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We report a comparative study of low-lying valence electronic states of carbon dioxide by high-resolution
inelastic x-ray and electron scattering. Momentum-transfer-dependent inelastic squared form factors for the two
states 1�+

u and 1�u and generalized oscillator strength for the 9 eV feature from the ground state X1�+
g have

been derived from the inelastic x-ray scattering method at an impact photon energy around 10 keV, and the
electron energy-loss spectra measured at an incident electron energy of 1500 eV. It is found from the comparison
between the present results and the previous outcomes that the recent calculations taking the vibronic effects
into consideration satisfactorily reproduce the inelastic squared form-factor profile for the 1�+

u transition and
the generalized oscillator strength profile for the 9 eV feature. However, the vibronic effects seem to play no
role in the 1�u transition. The difference existing between the inelastic x-ray scattering and electron energy-loss
spectroscopy results in the larger momentum-transfer squared region may be attributed to the increasing role
of the higher-order Born terms. Furthermore, the controversy concerning the designations of electronic states
around 11 eV is solved by assigning the two peaks centered at 10.98 and 11.05 eV to the vibrational progression
1�+′

u and 1�+
u , and the peak centered at 11.16 eV to the forbidden transition 21�u based on the present results.

DOI: 10.1103/PhysRevA.96.012518

I. INTRODUCTION

Carbon dioxide is one of the fundamental constituents of the
planetary atmosphere, especially in the Martian and Venusian
atmospheres where it dominates. On Earth, its behavior is
carefully scrutinized with respect to the global warming
process. The molecule also plays an important role in laser
technology, gaseous discharges, and low-temperature plasma
devices. Furthermore, carbon dioxide is one of the simplest
polyatomic molecules, thus its study is also of particular
interest from the viewpoint of molecular spectroscopy [1–3].
For all of these practical and fundamental reasons, detailed
information concerning the excitation processes of carbon
dioxide has deservedly received considerable attention from
the theorists and experimentalists alike.

Carbon dioxide has its own complexity over atoms and
diatomic molecules in that the low-lying valence excited states
prefer bent geometries, and it is likely that the changes in
the electronic-state characters with the molecular geometry
substantially affect the shapes of the associated spectral
features, transition probabilities, and momentum-transfer-
dependence behaviors [4]. However, most previous calcula-
tions for the 1�+

u and 1�u transitions have been restricted
to the ground-state nuclear conformation and the possible
effects of molecular bending are neglected [4]. It was not until
2000 that Buenker et al. [4] obtained the theoretical results
by means of multireference single- and double-excitation
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configuration-interaction (MRD-CI) calculations and pointed
out that the intense spectral features around 11 eV, being
ascribed to the 1�+

u transition, are substantially influenced
by the molecular bending. Using wave functions at the
equation-of-motion coupled-cluster singles and doubles level,
Watanabe et al. [2] have shown that taking into account
vibronic effects by evaluating the electronic transition am-
plitudes along the individual normal coordinates results in
satisfactory agreement between experiment and theory for
the 1�g and 1�u transitions. Clearly, detailed knowledge of
vibronic effects is needed to fully understand the electronic
excitation processes of carbon dioxide. However, it is sub-
stantially difficult to determine the contribution of vibronic
effects exclusively because there exists a great chance that
the electron energy-loss spectroscopy (EELS) results contain
the contribution of higher-order Born terms. Recent inelastic
x-ray scattering (IXS) studies show that the higher-order
Born terms also contributed considerably to the experimental
differential cross section (DCS) in the electron-impact method,
even at a high impact energy of several keV [5–8]. Previous
measurements of generalized oscillator strength (GOS) of
carbon dioxide [9,10] were conducted by the EELS method and
it is very difficult to tell whether the first Born approximation
(FBA) is reached based on their impact energies (200 eV
[9], 300 eV [10], 500 eV [10], and 3000 eV [2]). The IXS
method has the advantage over the EELS measurement in that
the FBA is nearly always satisfied, thus it is suitable for the
inelastic squared form factor (ISFF) by the IXS to serve as
the high-energy limit of the electron-impact method. It will
not only clarify the existing difference between theoretical
calculations and preceding experiments, but also make it
possible to evaluate the vibronic effects exclusively.
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The ISFF, or the equivalent physical quantity of the GOS,
is one of the most important dynamic parameters since it
is directly related to the electronic structure, i.e., the wave
functions of the initial and final states, of atoms or molecules.
Therefore, highly accurate experimental ISFFs or GOSs can
be used to test the theoretical models and calculational codes
rigorously [3,11–21]. It is commonly believed that the validity
of converting the experimental DCS into the ISFF or GOS
directly is guaranteed on the condition that the FBA is satisfied.
The ISFF determined by the IXS or high-energy EELS is
defined as

ζ (q,ωn) =
∣∣∣∣∣∣〈�n|

N∑
j=1

exp(iq · rj )|�0〉
∣∣∣∣∣∣
2

, (1)

where q denotes the momentum transfer. �0 and �n stand for
the wave functions of the initial and final states, respectively.
The sum is over all electrons and rj is the position vector
of the j th electron. The ISFF can be determined from the
DCSs measured by the IXS or high-energy EELS under the
condition that the FBA is satisfied:
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)e represent the DCSs measured by the IXS and
EELS; f (q,ωn) symbolizes the GOS. The factor |εi · ε∗

f |2 is
the product of the polarized directions of incident and scattered
photons, and r0 is the classical electron radius. ωi , ωf , and
ωn = ωi − ωf represent the energies of the incident photon,
scattered photon, and the loss between them, respectively.
ki and kf denote the momenta of the incident and scattered
electrons.

The purpose of this study is to improve the knowledge of
the low-lying electronic states of carbon dioxide. Emphases are
primarily focused on the role of vibronic effects in reproducing
the experimentally observed GOS and ISFF profiles and
the existing difference between IXS and EELS results. The
ISFFs of carbon dioxide have been measured over a wide
momentum-transfer range using IXS and EELS methods. It has
been shown from the comparisons between the experimental
results and theoretical calculations that the vibronic effects
play an important role in reproducing the experimentally
observed ISFF profile of the 1�+

u transition and the GOS
profile for the 9 eV feature, but it does not hold for the transition
1�u. Furthermore, we are also trying to resolve the controversy
concerning the designations of electronic states around 11 eV.

II. EXPERIMENTAL METHOD

The present EELS experiment was conducted at the high-
resolution electron energy-loss spectrometer, which has been
described exhaustively in our previous works [22–25]. Thus
we just give a concise description here. The apparatus is
made of an electron gun, a hemispherical monochromator,

a rotatable energy analyzer, an interaction chamber, a series
of cylindrical electrostatic optic lens, and a position-sensitive
detector. All of these components are installed inside the
corresponding vacuum chambers. The standard relative flow
technique [25–27] was utilized to simplify the normalization
processes and improve the accuracy of the experimental data.
First, the mixed gases of carbon dioxide and helium with
respectively controlled flowed rates flow into the interaction
chamber simultaneously and continuously. Then intensity
ratios of the excited states of carbon dioxide to those of helium
are measured at an incident electron energy of 1500 eV with
an energy resolution of 70 meV and angular range from 1.5◦
to 9◦. Finally, it is possible with these ratios to determine the
absolute inelastic DCSs of the carbon dioxide by normalizing
them to the inelastic DCS of the 21P state of helium, which
has been measured and calculated with high accuracy [28–31].

The IXS experiment was performed at the Taiwan beam
line BL12XU at SPring-8 and the experimental procedures
utilized are similar to those employed in our preceding works
[5–7,31,32]. Accordingly, only a brief description will be given
below. With the scattered photon energy fixed at 9889.43 eV,
the energy loss was easily deduced by varying the incident
photon energy gradually. The experiment was operated with
an energy resolution around 70 meV. The excitation from the
ground state to the 21P state of helium, whose GOS has been
measured and calculated with high accuracy and proven to
be credible [28–31], was measured at small scattering angles
(�16◦) and utilized to normalize the results of carbon dioxide.
In addition, in order to acquire the absolute value of ζ (q,ωn)
for carbon dioxide, the pressures and the actual transmissivities
of both carbon dioxide and helium were recorded to normalize
the experimental data under the same experimental conditions.

III. RESULTS AND DISCUSSION

In order to obtain detailed information for the individual
electronic states, a least-squares fitting is needed. However, the
interpretation of the associated spectral features around 9 eV
has remained controversial [2] and it is impossible to separate
the 9 eV feature due to their large line widths. Therefore,
we focus on the behavior concerning the 9 eV feature in
this paper and it is constructed by a sum of two Gaussian
functions centered at 8.4 and 9.3 eV, which correspond to 1�u

and 1�g, as illustrated in Fig. 1(a). The least-squares fitting
around 11.05 and 11.40 eV is extremely complicated, as shown
in Figs. 1(b) and 1(c), and a brief instruction is given below.
First, there is no doubt that the peak centered at 11.40 eV
is the state 1�u [2,9,10,33]. Then, we assign the two peaks
centered at 10.98 and 11.05 eV to the vibrational progressions
1�+′

u and 1�+
u , and the peak centered at 11.16 eV to the

forbidden transition 21�u based on the present experimental
results and our careful analysis, which will be discussed
in detail below. Furthermore, the two peaks at 11.10 and
11.21 eV stand for 1,3�u and 3�−

u , respectively, according
to Ref. [9]. In addition to the above-mentioned peaks, the
remaining peaks, centered at 10.72, 10.80, 10.86, 10.92, 11.29,
11.34, and 11.45 eV, are added to achieve the best-fit results
according to Ref. [9]. Given the fact that the 11.05 and 11.40 eV
transitions are considered as a single peak in the previous
lower-resolution EELS experiments [2,10], the sum of the
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FIG. 1. Present EELS and IXS spectra of carbon dioxide and
the corresponding fitted results. The 9 eV feature in (a) has been
multiplied by a factor of 30. The energy axis in (b) is the same as that
in (c).

green peaks and the aggregate of the red peaks as displayed
explicitly in Figs. 1(b) and 1(c) are presented for the purpose
of comparison. The statistics of counts, the fitting procedure,
and the normalizing process contribute mainly to the errors
of the two experiments above, and the experimental errors are
shown in the corresponding figures.

Figure 2 shows the GOS for the 9 eV feature, which includes
the transitions from the ground state X1�+

g to 1�g, 1�−
u , and

1�u. It should be emphasized here that the three transitions
are all dipole forbidden in the linear nuclear arrangement
[34]. However, they become allowed in the frame of bending

FIG. 2. The GOS for the 9 eV feature. The solid black triangles
and the open blue triangles stand for the EELS results at impact
electron energies of 1500 and 3000 eV [2], respectively. The black
solid line and dashed line are the theoretical calculations by Watanabe
et al. [2] and the difference lies in that the former takes the vibronic
effects into consideration.

FIG. 3. The ISFF for the excitation to 1�+
u . The solid black circles

and solid black triangles stand for the present IXS and EELS results,
respectively. The preceding EELS results are 200 eV (open violet
triangles) [9], 300 eV (open green triangles) [10], and 500 eV (open
orange triangles) [10]. The red dotted line represents the theoretical
calculation by Buenker et al. [4]. The black solid line and dashed
line are the theoretical calculations by Watanabe et al. [2] and the
difference lies in that the former takes vibronic effects into account.

structure and acquire relatively weak intensity at the optical
limit of q2 → 0. Given the fact that the ground state is in
the linear equilibrium geometry, the momentum-dependent
behavior of the 9 eV feature in the form of the GOS is consistent
with that of a forbidden transition which has the characteristic
that its GOS first increases with the momentum transfer, then
reaches the maximum, and decreases gradually thereafter. It is
clear in Fig. 2 that there exists excellent agreement between
the preceding EELS results [2] at an impact electron energy of
3000 eV and the present EELS one at an impact electron energy
of 1500 eV over the whole range, suggesting that the FBA is
satisfied and the contribution of higher-order Born terms can be
neglected. Furthermore, the theoretical calculations taking the
vibronic effects into consideration satisfactorily reproduce
the EELS results, and the findings demonstrate that taking the
vibronic effects into account is essential for a proper under-
standing of the nature of the transitions.

The present ISFFs for the transition to 1�+
u are presented

in Fig. 3 along with the previous EELS results [9,10] and
theoretical calculations [2,4]. In contrast to the present IXS
and EELS results, the calculated result by Buenker et al.
[4] is about a factor of 3 smaller. The substantial deviation
from experiments is, at least partly, due to the limited size
of the basis set used [2], and Buenker et al. [4] have,
in fact, shown that using a larger basis set considerably
reduces the discrepancy. The significant role of the vibronic
effects is manifested through the comparison between the
calculation by taking the equilibrium geometry and the one
by taking the vibronic effects into consideration. It is obvious
that the theoretical calculation by Watanabe et al. [2] tak-
ing the vibronic effects into account satisfactorily reproduces
the present IXS results, and the excellent accordance over the
whole momentum-transfer squared region strongly suggests
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FIG. 4. Same as Fig. 3, but for 1�u centered at 11.40 eV. The black
solid line and dashed line almost coincide over the whole momentum-
transfer squared region.

that the present IXS result serves as the benchmark data
for the 1�+

u transition. While the present EELS results at
electron-impact energy of 1500 eV agree well with the IXS
outcomes in the region q2 < 1 a.u., the preceding EELS results
at electron-impact energies of 200 eV [9], 300 eV [10], and
500 eV [10] are still remarkably lower than the present IXS
ones in this q2 region. This phenomenon demonstrates that the
FBA is satisfied at an impact energy of 1500 eV in the region
of q2 < 1 a.u., but it does not hold at electron-impact energies
of 200 eV [9], 300 eV [10], and 500 eV [10]. In the region of
q2 > 1 a.u. where the vibronic effects can be neglected, there is
an obvious tendency that the deviations between the EELS and
IXS decrease with the increase of the electron-impact energy.
However, the EELS result at impact energy of 1500 eV is
still larger than the IXS one in magnitude even with the error
bar, which may be attributed to the increasing role of higher
Born terms in the larger momentum transfer. It should be
emphasized that the EELS result at electron-impact energy of
200 eV [9] only takes the contributions of the peaks centered
at 10.98 and 11.05 eV, which may account for the occasional
coincidence of the EELS results at electron-impact energies of
1500 and 200 eV in q2 > 1 a.u.

Figure 4 shows the ISFFs of 1�u determined in the
present works along with the theoretical calculations [2,4]
and EELS values [9,10] converted from the reported GOSs.
The discrepancy between the MRD-CI calculation by Buenker
et al. and the present results gets smaller for the state 1�u

than that for the 1�+
u transition, which may be due to the

fact that the 1�u transition is less sensitive to the theoretical
treatment of the wave functions than for the 1�+

u transition.
It seems that there is no appreciable difference between the
equilibrium geometry and vibronic effects calculations by
Watanabe et al. [2]. Although the theoretical calculations
seem to slightly underestimate the presently measured IXS
and EELS results over the whole momentum-transfer squared
region, the overall shapes are in reasonably good agreement
with each other. The good agreement between the IXS results
and the EELS outcomes at impact-electron energy of 1500 eV

FIG. 5. The present EELS spectra at different angles. The black,
red, green, and navy solid lines stand for the spectra taken at 2◦,
4◦, 6◦, and 8◦, respectively. The results of 4◦, 6◦, and 8◦ have been
normalized to the spectrum of 2◦ at 11.05 eV for the purpose of
comparison. In order to see the trend more clearly, the 9 eV feature
has been multiplied by a factor of 3.

in the region 0 < q2 < 1 a.u. indicates that the FBA is
satisfied in this region. Though the difference between the IXS
results and EELS outcomes seems to decrease with respect to
the increase of the impact-electron energy in the region of
q2 > 1 a.u., the EELS results are still larger in magnitude than
the IXS one on the whole, which may be due to the breakdown
of the FBA even at an electron energy of 1500 eV.

It has always been controversial to assign the states around
11 eV. While Franksin et al. [33] considered the peaks
centered at 10.98 and 11.05 eV being members of a vibrational
progression 1�+′

u and 1�+
u , Buenker et al. [4] held the view

that they belong to the distinct singlet electronic states of
classification 1�u and 1�+

u . It has been displayed by Green
et al. [9] that the ratio of the peak intensity centered at
11.05 eV to that at 10.98 eV remains constant with respect
to the scattering angle, which strongly suggests that the two
peaks belong to the two vibrational progressions of the same
electronic state. In spite of the fact mentioned above, they
still tend to agree with the viewpoint of Buenker et al.
[4]. Furthermore, the recent calculation by Watanabe [2]
revealed that there were three states around 11 eV, namely,
1�+

u (11.08 eV), 21�u (11.16 eV), and 21�−
u (11.21 eV),

and the intensity of 21�−
u is much less than that of 21�u.

So the transition of 21�−
u is neglected in the following

discussion. According to the selection rule in the linear nuclear
arrangement, the former is dipole allowed and the latter two
are strictly dipole forbidden [34]. However, the 21�u transition
becomes allowed in the frame of bending geometry and it
should be weak in the small-q2 region. It is shown clearly in
Fig. 5(b) that in addition to the two peaks centered at 10.98 and
11.05 eV, there exists another peak centered around 11.16 eV,
whose intensity with respect to the scattering angle shares
the same trend with that of the 9 eV feature (1�g, 1�−

u , and
1�u), as suggested in Fig. 5(a). In addition, the corresponding
peak intensity centered at 11.16 eV scales proportionally to
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the scattering angle (momentum transfer), then reaches its
maximum, and decreases gradually at last, which is a typical
characteristic of a forbidden transition. We conclude with
confidence that the two peaks centered at 10.98 and 11.05 eV
are the vibrational progressions 1�+′

u and 1�+
u , and the peak

centered at 11.16 eV belongs to the forbidden transition 21�u.

IV. SUMMARY AND CONCLUSION

In this study, the GOSs and ISFFs of low-lying valence
electronic states of carbon dioxide were determined based
on the high-resolution IXS and EELS methods. By com-
paring the present experimental results with the preceding
EELS outcomes and theoretical calculations, some meaningful
conclusions have been reached. The vibronic effects play an
important role in reproducing the ISFF profile of 1�+

u and
the GOS profile of the 9 eV feature, while its contribution
is negligible for the transition 1�u. The FBA is satisfied

for transitions 1�+
u and 1�u at an impact-electron energy of

1500 eV when 0 < q2 < 1 a.u., but it does not hold in the
region of q2 > 1 a.u. In addition, we assign the two peaks
centered at 10.98 and 11.05 eV to the vibrational progression
1�+′

u and 1�+
u , and the peak centered at 11.16 eV to the

forbidden transition 21�u based on our EELS results.
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