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Vibrationally resolved O 1s photoelectron angular distributions from CO2 molecules, aligned parallel and
perpendicular to the electric vector of the incident light, have been measured in the 5�g

* shape resonance
region, with photon energies up to 2 eV above the O 1s ionization threshold, using multiple-coincidence
electron-ion momentum imaging spectroscopy. The angular distributions depend on the vibrational quanta of
the antisymmetric vibrations in the O 1s ionized state but do not vary significantly as a function of the photon
energy across the 5�g

* shape resonance.

DOI: 10.1103/PhysRevA.72.042717 PACS number�s�: 33.80.Eh, 33.60.Fy, 33.20.Tp, 33.20.Rm

Shape resonances that appear in absorption spectra of
small molecules above the ionization threshold are usually
described as the transition of an electron to an unoccupied
molecular valence-like orbital �1� or a temporary trap of the
photoelectron by the molecular potential barrier �2�. Dehmer
et al. predicted that the energy of the shape resonance de-
pends on the internuclear distance and, thus, on the vibra-
tional states of the residual ion core because the characteris-
tic internuclear distance at the time of photoionization varies
as a function of vibrational quanta v� �3�. They used valence
photoionization of nitrogen molecules N2 as a typical show-
case example.

Because of the advances in soft x-ray monochromators,
nowadays, one can measure vibrationally resolved core-level
photoemission as a function of photon energy and, thus, the
shape resonance energy as a function of vibrational quantum
numbers. CO is a well-studied example of the vibrational
dependence of the shape resonance energies. The �* shape
resonances observed in x-ray absorption spectra above both
the C 1s and O 1s thresholds are also present in the C 1s and
O 1s single hole ionization �SHI� cross sections for the indi-
vidual vibrational components v� and the energy of the
v�-resolved shape resonance moves close to the C 1s thresh-
old and away from the O 1s threshold with an increase in v�
�4–6�. This site-selective v� dependence of the resonance
energy was interpreted as the variation of characteristic in-
ternuclear distances for different vibrational components of
C 1s and O 1s ionized states �5�.

As demonstrated by many authors both experimentally
and theoretically, one can gain further insight for the photo-
ionization dynamics in molecules by measuring the
molecular-frame photoelectron angular distributions �MF-
PADs� �see, for example, �7–13��. MF-PADs can be mea-

sured in the coincidence experiment detecting the photo-
electron and the corresponding ion momentum. In most of
the measurements for the MF-PADs reported so far, vibra-
tional components of the final ionic state are not resolved. To
discuss the shape resonance phenomena, however, it is indis-
pensable to resolve the vibrational structure, as illustrated in
the vibrationally resolved core-level photoemission study
�4–6�. Very recently, two groups succeeded in measuring vi-
brationally resolved MF-PADs for C 1s emission from the
CO molecule �14,15�. The MF-PADs indeed turned out to
depend strongly on the vibrational quantum numbers.

It is interesting to extend these measurements to triatomic
molecules in order to explore dynamical features that may
arise in MF-PADs for systems beyond CO. In this paper, we
report the measurement for vibrationally resolved MF-PADs
for O 1s photoemission from CO2 molecules. The O 1s or-
bitals consist of symmetry-adapted molecular orbitals 1�g
and 1�u. The O 1s ionization threshold is at 541.254 eV �16�.
In the O 1s absorption spectrum, two shape resonances,
1�u→5�g

* and 1�g→4�u
*, appear at �542 eV, very close to

the O 1s ionization threshold, and at �559 eV, �18 eV
above O 1s ionization threshold, respectively �17�. It is
worth noting that in the C 1s absorption spectrum only the
2�g→4�u

* shape resonance appears because of symmetry
reasons. The 4�u

* shape resonances in the C 1s and O 1s
ionization regions were investigated using vibrationally re-
solved photoelectron spectroscopy �18,19�. MF-PADs for C
1s and O 1s photoemission in the 4�u

* shape resonance re-
gions were investigated without vibrational resolution
�11,20–22�: no measurements for MF-PADs with vibrational
resolution have been reported. Furthermore, no measure-
ments for vibrationally resolved photoelectron spectroscopy
have been reported in the region of the 1�u→5�g

* shape
resonance: the kinetic energy of the photoelectron at this
resonance is only �1.2 eV and, therefore, very difficult to
measure.

In the present paper, we report on vibrationally resolved
MF-PADs for O 1s photoemission from CO2 in the vicinity
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of the 5�g
* shape resonance with kinetic energies up to

�2 eV. The experimental method employed here is electron-
ion coincidence momentum imaging. The resolution of this
method has been improved during the last few years and now
one can measure vibrationally resolved MF-PADs �15,23�.
This technique has the advantage to detect low-energy elec-
trons without suffering from rapid changes of the transmis-
sion function and correction efficiency as a function of ki-
netic energy.

The experiments were carried out on the c branch of the
soft x-ray photochemistry beam line 27SU �24� at SPring-8.
A figure-8 undulator of this beam line provides linearly po-
larized light, whose polarization vector E can be horizontal
or vertical. With the small front-end-slit used in this experi-
ment, only the central part of the photon beam is used.
Therefore the degree of the linear polarization is greater than
99%. The measurements were performed with the vertical
direction of the E vector and the photon bandwidth of
�100 meV at a photon energy of �540 eV. The photon
beam, focused to a size of less than 0.2 mm in height and 0.5
mm in width, crosses a supersonic molecular beam of CO2:
the molecular beam is vertical and, thus, coincides with the
direction of the E vector.

Our electron-ion coincidence momentum imaging appara-
tus is based on the measurement of the electron and ion
time-of-flight �TOF� with multihit, two-dimensional position
sensitive detectors �23,25�. The two TOF spectrometers, a
longer one for electrons and a shorter one for ions, are placed
face to face. Measurements of the position and the arrival
time on the particle detectors �x ,y , t� allowed us to extract
information about the linear momentum �px , py , pz� for each
particle without any ambiguity. The TOF spectrometer axis is
horizontal and perpendicular to both the photon beam and
the E vector �or the molecular beam�. The lengths of the
acceleration region and the drift region of the electron spec-
trometer are 32.9 mm and 66.7 mm, respectively. For the ion
spectrometer, the length of the acceleration region is 21.6
mm and no drift region is provided. Each of the TOF spec-
trometers is equipped with a multihit, position-sensitive
delay-line detector of the effective diameter of 80 mm �26�.
The static extraction field was set to �0.6 V/mm. A uniform
magnetic field was superimposed to the spectrometer by a set
of Helmholtz coils outside the vacuum chamber. The mag-
netic field was set to be 2.8 or 3.2 G. Under these conditions,
all the O 1s photoelectrons ejected in 4� sr, up to �2 eV in
kinetic energy, were accelerated onto the microchannel plate
�MCP� detector.

The storage ring was operated in 6/42 filling +35 bunch
mode, which corresponded to a bunch separation of 114 ns.
The times of flight of ions and electrons were measured with
respect to the bunch marker of the synchrotron radiation
source using ultrafast, multihit time-to-digital converters
��TDCs� c027, Hoshin Electronics Co. Ltd.� �23�. These
TDCs have a timing resolution of about 120 ps, a multihit
capability of 6 events, and the time span of 40 �s. The
events were recorded only when at least one electron and two
ions were detected in coincidence.

O 1s photoemission from a CO2 molecule leads through
Auger decay to the creation of the doubly charged molecule
which dissociates into two fragment ions. In our study, we

have selected reaction channels in which the molecule frag-
mented into two ions, O++CO+: the two ions were detected
in coincidence. We found that the distribution of the kinetic
energy release �KER� of this channel has a wide energy dis-
tribution between 3 and 15 eV with its maximum at �6 eV.
With the employed extraction field of 6 V/mm, all the ions
ejected in 4� sr up to RKE�20 eV can be collected without
any discrimination. The ion anisotropy parameter � turned
out to be the same ��0.7� for the events with 3�RKE

�15 eV and those with 10�RKE�15 eV. This agreement
suggests that the axial recoil approximation is valid for all
the events with RKE�3 eV. Thus, we used all the O+ and
CO+ coincidence events �3�RKE�15 eV� in the analysis
described below.

Figure 1 shows the total ion yield spectrum. We have
carried out the measurements at three different photon ener-
gies indicated by arrows in the figure: 542.55, 542.85, and
543.25 eV. The first energy 542.55 eV corresponds to the
energy at which the O 1s 1�u→5�g shape resonance ap-
pears in the total ion yield �TIY� spectrum. The energy dif-
ference between the first two points, 542.55 and 542.85 eV,
corresponds to the spacing of the antisymmetric vibrations
�v3� in the O 1s ionized state �27�. The last energy 543.25 eV
is at the high-energy shoulder of the shape resonance.

In the present analysis, we selected the events in which
ions and electrons are both in the plane perpendicular to the
TOF spectrometer axis. This plane includes also the polar-
ization vector E. To select the � channel, we have selected
the events in which the molecular orientation is parallel to
the E vector: the angle between the molecular axis and the E
vector is smaller than 21.5°. To select the � channel, we
have selected the events in which the molecular orientation is
parallel ��21.5° � to the vector perpendicular to both the E
vector and the TOF spectrometer axis. The angle between the
momentum of the photoelectron and the TOF spectrometer
axis was restricted to be between 78.5° and 101.5°. The se-
lection of this photoelectron direction improves the electron
energy resolution because the position resolution is better
than the time resolution under the present condition.

Figures 2�a� and 2�b� show the kinetic energy distribu-
tions of the O 1s photoelectron measured in coincidence with
O+ and CO+, whose momenta are parallel ��� and perpen-
dicular ��� to the E vector, at a photon energy of 542.55 eV.
The dots denote the experimental data obtained from the

FIG. 1. Total ion yield spectrum of CO2 in the 1�u→5�g shape
resonance region.
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above procedure. We can see the vibrational progression of
the antisymmetric stretching mode �v3�. We have fitted the
spectra with vibrational progressions with a spacing of 307
meV for the v3 mode �27�. A post-collision interaction �PCI�
line shape by van der Straten et al. �28� with a constant
natural width of 165 meV �27� was employed for each vibra-
tional component. The thin dashed curves correspond to the
vibrational components obtained by the curve fit and the
thick curves denote the sum over the vibrational components.

Figure 3 shows the polar plots’ vibrationally resolved MF-
PAD for O 1s photoemission from CO2 aligned parallel ���
and perpendicular ��� to the E vector measured at the three
photon energies, where the polar angle 	 is between the pho-
toelectron momentum and the molecular axis. Note that the

present MF-PADs are within the plane defined by the mo-
lecular axis and the polarization vector E and, thus, corre-
spond to the case of the azimuthal angle 
=0 in the general
expression of MF-PADs in �12,13� for the � channel. To
obtain these MF-PADs, we drew the photoelectron spectra,
similar to Figs. 2�a� and 2�b�, at several angles relative to the
molecular axis, analyzed them, and obtained intensities of
the individual vibrational components. In addition, we as-
sumed the symmetry property that the MF-PADs are identi-
cal in the four quadrants of 90° extension to improve the
signal-to-noise ratios. This procedure, however, washes out
the asymmetry due to symmetry breaking �22�. The distribu-
tion at each energy is normalized so that the integrated in-
tensity for the v3=0 component of the � channel is unity.
The intensities for � and � channels are on relative scales;
the intensities for the � channels were multiplied by 0.5. The
MF-PAD at 542.55 eV summed over all vibrational compo-
nents are close to those in the previous observations �20,22�.

To make a quantitative comparison, we have parametrized
the measured MF-PADs. Let us take into account the partial
waves up to l=2. Then, for the � channel, we can express the
MF-PADs as

I��	� = a0 + a2 cos2 	 + a4 cos4 	 . �1�

Here a0 ,a2, and a4 can be expressed by the complex dipole
amplitudes of three waves s�g , p�u, and d�g �not shown
here�. One cannot uniquely determine the ratios of the dipole
amplitudes because the three parameters a0 ,a2, and a4 are
described by the four parameters, i.e., the amplitudes of
s�g , p�u, and d�g and the phase difference between s�g and
d�g. For the � channel, we can express the MF-PADs as

I��	� = b2 sin2 	 + b4 sin2 	 cos2 	 . �2�

Here b2��0� and b4��0� are proportional to the square of
the dipole amplitudes for p�u and d�g, respectively. The
results of the fitting procedure can be seen in Fig. 3. The
parameters thus obtained are summarized in Table I.

In case of the � channel, variations for different photon
energies are within the experimental uncertainties for both
v3=0 and v3=1. One may regard this observation as unex-
pected because the 5�g shape resonance is in this energy
range. Indeed this observation sharply contrasts to the result
for MF-PADs for core-level photoemission, say from N2,
where MF-PADs are dominated by the f-wave contribution
at the shape resonance �8�. The weak energy dependence of
MF-PADs for O 1s photoemission from CO2 across the 5�g
shape resonance implies that both s and d waves are en-
hanced at the 5�g resonance of CO2. We note that the vibra-

FIG. 2. �Color online� O 1s photoelectron spectra of CO2 mea-
sured in coincidence with O+ and CO+, whose momenta are �a�
parallel ��� and �b� perpendicular ��� to the E vector, respectively,
at a photon energy of 542.55 eV. The thick lines are the results of
the fitting while the thin dashed lines are the individual vibrational
components �see text�.

FIG. 3. �Color online� Vibrationally resolved MF-PADs for O 1s
photoemission from CO2 aligned parallel ��� and perpendicular
��� to the E vector, measured at photon energies of 542.55, 542.85,
and 543.25 eV.

TABLE I. Values of fitted parameters a2 /a0 ,a4 /a0, and
b4 /b2.

h� v3=0 v3=1

�eV� a2 /a0 a4 /a0 b4 /b2 a2 /a0 a4 /a0 b4 /b2

542.55 −1.7�1� 0.9�1� 3.3�3� −1.1�2� 0.3�1� 5�1�
542.85 −1.6�2� 0.8�1� 3.1�3� −0.9�3� 0.2�1� 7�1�
543.25 −1.9�1� 1.1�1� 7�1� −1.1�3� 0.3�1� 6�1�
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tionally averaged MF-PADs gradually vary as a function of
energy at higher energies �22�. On the other hand, the param-
eters given in Table I for v3=0 and 1 are different. The
antisymmetric stretching vibration takes place as a result of
vibronic coupling �pseudo-Jahn-Teller coupling� which
mixes nearly degenerate 1�g

−1 and 1�u
−1 states �29�. We note

that the coefficients ai are given by different dipole ampli-
tudes for v3=0 and 1. The difference MF-PADs between
v3=0 and 1 may thus suggest the effect of this dynamical
vibronic coupling.

The variation of the parameters for the � channel sug-
gests that the contribution of the d wave increases with the
increase in the photon energy. The insufficient quality of the
fitting for the MF-PADs of the � channel implies that the
contribution from the f wave is not negligible.

In conclusion, we have reported vibrationally resolved
MF-PADs for O 1s photoemission from CO2 at three photon
energies close to the O 1s 1�u→5�g

* shape resonance. The

measured MF-PADs for the � channel do not exhibit varia-
tions as a function of photon energy while they depend on
the vibrational quantum numbers of the antisymmetric vibra-
tions in the O 1s ionized state. A theoretical analysis that
takes into account the effect of vibronic coupling caused by
antisymmetric vibrations is demanded to understand the
present observations.
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