
PHYSICAL REVIEW A 66, 052720 ~2002!
Contributions to the generalized oscillator strength for the inner-shell C 1s\3ssg transition
in CO2 from the vibronic coupling mechanism
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An approach is proposed to account for the general effect of the nuclei motion in the intensity of electronic
transitions caused by fast electron collision with molecular targets, following a similar procedure that has
recently been used by our group to determine the optical oscillator strength of symmetry-forbidden transition,
and which consists of expanding the~squared! transition moment along the normal coordinates of vibration. It
is shown that the profile of total generalized oscillator strength as a function of the squared transferred moment
can be significantly changed by the inclusion of terms that depend explicitly on the normal coordinates of
vibration. The generalized oscillator strength for the inner-shell C 1s→3ssg transition in CO2 is calculated
within this approach and compared with experimental results.
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I. INTRODUCTION

Absolute intensities of photoexcitation processes in ato
and molecules~optical oscillator strength! have been calcu
lated for a long time, first by semiempirical and presently
accurateab initio methods. Most of the calculations for mo
ecules has been performed within the Born-Oppenheimer
proximation at the ground-state equilibrium geometry. T
approach, despite being very accurate in several cases,
not account,ipso facto, for contributions to the optical oscil
lator strength~OOS! coming from processes with strong co
tributions from vibronic coupling. These contributions are
manifestation of the fact that molecules are vibrating, a
that the dynamics of the nuclei may, for example, ca
changes in the selection rules by means of coupling betw
the electrons and the nuclei movements. These change
the selection rules are particularly remarkable in certain tr
sitions that, in spite of being forbidden in dipolar approxim
tion, appear in the optical spectra.

Historically, those process with strong vibronic couplin
for which the Born-Oppenheimer approximation holds, ha
been treated by the Herzberg-Teller vibronic coupling the
@1,2# or, more recently, by the direct vibronic coupling a
proach@3,4#, and this kind of situation has been the subje
of several experimental optical works@5–11# as well as the-
oretical calculations@12–20# for different systems. Further
more, it is important to emphasize that even when the tr
sition is allowed, the vibronic coupling mechanism c
contribute significantly to the value of the total oscillat
strength@21#.

The situation is quite different in what concerns electr
impact excitations of molecules, where few experimen
work @22–25# has treated this kind of problem and, as far
we know, no theoretical cross-section investigation for p
cesses with strong contributions from vibronic coupling h
been appropriately carried out.
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The aim of the present work is to extend the procedu
successfully applied to treat vibronic coupling for the optic
spectra@4,21,26# to processes involving excitations due
high-energy electron-impact collisions, where the first Bo
approximation holds. As an application, we present the c
culation of the generalized oscillator strength for the inn
shell C 1s→3ssg transition in CO2, whose cross section i
mainly due to the vibronic coupling mechanism, and that h
been the subject of recent experimental work@23#.

II. THEORY

The present work extends the methodology successf
used before for calculating optical oscillator strength e
plained in detail in a previous work@4# for electron-impact
excitations. The quantity that measures the intensity o
transition resulting from inelastic collisions of molecule
with electrons of high energy is the generalized oscilla
strength ~GOS!, which is proportional to the differentia
cross section. The GOS for the excitation of the ground
bronic state~00! to thenth vibrational state of thenth elec-
tronic state is written as

f ~K,E!00→nn5
2DEgn

4pK2 E u^x00~Q!«0n~K,Q,V!xnn~Q!&u2

3dV, ~1!

where«0n is the scattering amplitude that, in the first Bo
approximation, is written as@27#

«0n~K,Q,V!52E cn* ~r 1 ,r 2 ,...,r m ;Q!

3S (
j 51

m

eikr j Dc0~r 1 ,r 2 ,...,r m ;Q!

3dr1dr2¯drm, ~2!
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and K is the transferred momentum from electron to t
molecular target,K5K002Knn . K00 andKnn are the inci-
dent and scattered momenta, respectively,V5(Q,F) repre-
sents the orientation of molecules with respect toK ,
r 1 ,r 2 ,...,r M represents theM electron coordinates,Q are the
nuclear coordinates,Ck andxkn , respectively, the electroni
and vibrational function of the (k,n) vibronic state.

Summing expression~1! over all discrete and continuum
vibrational levels of then excited electronic state we obta
the total generalized oscillator strength of the entiren elec-
tronic band,

f ~K,E!00→n5(
n

f ~K,E!00→nn . ~3!

Usually the experimental electron-impact spectra
inner-shell excitations does not resolve the individual
bronic bands and, in this sense, the experimental results
specific excited state are presented as differential cross
tions or GOS for the entire electronic band, the latter giv
by Eq. ~3!.

Using the fact that the vibrational wave functions of t
excited state~discrete and continuum! form a complete set
approximatingDEkn by DEk0 @4# and neglecting the contri
bution of the dissociation process, Eq.~3! reduces to

f ~K,E!00→n5
2DEgn

4pK2

3E ^x00~Q!u«0n~K,Q,V!u2x00~Q!&dV.

~4!

We now express the vibrational function for the grou
state as a product of harmonic oscillator eigenfunctions,

x00~Q!5)
L

jL~QL!, ~5!

wherejL(QL) is the wave function of theL individual nor-
mal mode of vibration for the ground electronic sate, andQL
is the normal mode coordinate.

We also expand the«2(K,Q,V) in terms of the normal
mode coordinates of the ground electronic state,

«0n
2 ~K,Q,V!5(

L
«L,0n

2 ~K,QL ,V!, ~6!

and each individual squared scattering amplitu
«L

2 (K,QL ,V) in a power series of the normal coordina
QL ,

«L,0n
2 ~K,QL ,V!5(

L
(

j
aj ,LQL

j . ~7!

Expressing the ground-state vibration functionsjL(QL),
given by Eq. ~5!, in the harmonic approximation@4# and
integrating overV, expression~3! becomes finally
05272
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f ~K,E!00→n5
2DEgn

4pK2 «2~K,0!1
2DEgn

4pK2

3(
L

^jL~QL!u«L
2~K,QL!ujL~QL!&. ~8!

The integration overV is done numerically and results from
averaging over the orientation of the molecular axis w
respect to vectorK , i.e., the classical average.

The first term in Eq.~8! is the result that would be ob
tained when only the equilibrium geometry is used. For o
tically forbidden excitation processes, this term goes to z
in the limit of the zero transferred momentum, because
generalized oscillator strength tends to optical oscilla
strength in this limit,

lim
K→0

f 00→n~K,E!5 f 002n~E!. ~9!

For larger values of the transferred momentumK, even
for an optically forbidden process, the first term in Eq.~8!
differs from zero. The second term in Eq.~8! is particularly
important for excitation processes with strong vibration
coupling, as is the case of the inner-shell C 1s→3ssg tran-
sition in CO2, whose cross section is mainly due to the v
bronic coupling mechanism, treated in the present work. I
worth mentioning that in these cases the GOS profile can
substantially modified when we consider both terms in E
~8! instead of only the first one as will be shown in th
present work.

A great advantage of the above methodology is that
only need to calculate the electronic matrix elements
tween the ground and excited states along the normal c
dinates of the vibrational ground state. For the optical sp
tra, we have tested the procedure recently for several in
shell and valence Herzberg-Teller processes in differ
molecules@4,21,26#. The calculated oscillator strengths pr
sented an excellent agreement with the experimental res

III. RESULTS

Single and double configuration-interaction~SDCI! calcu-
lations were performed to describe both excited and grou
state electronic wave functions. Molecular orbitals were c
culated in a (12s,6p,1d)/@10s,4p,1d# Gaussian basis se
@23#. The scattering amplitude was calculated for several
ometries along the normal coordinates and fitted to form
pression~7!. The generalized oscillator strength is obtain
by substitution of this function in expression~8!.

Figure 1 shows the resulting calculated GOS as a func
of the squared transferred momentum compared with the
perimental results of Eustatiuet al. @23#. A general good
agreement is observed with the experimental profile,
though the theoretical curve decreases slightly slower t
the experimental one. This attests to the reliability of t
present method to calculate the GOS for transitions wh
vibronic coupling effects are important. The result shows,
well, that for inner-shell transitions the first Born approxim
tion has a vast range of applicability, as discussed in det
elsewhere@23#.
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Figure 2 shows the contribution per normal modes to
total GOS. It is quite evident that the bending mode gives
principal contribution to the augment of intensity for sm
values of transferred momentum. This is easily underst
since this region is dominated by the dipole term and
most efficient way to increase intensity in this case is
means of vibronic coupling with the high-intensity dipol
allowed C 1s→p* transition, which is predominately ac
complished through the bending mode@4#. The term ob-
tained by using the equilibrium geometry, which is the fi
term in the right-hand side of expression~8! and which is
zero for K50, furnishes the main contribution for GOS
large values of transferred momentum.

As a final comment, we indicate that the present value

FIG. 1. Generalized oscillator strength for the inner-shell Cs
→3ssg transition in CO2 as a function of the squared transferr
momentumK2. Full line, present theoretical results;d, experimen-
tal results, angle scan@23#; j, experimental results, energy ang
scan@23#.
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the OOS is 0.112, which is slightly different from that on
presented in Ref.@4# ~0.13!. This is due to the fact that in the
present work the polynomial expansion of Eq.~7! was car-
ried out to the fourth degree in a denser grid of points, wh
in Ref. @4# the expansion was truncated at 2° in a less de
grid. The difference is not significant in any way. The expe
mental value is 0.115@23#.
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FIG. 2. Contribution per normal modes to the generalized os
lator strength for the inner-shell C 1s→3ssg transition in CO2 as a
function of the squared transferred momentum. Full line, total GO
¯ , bending mode; 111, antisymmetric stretching mode
dddd, symmetric stretching mode; , GOS calculated at
the equilibrium geometry.
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