be-
of the O, photodissociation cross section in the 7.7—9.5-eVcomes the electric-dipole transition moment in the same
range, and, in related woild2], also succeeded in explain- limit.
ing quantitatively the anomalous isotopic shift, linewidth, In this work we are concerned with the evolution of the
and line-shape asymmetry observed for the longest bandnolecular EEL spectrum for electronic-vibrational excitation
More recently, Englanet al. [35], using a CC model that away from the optical spectrum, as the momentum transfer is
treated the interactions between the lowest valence state afcreased. In particular, we address the characteristics of the
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vibrational structure of the EEL spectra of coupled electronicdependence spectra, measured by repetitively scanning the
states by extending the GTM concept beyond the region odnalyzer position with a stepping motor, were corrected us-
applicabilty of the FBA, using a CC treatment of the radialing an average of the instrumental angular response func-
wave functions for the target molecule which is known totions applicable at the incident and residual ener{fés
describe the optical spectrum accurately. This treatment,

which is a natural extension of the FBA theoretical approach . THEORETICAL ASPECTS
of Dillon et al.[17], relies essentially on the adiabatic-nuclei _ o _
(AN) approximation for electronic excitatids8] and results In this work, we are concerned primarily with thelative

in the kinematical effects being contained in the GTMs forintensities of electronic and vibrational features in the EEL
the interacting electronic states. The practical motivation fosPectra of molecules, particularly those associated with inter-
this work lies essentially in the desire to obtain an improvedecting Rydberg and valence states involved in optically al-
understanding of the factors determining the relative intensilowed transitions. The following discussion is restricted to
ties of electronic-vibrational features in EEL spectra with adiatomic molecules and, unless stated otherwise, atomic
view to obtaining realistic spectral assignments. We illustratd!nits (=7%=m,=1) are used throughout in the equations
the principles involved by performing a detailed CC analysis 62]-

of some EEL spectra of the strongly mixed Rydberg-valence

states of @ in the 7-11.2-eV energy-loss region. The spec- A. Kinematics

tra analyzed are the “optical” dipolee(e) spectrum of

Chanetal. [24], the low and intermediate i”?pa"t'e”?fgy electrons with an initial energf; and residual energg, ,
spectra of Allan[4], and some ad(_:hnonal |nterm.e_d|ate following scattering through an angle, is measured as a
impact-energy spectra presented in this work. In addition, W& \nction of energy los8V=E,—E, , equal to the molecular
analyze critically the spectral decomposition techniques use \citation energy. The EELICI’OSrS, sectioW, E, , 6) is di-

) . yb=r
by Cartwrightet al. [59] and Shyret al. [S3] to analyze the rectly related to the differential scattering cross section for

SR continuum. electronic excitation. The momentul transferred to the
molecule in the scattering process is a fundamental quantity
Il. EXPERIMENTAL METHOD in the theory of electron scattering which may be obtained

) i simply from kinematical considerations. If the initial and
All spectra were recorded in the constant residual energy ,«ared electron momenta are givenkbyandk, , respec-
r»

(CRB) mode, in which the energy lo8'is varied by ramp- ey then, from conservation of momentum,
ing the beam energ¥; and detecting electron&cattered
through an angl®) having a fixed energg, . In the present K=k;—k, 1
study, we have supplemented previously reported EEL spec-
tra for O, [4], measured aE,=20 eV, §=10°, andE, and
=2 eV, 6=90°, with new measurements Bf=20 eV, 0 s oo
=0°,5°, 20°, 30° andE, =50 eV, #=0°, 10°. In addition, Ke=k{ + ki —2kik, cos®, v
angular-dependence spectra were measured for some spectral .
features in the energy-loss rangé=7-11.2 eV for re- WhereK, k;, andk, are the magnitudes df, k;, andk,,
sidual energie&, =20 eV and 50 eV. respectively. From conservation of energy,

The experimental apparatus and the procedure for cali- K2 k2= 2W 3)
brating the instrumental response as a function of incident o :

and residual energy have been described in detail elseWheEunation(Z) may be rewritten in terms of the experimental

[60,61]. Briefly, an essentially standard electrostatic spec-
X : : observables
trometer, using hemispherical deflectors for electron energy

selection and constructed with a careful choice of materials, 2_ _EwWrE

was used under computer control to obtain an improved per- KE=A[E, + Wi2= VE (W E,) cosd]. @
formance. The beam source and analyzer were differentially ) N

pumped by a 160-mm-diameter diffusion pump, the collision B. Generalized transition parameters

region by a 400-mm-diameter diffusion pump. This helpedto The differential cross section for the electron-impact ex-
ensure the long-term stability of the apparatug(€9.995%,  citation of a molecule from a ground stade, to the elec-

less than 10 ppm } was introduced into the collision re- tronic stated,, is given by the usual expressipa3]
gion as an effusive beam through a nozzle kept at 317

+3 K. An energy resolution of~25-meV FWHM was do _ K, 2

achieved in the energy-loss spectra, together with an angular a0/ k_ilf“O(kf Kil% ®)
resolution varying from~1.5° FWHM at E,=50 eV

through~2.5° FWHM atE,=20 eV, to~7° FWHM at  where F,o(K, ,k;) is the scattering amplitude for electronic
E,=2 eV. Due to the CRE mode of operation, it was notexcitation. In the AN or nuclear-impulse approximation,
necessary to correct the EEL spectra for the instrumentalhere, classically, the collision time is significantly less than
response function in the particular energy-loss raWge the periods for nuclear rotation and vibration, the molecular
=7-11.2 eV of interest to us in this work. The angular- nuclei may be regarded as fixed during the collision. Under

As implied in Sec. I, in EEL experiments, the current of
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these conditions, the Born-Oppenheim{&O) approxima- The corresponding fixed-nuclei generalized electronic oscil-
tion may be used to separate the nuclear and electronic vaiiator strength(FN-GEQS is given by

ables in the wave function for the molecule-electron system

[64]. In the frame-transformation picture of electron- fro (ke ki ;R)=2W| M [(k, ki ;R)|2. (10
molecule scatterin§65,66], the AN approximation is tanta-

mount to assuming that the fixed-nucl{&iN) approximation Equations(8) and (10) have forms similar to the equivalent
is applicable for all scattering electron-target distances, evefixpressions for the optical electronic and vibrational oscilla-
in the long-range asymptotic region. This assumption is extor strengths f,, and f,, o,», respectively, with

pected to be valid for nonresonant scattering withwell MEC’}'(kr, ki; R) playing the role of ageneralized elec-
above threshold, provided that the scattering is not domitronic transition momentGETM).
nated by strong long-range interactiof&3]. Under condi- In the first Born approximation, which is expected to ap-

tions for which the AN approximation is valid, the scattering ply over a more limited kinematical range than the AN ap-
amplitude for electronic-vibrational excitation may be ex- proximation, following an explicit integration over the coor-
pressed in the BO form 458,63 dinates of the scattering electron, the corresponding
" scattering amplitude can be shown to[A&,69
Foor o (Ke 1K) = (o (R FRY (ke ki iR [x0u(R)),
(6)

where FF\(k,, k;; R) is the fixed-nuclei scattering ampli-
tude for the electronic transitiam— 0, parametrically depen-
dent on the internuclear separati®nof the target diatom,
and xn,’(R) and xq,#(R) are the unperturbe@7] radial
wave functions for the final and initial states, respectively. ME(K,R)= < D,
Since rotational features are not observed generally in EEL

spectra, we have suppressed the rotational quantum number . .
in Eq. (6), labeling the radial wave functions by the upper- wﬁere(l)n and®, are the electronic wave functions for the

and lower-state vibrational quantum numbers, and v”, excited and ground states, respectively, and the summation is

respectively. In their discussion of the AN approximation forover_th_e molecyla_r electrons. As is well knowti7,69, in
the case ofelectronic excitation, Shugard and Hazb8] the I|m|_t of vanishing mome_ntu_m transfdﬂjo, the Born
noted that the range of applicability of E@) was restricted GETM is equal to the eIectrlc—dlpo[e transition moment and
to impact energies well above threshold unless the potentiaf—he Born GEOS is equal to the optical oscillator strength. In

energy curves for the initial and final states were parallel inadd't'on' as noted in Sec. |, Lassetéteal. [57] showed that,

the Franck-Condon region. Th¢g8] circumvented this dif-  €V&" if the Born approximation does not hatioe GEOS still

. : : becomes the optical oscillator strength in te-0 limit.
ficulty, however, by suggesting that the formalism of &) Thus, the relationship between the generalized and optical

could be retained at impact energies closer to threshold b%/ i i b Jed ; I tab
generalizing the FN scattering amplitude to an off-shell ransition parameters may be regarded as formally estab-

B 2
an(K,R)Z—F D,

E expiK-r;) (I)o>, (11
i

and the Born GETM is given by

K1Y expliK-r)) (I)o>, (12)
i

quantity, with a resultant explicit dependencewn In this lished.

case, it may be possible to subsume thisdependence into

an effectiveFN scattering amplitude in E6) with a differ- C. Relative intensities

entR dependencesg). In the adiabatic-nuclei approximation, the relative inten-

In this work, we are interested in comparisons betweensjties of the individual vibrational levels of the AN-GVOS
the optical and EEL spectra and it is, therefore, convenient tpeq. (8)] are determined essentially by the behavior of the
extend the notion of the generalized electronic oscillatolFN-GEOS as a function d, , k;, andR. In the first Born

strength(GEOS, defined by Beth¢56], and, by analogy, to  approximation, the FN-GEOS is dependent specifically on
introduce the adiabatic-nuclei generalized vibrational oscillax 2 andR. In their study, within the framework of the FBA,

tor strength(AN-GVOS) defined by Dillon et al. [17] considered the problem of relative vibra-
) tional intensities using accurate multireference single- and
FAN (k k.):ﬂvu:AN (k, k)2 @) double-excitation configuration-interacti¢fRD-CI) calcu-
no’,0p" R 2 7wl Ou A lations of the FN-GEOS for th&«— X andB« X transitions

of CO and theE« X transition of Q. They[17] pointed out
Using Eq.(6), Eg. (7) may be rewritten as that the shape of the vibrational envelope of the GVOS for a
AN N given electronic transition would be preserved for different
fror 0or(Ke 1K) =2W[(xn, (R)| M 5Ky ki s R) X0, (R, scattering angles if the FN-GEOS for differéRtvalues(in
(8) the Franck-Condon regigmxhibited similar dependences on
K?, and their MRD-CI calculations indicated that such be-
where havior was indeed to be expected for the- X transition of
K CO. This computational result is consistent with the experi-
FN DY NEN ) mental observatior{12] of vibrational GVOS envelopes
Mino(kr ki iR)= ano(kr KiiR). © which do not vary significantly with kinematical conditions
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for several “normal” molecular transitions, including tile  necessary to treat the resultant breakdown of the Born-

«—X system of CO, where the upper states of those transi©ppenheimer approximatioim the isolated molecul¢70].

tions exhibit no significant interactions with other electronic As we shall see, this can be accomplished easilthin the

states. Conversely, the MRD-CI calculations of Dillenal. ~ Born-Oppenheimer framewaqrlby considering specifically

[17] show conclusively that the vibrational GVOS envelopesinteractions between the BO molecular basis states and using

for transitions involving upper states which are of signifi- the resultant coupled-channel radial wave functions in a mul-

cantly mixed character, involving avoided crossings betweetichannel version of Eq(8).

two states of like symmetry, may vary rapidly with the scat-  All of the excited electronic states of,@onsidered in this

tering conditions. This provides an explanation for the apparwork (7—11.2 eV lie above the first dissociation limit at 5.21

ently anomalous behavior of some vibrational peaks in EELeV and are subject to either direct dissociation or predisso-

spectra, e.g., in th&«X transition of CO and th&« X  ciation, resulting in an essentially continuous excitation cross

transition of Q. section interspersed with predissociating resonances of vary-
The experimental results discussed by Lassettre and cdng widths. It is well known from theoretical considerations

workers[12,57] show conclusively that the GVOS vibra- [71] that the optical oscillator-strength densily,,/dW is

tional envelopes in EEL spectra for a number of molecularcontinuous across a molecular dissociation limit and, for ex-

transitions do not vary significantly with the kinematical ample, this has been verified experimentally for the

conditions, even for impact energies where the FBA is noiSchumann-Runge system of, §72]. Accordingly, Eq.(8),

expected to apply. Lassettfé@2] explained these observa- which is written for the case of discrete excitation, can be

tions using simple arguments, based on the Franck-Condageneralized to the case of continuous excitation via the rela-

principle, which were not dependent on the projectile energytion [70]

and Lassettret al.[57] suggested that the concept and defi-

nition of the GEOS be extended into kinematical regions

where the FBA is invalid. The adiabatic-nuclei approxima- df/:W oo (Kr 1 Ki) N )

tion assumed in this work is consistent with these observa gy~ 2 MXnw(R)[ Mo (K i ;R) [xo, (R)I,

tions and suggestions. The AN-GVOS is given by the key (14)

relation, Eq.(8), wherein the fixed-nuclei GETM is averaged

over the vibrational wave functions of the upper and lower

electronic states. It is not necessary to make assumptiongherey,w(R) is theenergy-normalizedadial wave function

about the nature of the parametiR dependence of the [70]for the upper state, labeled by the good quantum number

GETM, but it is noted that invariance of the AN-GVOS un- W.

der different kinematical conditions requires, effectively, that

the FN-GEOSEQ. (10)] exhibits a similar dependence &p

andk; for the range oR values in the Franck-Condon region D. The coupled-channel method

necessary to describe the range of vibrational levels of inter- Thus far, we have considered excitation into the vibra-

est. tional levels of a single molecular electronic state. In the case
In the calculations of this work, the GETM is treated as anof Rydberg and valence states of the same symmetry with

R-dependenparametenwhich can be determined empirically molecular-orbital configurations differing in one or two of

by comparison between the calculated AN-GVOS, definedhe occupied orbitals, such as thH, and °S states of G,

by Eq.(8), and the experimental GVOS, defined [87,69  respectively, there may be strong interactions which invali-

2 date the Born-Oppenheimer approximation for the isolated
fror 0or(Er,0)= Unu' oo (Er,6), (13)  molecule[70]. As we have foreshadowed in Sec. Il C, the
2 Ky breakdown of the BO approximation may be addressed by

using a coupled-channel model in which the interactions be-
where o, o,7(E;,6) is the EEL cross section for tween the BO basis states are included explicitly. In the adia-
electronic-vibrational excitation. The form of E() is par-  batic basis, the adiabatic potential-energy curves for the BO
ticularly suitable for a study which is concerned with the basis states exhibit an avoided crossing and these states in-
relationship between optical and electron-impact excitationteract nonadiabatically through an off-diagonal element of
as the detailed molecular physics embodied in ding@er-  the nuclear kinetic-energy operator. In the diabatic basis, the
turbedvibrational wave functions is identical for each mode diabatic BO basis-state potential-energy curves cross and in-
of excitation, the kinematical effects being isolated in theteract through an off-diagonal element of the electrostatic
GETM electronic parameter which reduces to the electricHamiltonian 7 ®. Provided that a complete electronic-state
dipole transition moment in the limit of zero momentum basis is employed, then the results of CC calculations are
transfer. Thus, it is possible to treat the electronic states ahsensitive to the choice of an adiabatic or diabatic basis set.
the molecule to any desired order of approximation, using|n practice, it is sufficient to include only enough interacting
for example, state-of-the-art potential-energy curves deterelectronic states to describe accurately spectra in the energy
mined ab initio, or from high-resolution optical spectra, in region of interest. In this work, we choose the diabatic BO
the determination of the vibrational wave functions. Sincebasis, as this has the attractive property that the wave func-
the primary purpose of this work is to consider the EELtions, potential-energy curves, and coupling matrix elements
spectra of electronic states which are strongly coupled, it isan be expected to change smoothly with
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The techniques of scattering theof$8,39 have been
adapted to the calculation of molecular photodissociation
cross sections. The CC formalism, detailed by van Dishoeck [ -
et al. [37] and Toropet al. [40], is particularly suitable for “f =
treatment of the strong Rydberg-valence interactions jn O !

and has been applied previously to explain unusual features < 100 - = B’ (Rydberg)‘:
in the optical spectrum of this molecUl85,41,42,73 In this CAEN \ ]
work, we use the CC method to obtain accurate coupled w oo b TR L.

radial wave functions for the target molecule, while retaining T B \P % (valence) ]
the adiabatic-nuclei approximation in the description of the 1 ’ ; o ]
scattering process. In this approximation, the evolution of the 8o N\ OPHOCP)

EEL excitation spectrum from the optical limit as the mo-
mentum transfer increases is governed, essentially, only by
the relative changes in the GETMs for the transitions into the
interacting states.

Details of a CC formulation suitable for the description of
rovibronic photodissociation of Ohave been given by
Lewis et al.[73]. This treatment can be extended readily to a
description of electron-impact excitation. Briefly, if we ne-
glect rotation, fine structure and degeneracy factors, the AN- ]
GVOS density for excitation from an initialuncoupled 05 10 a1 12 s 14 s
electronic statedb, into the m coupled statesb,, which RA)
includem, open channels, is given, in matrix form, by

M(a.u.)

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

df*N (E..0) tion moments(solid lines, potentials labeledl, E, E’, in order of
W,00"" 77" =2WI|{ xw( R)|MFN(Er ,G?R)|X00"(R)>|2, increasing energy foR>1.2 A) used in the three-state coupled-
dw channel calculations of the differential optical oscillator strength for

(19 the mixed Rydberg-valencés , X 3% transitions of Q. The

wherexw(R) is the CC diabatic radial wave-function matrix ehergy scale is referred to the minimum in the 9f9””d'9‘ﬁ?°‘§g )
. . EN Ty potential-energy curve(not shown. Corresponding adiabatic

of dlme_nS|0nr_n>< Mo, an_dM (E.0: R). Is the GETM vecf potential-energy curves and electronic transition mométashed
tor Qf dlmenS|orrFT'1\‘>< 1 with ek?mems 'glven by th_e diabatic- lines, labeled, E, E'), determined by transformation of the diaba-
basis GETMsM ;. The matrix notation makes it clear that ic quantities using the Rydberg-valence couplings in @8), are
Eq. (19 is the CC analog of the single-channel Etd). The  aiso shown. Coupled-channel energies for the upper resonances are
CC radial wave-function matrixy(R) is the solution of the indicated by horizontal lines, associated with the adiaifadE’
diabatic-basis CC Schdinger equations, expressed in ma- potential-energy curves.

trix form,
42 325<—X3E§ photoabsorption spectrum of,(341,42,73.
l— +2u[WI—=V(R)]{ xw(R)=0, (16)  These studies were restricted to two-state models in which
R only the interaction between theﬁrrg valence state and the
wﬁwQSpwu Rydberg state was considered. As has been
noted by Lewiset al. [73], two-state models provide an ac-
curate description of the spectrum only for excitation ener-
gies =10.3 eV. In this work, we extend the previous CC
models to include the gar, Rydberg state. As we shall
how, the three-state model provides a good description of
he spectrum for excitation energiesl1.2 eV, covering the
region of interest.
The diabatic potential matrix for th&, | states is given

By [74]

where u is the molecular reduced mads,is the identity
matrix, andV(R), of dimensionmXxm, is the symmetric
diabatic potential matrix. The diagonal elementd/¢R) are
the diabatic electronic potential-energy curv&,(R)
=(®d,|H®|®,), and the couplings between the interacting
electronic states are given by the off-diagonal elements o
V(R), Vpj(R)=(®,|H®®;). In this work, the AN-GVOS
densities calculated using E@L5) are compared with the
experimental GVOS densities determined from EEL spectr
using the continuous analog of Ed.3) [69],

de,Ou/r(Er 10) N KZW ki do—W,OU"(Er 10) Vé( R) 05000 .25
" et W .17 V(R)=| 0.5000 Vg(R) 0 : (18
0.2508 0 Ve(R)

IV. RESULTS AND DISCUSSION
B uze— » where the diagonal elements are the diabatic potential-energy
A. The "%, «X"%q transitions curves shown in Fig. 1, and the off-diagonal couplings are in
The coupled-channel technique has been applied preveV. The corresponding diabatic electronic transition-moment
ously to gain an understanding of various aspects of th&ector is given by
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Mzx(R) 020 prr—r—
M(R)=| Mex(R) |, (19 - ]
Mex(R)

where the individual elements are also shown in Fig. 1. The
potential matrix and electronic transition-moment vector
were determined using a least-squares procedure in which
the results of CC calculations were compared with high-
resolution optical measurements for several isotopomers.
Specifically, energies, predissociation linewidths, oscillator
strengths, and, where possible, rotational constants associ-
ated with theE(0), E(1), andE(2) levels[25,75], theE(4)
andE(5) levels[76], and theE’(0) level [77] were used in

this iterative procedure, together with experimentalfy
+O(P) photodissociation cross sectiof9,30, for exci-
tation energies from 7 to 9.8 eV, which can be associated
with the B X transition. It was assumed in deriving the CC
model that the Rydberg-valence couplings wBrendepen-
dent, but it was necessary to assume lineatependences o N
for the electronic transition moments in order to reproduce 8.0 9.0 100 1o
correctly the relative strengths of the spectral features. The Wev)

calculated cross sections were insensitive to the values of the g1 2. (3 The rotationless differential optical oscillator
couplings and transition moments outside the FranCkstrength for the mixed Rydberg-valent®; —X 33 transitions of

Condon regionR~1.1-1.3 A). _ O,, calculated using the three-state coupled-channel model of Sec.
The adopted diabatic model parameters are in reasonabj¢ A with the parameters given in Fig. 1 and EL8). Upper

agreement with recerb initio calculationg 78] and, where  adiabatic-state assignments of the spectral features are also indi-
comparisons are possible, are in good agreement with theated.(b) The rotationless differential optical oscillator strength for
results of previous two-potential CC studip$l,42,73. It the mixed Rydberg-valencl,—X 3 ; transitions, calculated us-
can be seen in Fig. 1 that the model diabatic potential-energipng the three-state coupled-channel model of Sec. IV B with the
curves and electronic transition moments are physically reaearameters given in Fig. 3 and E0). (c) The experimental dipole
sonable, varying smoothly witR. Energies for the ionlike (e,e) differential “optical” oscillator strength of Chaet al. [24]
3pm, and 4, potentials correspond to quantum defects(open circles compared with a rotationless coupled-channel calcu-
5~0.8. The fitted Rydberg-valence couplings in Ef8), lation (solid line). The calculated oscillator-strength density is the
and the diabatic Rydberg electronic transition moments irfum of separate optical, —X *%y and *I,—X *X4 contribu-

Fig. 1, at least in the Franck-Condon region, behave in reat_ions[(a) + (b)], degraded with an effective instrumental resolution
sonable agreement with the expectext X—3/2 scaling[70] of 58-meV FWHM. To emphasise the good agreement between the

wheren* =n— & is the effective principal quantum number. shapes of the experimental and calculated spectra, the experimental

A rotationless optical CC cross section for excitation intoosc'”"j‘tor'Strength density has been lowered by 3%.
the 32; states was calculated using E¢k5) and(16) with
the diabatic model parameters of Fig. 1 and Ed$) and adiabaticB-state potential, the rapid decrease in the cross
(19). The diabatic CC radial wave functiong,(R), normal-  section near 9.1 eV being caused by the avoided crossing
ized according to the method of Mi¢38], were calculated between theéB andE states and the corresponding flattening
by solving Eq.(16) using the renormalized Numerov method in the B-state potential, together with the associated decrease
of Johnsor{79]. The ground-state vibrational wave function in the adiabatiB+« X electronic transition moment. Most of
xxo(R) was calculated using a Rydberg-Klein-Reesthe predissociating resonances above 9.8 eV can be associ-
potential-energy curve for thg 32§ state constructed from ated with the bound levels of the-state potential which is
the spectroscopic constants of Co$Bg]. formed by the interaction between the valence state and the

The calculated cross section is shown in Figa)2in the  3pm, and 4o, Rydberg states. The narrow resonance near
form of a differential optical oscillator strength, as a function11.03 eV can be associated with the lowest level ofEhe
of the excitation energyW. The origin of the interesting state which is the upper state formed by the interaction be-
spectral features in the calculated cross section may be utween the valence andp4r, Rydberg state§81]. It should
derstood qualitatively by reference to the adiabatic potentialbe emphasized at this point that this adiabatic picture, while
energy curves and electronic transition moments shown imstructive, has only qualitative significance. Neither the di-
Fig. 1, which were calculated from the corresponding diabaabatic nor the adiabatic potential-energy curves exactly rep-
tic parameters using the model Rydberg-valence couplingeesent the observed energy levels and it is necessary to em-
and the usual diabatic-adiabatic transformatiof7]. ploy the CC method to obtain realistic energies and cross
Briefly, the broad continuum and subsidiary maxima in thesections. The adiabaticity parame{&2,83 for the lowest
7-9.8-eV region may be associated with transitions into the’s,; crossing is{~ 1.3, implying character intermediate be-
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tween adiabatic and diabatic for tle and E-state levels in 2oV
this region. I
Vibrational progressions for transitions into noninteract- ok
ing Rydberg states of Oconverging on the ground state of B W —
O," (equilibrium internuclear distandg,~1.1 A) are ex- i
pected to be short, since the equilibrium internuclear distance < 100
for the X32§ state of Q does not differ significantly R ~ [
~1.2 A), resulting in rapidly decreasing Franck-Condon 00 |
overlap factors forv’>2. However, the strong Rydberg- ! J°m,
valence interaction for the lowesE  states, which results .
in a considerable distortion of tHe-state potentia(Fig. 1),
alters this picture. The calculated intensity distribution for [ ]
the sixE« X bands shown in Fig.(2) exhibits an interesting A B L B BN LI
interference effect which can be understood qualitatively by i
referring to the electronic transition moments in Fig. 1. In the
current model, the signs of the off-diagonal elements of the
potential matrix, i.e., the Rydberg-valence couplings, are
taken as positive. With this assumption, in order to correctly
reproduce the experimental intensities, tH¥, interaction
model requires that the Rydberg and valence diabatic elec- -0_40_9' — P R R -1"5
tronic transition moments haw@positesigns. Since the sig- ' ' T RA) ' ‘
nificant matrix-element producttzyx(R) Ve (R) Mex(R) is
negative there is the possibility of destructive quantum in-  FIG. 3. Diabatic potential-energy curves and electronic transi-
terference between the Rydberg and valence transition antion moments(solid lines, potentials labeled, F, F’, in order of
plitudes[70]. In fact, theadiabaticelectronic transition mo- increasing energy foR>1.25 A) used in the three-state coupled-
ment for theE« X transition (Fig. 1) passes through zero channel calculations of the differential optical oscillator strength for
nearR=1.23 A, leading to the possibility that some vibra- the mixed Rydberg-valencéll,—X % transitions of Q. The
tional bands of th& — X system may be anomalously weak. energy scale is referred to the minimum in the ground-state ;
Indeed, the calculated spectrum of Figa)2shows that the potential-energy curve(not shown. Corresponding adiabatic
(3,0 band is much less intense than either (2@®) or (4,0) potential-energy curves and electronic transition mométashed

bands, providing a partial explanation for the lack of detec-"nes labeled), F, F"), determined by transformation of the diabatic
tion of the (3,0 band in any experimental spectrum. guantities using the Rydberg-valence couplings in(26), are also
shown. Coupled-channel energies for the upper resonances are in-

dicated by horizontal lines, associated with the adiabdtic

F°11, (Rydberg)]

J°m, (valence) 1

8.0

M (a.u.)

B. The °II,« X332 transitions potential-energy curve.
The coupled-channel technique has been applied by En- Ma(R
gland et al. [35] to a comprehensive assignment of mixed x(R)
Rydberg-valence’ll X3, bands of Q. Englandet al. M(R)=| Mgx(R) |, (21)
[35] employed a CC model which treated the interactions Mg (R)

between therjjmyo, valence state and the]mynpo, Ryd-
berg states witn=3-7. For consistency with ou’%,  \here the individual elements are shown in Fig. 3. Data used
model of Sec. IVA, we have simplified their description to optimize the diabatic model parameters included energies,
[35], resulting in a three-state model sufficient to describerotational constants, predissociation linewidths, and oscilla-
the spectrum accurately for excitation energie$l.2 eV. tor strengths associated with tHg0), F(1), F(2), and
The diabatic potential matrix for théll, states is given F(3) levels [35], together with experimental &p)
by +O(P) photodissociation cross sectiof29,30 which can
be associated with th&— X transition.
Vi(R) 08721 0.421 Most of the comments made in Sec. IV A regarding the
V(R)=| 0.8721 Vg(R) 0 : (200 33, Rydberg-valence interaction can be applied equally to
0.4219 0 V&(R) the 31, interaction and will not be repeated here. However,
there are two differences of degree which should be noted.
First, whereas the principal molecular-orbital configurations
where the diagonal elements are the diabatic potential-energyf the 33, valence and Rydberg states differ in two of the
curves shown in Fig. 3, and the off-diagonal couplings are iroccupied orbitals, in the case of tHEl, states the difference
eV. We have introduced the nomenclatudeandJ to indi-  is only one orbital. This implies a stronger Rydberg-valence
cate the valence potential and the lowest adiab%iﬂg po- coupling (0.87 eV for then=3 interaction, compared with
tential, respectively. The corresponding diabatic electroni®.50 eV for the33, casg which results in a much more
transition-moment vector is given by strongly avoided crossing and the repulsion of thstate
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levels to significantly higher energies than tiatate levels. reported absolute oscillator strengths in the 5—30-eV energy-
Second, whereas the diabatic Rydberg electronic transitioloss range, derived from EEL spectra measured with an im-
moments in the Franck-Condon region are of similar magnipact energy of 3 keV, a mean scattering angte0°, and an
tudes for both symmetries, the valence moment for3ig  instrumental resolution of 48-meV FWHM. The momentum
symmetry is more than an order of magnitude smaller thafransfer applying to these dipolee,€) spectra was suffi-
the corresponding moment for th&; symmetry. This lat-  ciently low for the optical limit to be valid. Chaet al. [24]
ter result is consistent withb initio calculations{28,33). converted their EEL spectra into differential oscillator
The consequences of these differences are evident in th@rength spectra using a modified version of B®) which
calculated rotationless CC cross section for excitation intQnc|uded careful allowance for the effects of limited instru-
the °II,, states, which is shown in Fig(12. Because of the  menia| angular resolution about the 0° scattering angle.
small valence electronic transition moment, there iS NOrpeir oscillator strengths were calibrated in the 26-eV

strong continuum. Thd«X features are confined to a nar- energy-loss region against earlier low-resolution dipele)

row energy region near 9.15 eV and are associated with th : . :
flattening of theJ-state potential produced by the strongly fgggtdra(gif?hg?rﬁgn?;gRbeﬁgﬁe?lgawr?hszuerg EJ jé? g procedures
avoided crossing with th& state. As has been discussed The differential “optical” oscillator-strength spectrum

fully by Englandet al. [35], the irregular vibrational struc- determined by Chat al.[24] is compared in Fig. @) with

ture of the F state arises essentially from the double- S
minimum nature of thé-state potential which is formed by ©Ur calculated CC spectrum. The CC spectrum is simply the

strong interactions between the valence state and fig,3 Sum of the rotationless CC spectra for the, X °3; and
and 4o, Rydberg states. *M,—X33 transitions, given in Figs.(@ and 2b), re-

The adiabaticity parameter for the lowe¥i , crossing is ~ spectively, following convolution with a Gaussian function
{~2.9, implying character tending towards adiabatic for theof 58-meV FWHM. The experimental spectrum has been
J- and F-state levels in this region. In the adiabatic picture,lowered by 3% to emphasize the excellent agreement be-
the predissociation broadening of tRestate levels is caused tween the shapes of the calculated and measured spectra.
by coupling of the adiabatiE state to the repulsive adiabatic Differences between the spectra are insignificant. First, the
J state(Fig. 3) through nonadiabatic interactions. Higher val- relatively small discrepancy between the 48-meV FWHM
ues for the adiabaticity parameter imply smaller nonadiabatiéstrumental resolution quoted by Chanal. [24] and the
coupling and, hence, a smaller probability of predissociation®8-meV FWHM resolution used by us to optimize the agree-
This explains qualitatively why th&-state levels shown in ment for the sharp peaks can be explained, at least in part, by
Fig. 2(b) are significantly narrower than the-state levels the neglect of rotational structure and fine structure in the CC
shown in Fig. 2a). calculations. Second, the 10 meV discrepancy between

Although there are no large interference effects evident irthe energy scales evident from an inspection of the peaks in
the calculated vibrational intensity distribution for tile  the 10-11 eV energy-loss region, which is, in any case,
—X bands, it is clear from the model electronic transitionsmall compared with the instrumental resolution, can be un-
moments shown in Fig. 3 that such a possibility exists. Asderstood by noting that the experimental energy scale was
for the 33 case, in order to explain the observed intensitiescalibrated only against a He transition at 21.218 eV energy
it is necessary that the matrix-element product|035[84]- Third, t_he 3% dlscrepanpy between the experimen-
Mix(R)V32(R) Mex(R) is negative As a consequence, the tal _and_ CC_ o_scnlator strengths in theQ-c_aV energytloss
adiabatic electronic transition moment for the—X transi-  'egion is within the combined uncertainti¢85] and is a
tion passes through zero neBe=1.20 A, leading to the testament to the rel|ab|I|ty.of the !Be_the—B_orn fa_ctor.em—
possibilty of destructive interference effects controlling thePloyed by Charet al. [24], since their intensity calibration

intensities for some of thE —X bands. point is at 26-eV energy loss.
Two conclusions follow from the excellent agreement be-

_ tween the experimental and calculated spectra of Fig. 2
C. The optical spectrum First, notwithstanding a limited instrumental resolution, the

It is of interest to compare the calculated optical CC spec¢l@im by Charet al.[24] to have measured an absolute “op-
tra for the electric-dipole-allowed transitions of @ith elec-  fical” spectrum has been verified, since the CC spectrum is
tron energy-loss spectra taken under conditions of vanishingaseéd on a fit to very high-resolution absolute optical cross
momentum transfer. Geiger and Sotheo[16] measured a Sections. Second, we have shown that a coupled-channel
very-high-resolution EEL spectrum of,0n the 6.8—21-eV model b_ased on three—statia treatments of the _Rydberg—
energy-loss range, taken with an impact energy of 25 ke\alence interactions for th&. | and ®I1,, states explains all
and small scattering angle, but only relative intensitiesSPectral features in the 7-11.2 eV energy-loss rangti-
rather than absolute oscillator strengths, were reportedatively. Clearly, the bulk of the observed oscillator strength
Huebner et al. [45] reported oscillator strengths in the arises from the® X33 ' transitions, with the lowest-
6-14-eV energy-loss range, derived from EEL measureenergyJ I, X33 = feature appearing only as an inflec-
ments taken with an impact energy of 100 eV and a smaltion on the high-energy side of th&«— X continuum. The
scattering angle, but these results must be regarded as doubtst four peaks in the high energy-loss region, i.e., the long-
ful since the momentum transfer was too large for the opticaést, second, and third bands and th€)« X band, are
limit to apply [24]. More recently, Charet al. [24] have single, while the four discernible peaks at higher energy loss
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consist of overlapping transitions involving tBe E’, andF E
states. The assignments in Figc2correct those of Buenker W
et al.[21], repeated by Chaet al.[24], which were in error ;
for the F« X transitions.

D. EEL spectra at intermediate impact energies

Relative Intensity
3

In this section we extend the coupled-channel treatment to
a description of EEL spectra for impact energies where the
optical limit is inapplicable. This is achieved by retaining the
CC models detailed in Secs. IV A and IV B to describe the [
structure of the mixed Rydberg-valence states of theaD @k
get molecule, but allowing the elements of the electronic :
transition moment vector to vary. This approach is consistent
both with the philosophy of the generalized electronic tran-
sition moment espoused in Sec. Il and the general FBA
formalism of Dillonet al.[17].

The relative intensities of vibrational features arising from
transitions into Rydberg-valence coupled states of a given 3
symmetry depend essentially on ttatio of the Rydberg and 10°
valence GETMs. For simplicity, we consider only that pa- i AR h S — ]

. . . -1.0 0.0 1.0 20
rameter space in which the relatiR dependences of the = (3/9)/(34/9C)
relevant elements of the GETMs remain constant, and in o
which then=3 andn=4 Rydberg GETMs are scaled by a  FIG. 4. Variation in the relative intensities of vibrational fea-
common factor relative to the valence GETM. In this casetures in the optically allowed electronic transitions of €lculated

Relative Intensity

we can define a single dimensionless parameter using the coupled-channel method, as the ratio of the Rydberg and
valence generalized electronic transition moments is changed from
r=(Mgr/M)/(MgIM)qp, (22 the optical value(a) The 33 X 32§ transitions as a function of

rs. (b) The ’II,«X 3% transitions as a function of .
where the subscripts R andindicate the (=3) Rydberg
and valence moments, respectively, in terms of which theptically allowed transitions of Qare presented for selected
relative intensities computed using the CC technique may bgombinations ofy, ry, and3:II weights, chosen so as to
described. As implied by Eq22), values of this parameter optimize overall relative agreement with the experimental
for each symmetryys andry, are normalized using the oscillator-strength densities summarized in Figp)Sor vari-
optical-limit moments given in Secs. IV A and IV B for the ous non-FBA scattering conditions. The experimental
33, and ®I1, states, respectively. oscillator-strength densities were derived using EL?)

In Fig. 4(@), the results of CC calculations of the relative from the EEL spectra measured here and in R&f. The
intensities of the®s | « X 325 EEL features are presented computed densities, obtained using Etp), are the sums of
for a wide range of transition-moment ratios, with all  separate rotationless CC calculations for &anjex%g
values given relative to the intensity of the longest b&nd and 3I1,—X 33 transitions, degraded by convolution with
«<X(0,0) [86]. It is evident from Fig. 4a) that allowing the  a Gaussian function of 30-meV FWHM to account for the
transition-moment ratio to vary from the optical value, effects of limited instrumental resolution and broadening due
achievable experimentally through, e.g., the employment ofp the neglected rotational and fine structure. Both the com-
electron-impact excitation, allows a rich range of behaviorputed and experimental spectra in Fig. 5 are normalized to
of the relative intensities to be accessed. Rapid changes the same constant integrated intensity for the longest band.
the relative intensities occur, especially near the intensityunder all conditions, the experimental spectra are contami-
minima occurring for particular resonances as the destructivRated by the effects of electric-dipole-forbidden transitions,
quantum-interference effects vary withy . Similar com-  particularly theg«g transitions into the 8, 4s, and 3
ments apply to the CC calculations of relative intensities forRydberg states, indicated on Fig(bh Nevertheless, it is
the 3Hu<—X3Eg’ transitions, shown in Fig.(#) relative to  clear that many features arising from the optically allowed
the F—X(0,0) intensity[86]. However, in this case the in- transitions vary markedly in relative intensity as the scatter-
teresting region of most rapid change occurs fgr<1, ing conditions are varied. In particular, for the case of tran-
rather thanry>1 in Fig. 4a). This difference in behavior sitions into the® | states, intensities of both the SR con-
occurs because of the vastly different optical transitiontinuum B« X and the second ban&«— X(1,0) decrease
moment ratios for the two symmetrigsee Figs. 1 and 3; the rapidly with respect to that of the longest bae-X(0,0) as
optical (n=3) Rydberg:valence ratios are approximately 0.3the momentum transfer increases. In the case of°ifg
and 3, for the325 and 311, states, respectively, ne& states, under the same conditions the relative intensity of the
=12 Al F+X(0,0) transition at 10.66 eV at first decreases rapidly

In Fig. 5@, computed oscillator-strength densities for thefrom the optical valugsee Fig. 2c)], then passes through a
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high-resolution optical oscillator-strength measurements
FIG. 5. Comparison between experimental and modeled eled25,35,75,77. The 10.80-eV peak is unique in corresponding
tron energy-loss spectra for,Gn the 7.1-11.2-eV energy-loss re- purely to an optically forbidden transition. We assume that it
gion. All spectra have been normalized to a constant integratedorresponds principally to B8—X(1,0) and 4« X(2,0)
intensity for the longest-band peak at 9.97 el Summed transitions[88]. Adopting the additional assumption that the
oscillator-strength densities for the optically allowed transitions,contributions of other vibrational levels of thed3s«— X
33, X33, and *l,—X3%%, calculated using the coupled- systems to the peaks at 10.57 and 11.03 eV have the k&me
channel method, with indicated parametegsandry; optimized by dependences as that for the 10.80-eV peak, we have cor-
overall comparison with the experimental spectra. The computegected the relative intensities of the 10.57 and 11.03 eV
spectra have been convolved with a Gaussian instrumental functio,geakS for the effects of the optically forbidden transitions.

of 30-meV FWHM. (b) Experimental oscillator-strength densities This was achieved by applying scaling factors to the 10.80-
for various indicated scattering conditions. In addition to the opti-ev intensity of 0.7 and 0.8, respectivel§9)]

cally allowed transitions, all experimental spectra contain features In Fig. 7, intensities of all accessible EEL peaks arising
arising from optically forbidden transitions, especially the-g from 32_;)(32_ transitions are plotted as a function of
u g

transitions into the indicateds3 4s, and 31 Rydberg states. o o .
3 yeberg K2 and compared with intensities computed using the CC

minimum, and finally increases rapidly. Two points are wor-method, plotted as a function of-Irs . Both the experimen-
thy of note following a comparison between Figga)sand  tal and computed intensities are given relative to that of the
5(b). First, the general behavior of the relative experimentalongest band=—X(0,0). The experimental intensities have
intensities for the optically allowed transitions is reproducedbeen derived from the spectra in Figh5[90], with K?=0
in the computed spectra. Second, the valuessoind ry values obtained from various optical spectra and oscillator-
necessary to achieve this agreement decrease from unity tétrength measuremen{4,25,75,77,91L The E«X(2,0)
wards zero as the momentum transfer increases, in qui@ndE’+X(0,0) intensities in Fig. 7 have been corrected for
similar ways for each symmetry. the effects of optically forbidden transitions, as described in
In order to establish the detailed behavior of the opticallythe previous paragraph. In addition, tGe-X(4,0) andE’
allowed EEL peaks in Fig.(5), it is necessary to make al- <—X(0,0) intensities have been corrected for the effects of
lowances for the contributions of optically forbidden transi- weakerF X transitiong 92]. “Structures” observed at low
tions. In Fig. 6, the relative intensities of three peaks atK? values in the experimentdi—X(2,0) andE’«X(0,0)
10.57, 10.80, and 11.03 eV, deduced from the experimentahtensities in Fig. 7 are probably artifacts related to inad-
spectra of Fig. B) and plotted as a function ¢f?, are seen equacies in the correction process for the optically forbidden
to exhibit somewhat similar behavior, with rapid initial in- contributions.
creases in relative intensity, followed by gentle decreases, Overall, relative to the intensity of the longest band, in-
and finally strong increases, K< increases. These peaks aretensities of the EEL features arising from the Rydberg-
very prominent in theE,=2 eV, #=90° spectrum and co- Vvalence mixed3EJ<—X32§ transitions illustrated in Fig. 7
incide with the known energies of transitions into vibrational exhibit a wide range of non-Franck-Condon behavioK&s
levels of A and 4s Rydberg states of various symmetries increases, ranging from a large decrease for the second band
[87]. TheK2=0 points in Fig. 6 were deduced from various E+X(1,0), through a small decrease fEk—X(5,0), to a
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FG. 7. C . betw th . tal and del b FIG. 8. Comparison between experimental and model behavior
- [. omparison between e expenmental and model beat the relative intensities of energy-loss features associated with
havior of the relative intensities of energy-loss features assoc'ateﬁ‘ansitions into the mixed Rydberg-valendH , states of @, nor-
with transitions into th_e mixed_F_%ydberg-vaIenEEJ states of Q, malized to the peak at 10.66 eEVabeIedF(Ou)], for a raﬁge of
for a range_of scatterlng condltlons. All results have been norrmll'scattering conditions. The contrasting behavior of the transitions
ized to the integrated intensity of the longest bélatheledE(0)],

_ into theF °I1,(0) andE %3 (0) states is also shown in the upper
and the experimental results fB(2), E(4), andE’(0) have been ! «(0) u(0) I wn ! op

ted for the effects of lapping 1 i Th . panels. The experimental intensities, plotted as a functiol %of
corrected for the etlects of overlapping ;ans_l lons. The experlmen(circles: E,=20 eV; upward trianglesE, =50 eV; downward tri-
tal intensities, plotted as a function &< (circles: E,=20 eV;

. . angles:E, =2 eV), correlate with the model calculations, plotted
upward triangles:E,=50 eV; downward triangles,=2 eV),

correlate with the model calculations, plotted as a fuction of 1as a function of +ryy.
- X3 systems of @ makes them difficult to study, but it
significant increase foE’ — X(0,0). Thus, the unusual per- is possible to obtain useful intensity information on the lower
sistency of the longest band under all scattering conditions ilevels from the EEL spectra of Fig.(. In Fig. 8 (lower
not unique, being nearly matched X (5,0) and ex- panel$, experimental intensities for the)—X and F
ceeded byE’—X(0,0). While there is a small, systematic < X(1,0) bands[93], relative to that forF«X(0,0), are
dependence of the experimental relative intensitieEonas ~ plotted as a function dk? and compared with corresponding
might be expected under non-FBA conditions, with, e.g., theCC calculations, plotted as a function of-ty. The K?
50 eV values generally exceeding the 20 eV values, thissO points were obtained from experimental optical
energy dependence is dwarfed by the major variations causegbcillator-strengthg30,35, and theF«—X(1,0) intensities
by the Rydberg-valence interactions discussed here. Remarkave undergone a small computed correction for the effects
ably, the behavior of the computed relative intensities in Figof the weak E<X(3,0) band. Both theJ—X and F
7 matches the experimental behavior in detail for all featuress—X(1,0) experimental relative intensities in Fig. 8 rise to a
with the exception ofE«X(5,0) where the experimental maximum and then fall off rapidly a&? increases, behavior
values decrease slightly & increases, while the computed quite different from that observed for the corresponding
values increase slightly as-Iry increases. Overall, these 32;%)(325 transitions. Nevertheless, this observed behav-
results provide convincing evidence for the validity of ourior is reproduced qualitatively by the computed intensities,
coupled-channel  generalized-electronic-transition-momendicating a loose correlation betwekr and 1-ry; . In Fig.
treatment, suggesting a loose correspondence betkéen 8 (upper panél it can be seen clearly that the experimental
and 1-ry. For example, if a value for 4ry is deduced F«X(0,0) intensity goes through a deep minimum relative
from Fig. 7 by equating the experimental and theoreticako the E—X(0,0) intensity at quite a small value &7, a
relative intensities for, sayg« X(1,0), then the relative in- behavior confirmed by additional angular-dependence mea-
tensities computed with theame valueof 1—ry provide  surementgnot shown. While this behavior is reproduced by
decent descriptions of the experimental behafdomall other  the calculation$94], the fact that the experimental minimum
bands intensity ratio is clearly nonzero<0.02), compared with a
Unfortunately, the comparative weakness of tRH, near-zero computed value, leads to the significant quantita-
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tive differences between the experimental and computec L
*M,«—X 3% intensity ratios in Fig. 8. i

It is of importance to consider the possible causes of the 10 v .
nonzero minimum in thd-«<X(0,0) relative intensity. The
most obvious explanation would involve the presence of a v
coincident optically forbidden transition to another electronic I o
state which contaminates the measurements of the pure + | o 0T E20eV
«—X(0,0) transition. We believe that this explanation is un- ™ o A - A’ E=50eV
likely for the following reasons. First, thE« X(0,0) EEL e v, E=2eV ]
peak at 10.66 eV is well separated from vibrational features Zall:l[ Ezgg Zg
due to the 8l,4s«< X systems discussed abo{@7]. Thus, v E=26V
g«—g optically forbidden transitions cannot be playing a -zzf,E,:zoo eV
role. Second, perusal of available information on thper3 Z,  FBA
and 3, Rydberg states of Oshows only two states in the 0.0 L ! .

0.0 0.5

=)

vicinity of F(0) which can contribute to optically forbidden
u«—g transitions[95], specifically, a'A, level centered on
10.63 eV energy loss, with a FWHM of0.1 eV[96], and FIG. 9. Relationships between—I and K? for the mixed

a 3A, level at 10.64 e\[96]. These levels are sufficiently Rydberg-valence’s; —X 33 (solid symbol$ and *II,—X 3%

well separated front(0) to be excluded as possible con- (open symbolstransitions of @, determined empirically using the
tributors to the intensity of the 10.66-eV peak which retainscomputed and experimental EEL spectra of Fig. 5. Results deduced
position and shape under all scattering conditions. Thereforér,‘?m the experimental second-band:longest-band i_ntensit)_/ ratios of
it appears that the experimental behavior of the 10.66-e\Pillon etal. [17] at E;=200 eV, through comparison with the
peak reflects only the behavior of the—X(0,0) transition, ~COMPuted ratios of this workFig. 4@)] are also shown(solid
leading us to question the theoretical prediction of a near-sq;a;;}i as are thew;abl mngo .rﬁ.sults []%7’92 for the .2“ ,
zero minimum in intensity. We have performed additionalgOIiOI ”%et)ransmons, calculated within the first Born approximation
calculations for finite temperatures which include all opti- '

cally allowed fine-structure components and the effects of

limited experimental angular resolution, but these do not ma-

terially alter the theoretical result. We believe that the answethe square of the experimental momentum transfer and 1
to the dilemma involves the spin structure of the upper and-r, wherer is as defined in Eq22). In Fig. 9, relationships
lower levels in the 1« X *3 ;' transition. The’S | state  between t-r and K? are presented for thés X %%
has|(1[=0,1, while the®ll, state hag2[=0,1,2, with only  and *IT,—X 33, Rydberg-valence transitions of,OThese

the perpendicular subtransitions—10 and 2,6-1 being relationships were determined empirically using the best-fit-
electric dipole allowed. Therefore, our explanation involvescomputed and experimental EEL spectra of Fig. 5. Also
suggesting that the optically forbidden subtransitions 0,%hown in Fig. 9 are empirical results for tHE | —X 3E§

—0 and/or -1 become allowed under conditions of yansjtions deduced using second-band:longest-band inten-
electron-impact excitation, th.us contributing to thg mtensﬂysity ratios from theE; = 200-eV EEL spectra of Dilloret al.

of the 10.66-eV EEL_peak. Since these subtran5|t|or_1$ don t17] and our computations of Fig.(@, together with fully
connect the same fine-structure levels as the optically akneoretical results implied by thefi.7,97 ab initio calcula-

lowed subtransitions, no additional interference effects oCCUfions of the diabatic GETMs within the FBA98]. The
and their intensities would add incoherently to the intensitie resent results for both the32l]<—x32§ and I,

of the allowed subtransitions, which, themselves, are not pr — X733, transitions in Fig. 9 show a rapid linear depen-
cluded from passing through a near-zero intensity minimum,, 9 5 >
. . . . ence of I-r on K<, for smallK<, followed by a degree of

as predicted by our calculations. This explanation leads to all_turation” at higherk?. The initial slopes are discernibl
interesting prediction. If the transition of interest were anlar er for E =209ev th.an for E. — 50 pev and are alsg
optically allowed singlet-singlet transition, then the above 9 "3 Je— b ' &S -
fine-structure considerations would not apply, and, in similallargesr f_or the _UU‘_X _29 transmo_ns _than for the’x
circumstances of Rydberg-valence mixing, the destructivé™ X >g {transitions. Similar behavior is observed for the
interference effects might well result in the observation of aEi=200 eV results of Dillonet al. [17] for the °3,
near-zero minimum in intensity in the EEL spectra, with the<X 32; transitions, albeit with an earlier onset of saturation
complete disappearance of a band under specific scatteringhich acts to limit the accessible ranges of i and the
conditions. corresponding intensity ratios. Thab initio results for the

Overall, the results presented above indicate that a diabef’-25<—x329’ transitions in the case of the FBAL7,97]
tic mixed-state description of the molecule, coupled with ashow reasonable agreement with tie=200 eV measure-
generalization of the GETM picture beyond the realm of thements, but a much lesser degree of saturation.
FBA, together give a good description of the many irregu- Our results imply that relative intensities of vibrational
larities in the relative intensities of mixed Rydberg-valencefeatures for mixed Rydberg-valence transitions in EEL spec-
transitions in EEL spectra, suggesting a correlation betweetra provide a sensitive probe of the relative Rydberg and

K (a.u.)
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valence GETMs, and that, relative to the valence GETM, thavere no strong perturbative interactions between the states
Rydberg GETM decreases rapidly l§8 increases. This con- and the usual assumptions listed above remained valid. In
clusion is consistent with thab initio calculations of Dillon  addition, several attempts have been made to decompose the
et al. [17,97] which show, for the325<_x325 transitions EEL spectra of overlapping electronic states excited into the
within the FBA, that the magnitude of the diabatic=£3)  continuous regions of their spectra. These analyses assumed
Rydberg GETM atR=2.3 a.u. decreases to zero né&r  that the continuous spectrum of each contributing electronic
=0.85 a.u., while the valence GETM decreases only bystate could be represented by a broad Gaussian profile
~30%. Considering the diffuse nature of the Rydberg orbit{53,59. As will be described in more detail below, the re-
als and a likely correspondingly increased sensitivity to thesults of the previous sections show clearly that some of the
influence of the impacting electron, such a result can be eagssumptions underlying these techniques for the deconvolu-
ily understood. Notwithstanding small systematic differencegdion of overlapping discrete or continuous spectra are com-
between the results in Fig. 9 for théEU‘HX 32& and  Ppletely qulld in the case of transitions into excited states of
3[T,« X 33, transitions, essentially similar GETM behavior strongly mixed character, e.g., the Rydberg-valence states of

is observed for both transitions. This is a remarkable result(,)Z- . L

given the order-of-magnitude difference in the Rydberg:va- [N the case of thee—X transition of Q, which is of
lence optical-limit electronic transition-moment ratios, andheavily mixed Rydberg-valence character, the present EEL
implies that the npm, 3EJ<—X 35~ and npo, I, resqlts, to_gether with those of Dilloat al. [17], show that
X35~ Rydberg GETMs evolve ir? similar ways as the f[he intensity of the1,0) band dec_reases much faster than the
scatterigng conditions are altered. |t?]ten5|t)t/t Of. the(0,0)l bf’ind aztr:]!m;t)agt er;ertghy decrea(sles

. N e scattering angle increagem fact, due to the anomalous

Finally, we recall some of the approximations and as_behavior of these bands, it was not realized that they were

sumptions underlying our analysis, First, in the SpeCifiCmembers: of a vibrational progression until this was sug-
coupled-channel analyses described in this section, for clar- prog 9

ity we have made simple assumptions regardingRhend gested by optical and theoretical studjd8,19,21,26,10[L

n* dependences of the GETMs. While relaxation of theseYork. anq CO”"!G'[Z]- for example, suggested t_hgt the strong
constraints in the CC model certainly results in improved.r(alat've intensity of the(0,0) ban(_j, under C°”9"“°'.‘S 9f low
guantitative agreement with experiment, these improvement'gnp""ct energy and hlgh scattering a_ngle, mlght_l_ndlcate the
are in detail only, and the principal conclusions of this secPresence of an electr'lc—d|pole-fort?|dden transmon at. the
tion are unaltered. Second, the value of residual energy b same energy-_loss Iocatlor_1. Clearly, if th‘? Invariance of \_/lb_ra-
low which the fun.damenta’l adiabatic-nuclei approximation ional intensities under different scattering conditions is in-
employed in this work becomes invalid is unclépapﬁ], asis VOkE.’d o decompqse overlapping vibrational progressions in-
the value ofE, below which the GETMs becomeffective volving strongly mixed states, such as 'E&U state of Q,

(see Sec. Il B. Third, we have assumed nonresonant scat:[heg tr:e r.e‘:‘]lt"ltfmlt dsegcomgossglontmlll t%%w;]valld. ttempted
tering. Intensity anomalies due to the effects of negative-ion artwrightet al.[59] an yret al. [S3] have attempte

resonances may well play a role at low impact energie%’ decoerose_: tthe Scht;n?nn-R;Jngetcontl_ltjuumtreg(]jl.?fn of tthe
[100], but here we consider only those effects arising from=2 Spectrum Into contributions from transitions to ditferen

the evolving GETMs of the interacting molecular electronic €!€ctronic states. They employed similar models in which

states. Further theoretical work addressing these latter poinEsaCh contr|but!on to the difiuse spectrum was gssume_d to
would be valuable. ave a Gaussian shape and the number, positions, widths,

and intensities of these Gaussians were adjusted to fit the
observed EEL spectra. Cartwrighbt al. [59] analyzed the
25-keV, 0° spectrum of Geiger and Sches[16], together
with 12 spectra taken at impact energies of 20, 30, and 45
As one of the fundamental steps in extracting cross€V. Ignoring the small, discrete contributions of Rydberg
section information from EEL spectra, least-squares-fit destates in the 7-9.5-eV energy-loss region, thg9] found
convolution techniques are typically employ¢8] in the that transitions into four valence states with vertical excita-
analysis of overlapping vibrational progressions. In this protion energies of 7.50, 8.30, 8.68, and 8.93 eV were necessary
cedure, several assumptions are made. First, the energies for explain fully all of their EEL spectra. The weak 7.5-eV
each of the vibrational levels of the electronic states of interpeak was attributed to an electric-dipole-forbidden transition
est, relative to the” =0 level of the ground electronic state, into a 3Hg state, the 8.30- and 8.68-eV peaks to electric-
are assumed known. Second, the respective Franck-Conddipole-allowed transitions into th&33, and *I1, states,
factors for the pertinent transitions are also assumed to beespectively, and the 8.93-eV peak to an unknown transition.
known, and, third, the instrumental function is assumed to b&hyn et al. [53] analyzed 338 spectra covering the impact-
Gaussian in form. Finally, and perhaps most importantlyenergy range 15-50 eV and the scattering-angle range
each of these criteria is assumed to hold irrespective of th&2°—156° and found that their spectra could be reproduced
kinematical conditions. These techniques have been enusing only three broad Gaussians, corresponding to transi-
ployed successfully in studies on electron-impact excitatiortions into valence states with vertical excitation energies of
of the electronic states of N[5] and the metastabla*A,  7.65, 8.34, and 8.87 eV, assigned as i, B3, and an
and b12;r states of Q [4,6]. While the various electronic unknown state, respectively. Each group of investigators
states in these studies were overlapped in energy loss, thd@3,59 attempted to determine potential-energy curves for

E. Spectral decomposition
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the valence states excited in the Schumann-Runge region Ippsition changes which occur when the scattering conditions
inverting their results, assuming linear potentials in theare changed.
Franck-Condon region and what were, effectively,
R-independent GETMs for the excitations. V. SUMMARY AND CONCLUSIONS

Our coupled-channel results show clearly that the as- ) -
sumptions underlying the spectral decompositions of Cart- 1N€ concept of the generalized transition moment has
wright et al. [59] and Shynet al. [53] are invalid. It is cer- been extend_ed peyond the region of appllqab|llty of the first
tainly true that the main feature in the Schumann-RungLBom approximation and used in the analysis of new electron
continuum region is due to the electric-dipole-allowed tran-€N€rgy-loss spectra for Owhich have been measured at
sition into the valence sta@®S . However, theB state is intermediate impact energies. A coupled-channel theoretical
complementary 70] to the E state and contains a Rydberg treatr_n_ent of the s_trongly r_mxed Rydber_g and valence states,
admixture which increases with ener@ig. 1), resulting in transitions to which dominate the optically allowed spec-

a cross section which falls off quickly at higher energiestrum’ has been used to explgm _the relative intensities of
[Fig. 2a)]. Thus, the assumption of a Gaussian shape is in"'2"Y ur_lusual features oceurring In the _7_11'2'6\/ energy-
correct for theB« X transition. The broad Gaussian peaks at'®SS S odon. For these electronically excited states’Df
8.68 and 8.93 eV found by Cartwright al.[59], and thatat &nd “IL, symmetry, the evolution of the shape of the corre-
8.87 eV found by Shymrt al.[53] are fitting artifacts neces- sponding electron energy-loss spectrum as the scattering
sary to reproduce the asymmetric shape of Bre X peak conditions are changed is controlled essentially by one pa-
when the analytical model is restricted to symmetric Gauss[ameter: the ratio of the diabatic generalized transition mo-
ments into the Rydberg and valence components of the

ff”m !me shapes. Th|s”|nterpretat|on is consistent with themixed electronic states. The observed behavior of relative
curious resemblance” found by Shyaet al. [53] between

the diff ial i : itati f tBeand intensities in the EEL spectra of,Ondicates that the Ryd-
€ ditterential cross sections for excitation o an berg GETM decreases away from the optical value much

unknown states, at 8.34 and 8.87 eV, respectively. OUfygier than the valence GETM as the momentum transferred
coupled-channel results also predict that the broader featurgs ihe collision increases. in a similar way for both the

in the EEL spectra of the mixedS, states of @ in the 3% X33 and °I1,—X 33 transitions.

7-9.8-eV energy-loss region shift to lower energies and The results of the coupled-channel analysis indicate that
change shape as the impact energy decreases or the scatifie shapes of the more diffuse spectral features are generally
ing angle increasegl02], making it even more difficult to  asymmetric and that such features may shift slightly as the
perform a simple spectral decomposition. scattering conditions are changed. This implies that the sim-
Similar comments apply to the weakéfl, excitations. plistic Gaussian—line-shape-based models, which have been
The coupled-channel analysis shows an even strongemployed previously in attempts to decompose the diffuse
Rydberg-valence interaction than that for tfe, states, but part of the electron energy-loss spectrum fori@o contri-
the smaller optical transition moment for the valence excitabutions from different electronic states, are unlikely to have
tion [28] results in the 3Hu<—X32; spectrum in the given meaningful results. As a consequence of the Rydberg-
Schumann-Runge region being dominated by a reIativeI)Yalence interactions, !t has also bgen f(_)und that some vibra-
narrow (~0.15 eV FWHM), but highly asymmetric peak in tional levels of the mixed states give rise to features in the
the EEL spectrunjFig. 2(b)] at 9.15 eV, primarily of Ryd- eIecr:rorlm em_ergy-loss spectrum Vghl'Ch are anomalouslylstrc:cng
g characte. T egonof e specir v moceed 1 0% 1t ecies e lrge satirng snges o
Cartwright et al. [59] with a number of narrow Gaussians,

. L relative intensity. These persistent lines are easily confused
but was not mentioned by Shyat al. [53]. At present, it is y P y

. heth lati h ; hwith those from the optically forbidden transitions which in-
an open question as to whether any re at|r\§/e change in N&ease in relative intensity under such conditions, and the
small generalized transition moment for thél,—X"X;  coupled-channel-GETM technique is thus a valuable aid to

valence excitation with Varying kinematical conditions W|” the assignment of features in electron energy_|oss Spectra_
produce a detectable contribution to the EEL spectrum. It is

certain, however, that the assignment of the 8.93-eV artifact
to this transition by Cartwrighét al. [59] is incorrect] 34].

In summary, we conclude that it is not possible meaning-
fully to use conventional deconvolution techniques to un- The authors are grateful to Professor M. A. Morrison and
ravel the contributions of different electronic states to theProfessor C. E. Brion for informative discussions on aspects
experimental EEL spectrum when those states are of stronglyf electron-molecule scattering, and thank Professor A. R. P.
mixed character. In particular, it is difficult to devise a suit- Rau and Professor E. Weigold for critically reading the
able technique to decompose the Schumann-Runge comanuscript. We would also like to thank Dr. M. A. Dillon
tinuum region of the EEL spectrum of,OWhile a consid- and Professor C. E. Brion for providing data files of their
erable improvement over the Gaussian model could be madexperimental measurements, Professor R. J. Buenker for
by representing the shape of the strd®g-X continuum by  communicating unpublished diabatab initio generalized
the coupled-channel shape of the optical spectrum, this praelectronic transition moments, and Dr. T. A. York for sup-
cedure would still fail to take account of the small shape anglying a copy of his Ph.D. thesis.
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