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bstract

The nuclear motion and geometry in core-excited CO2 are probed using a multiple-ion-coincidence imaging technique. We demon
hat CO2 has a linear stable geometry in the C/O 1s−1 core-ionized state and a bent geometry in the C/O 1s−1�* core-excited state. Th
olecules in the C/O 1s−1�* A 1 and B1 Renner–Teller states are probed to be bent in the A1 state and linear in the B1 state. The OO

orrelation angle distributions are well reproduced using a Coulomb explosion model which takes account of the zero point bend
n the ground state, the classical bending motion along the potential energy curve of the core-excited state within the core-hole l
he initial inhomogeneous charge distribution in the multiply charged molecular ion just before the dissociation. When the photon
uned to be higher (lower) energy than the 1s−1�* resonance center, the events for the 1s−1�* A 1 states that result in the low OO correlation
ngle distribution are suppressed (enhanced).
2004 Elsevier B.V. All rights reserved.

eywords: Multiple-ion coincidence momentum imaging; CO2; Nuclear motion; Core-excited state; Molecular deformation; Ionic fragmentation; Cou
xplosion

. Introduction

In general, when a core electron of a free molecule is ex-
ited or ionized, a highly ionized molecular ion is produced
fter subsequent Auger emission. This molecular ion dis-
ociates into ionic fragments. Dissociation pathways from
he core-excited and ionized molecules have been investi-
ated extensively in the last two decades. In the early stage,

∗ Corresponding author. Tel.: +81 298615656; fax: +81 298615673.
E-mail address:norio.saito@aist.go.jp (N. Saito).

a photoelectron-photoion coincidence (PEPICO) techn
was used for the analysis of the species of the fragmen
from the core-excited and ionized molecules using X-ray
sources[1], electron energy losses[2–4] and synchrotron ra
diation [5,6]: the electrons were not energetically analy
and just used as a start signal for the measurement of tim
flight (TOF) of the ions. One of the most exciting findings
this kind of measurements was that a bond breaking of a
excited polyatomic molecule often takes place near the
cited atomic site[5,7,8]. This site-specific fragmentation w
first demonstrated by Eberhardt et al.: they found that

368-2048/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.elspec.2004.06.007



184 N. Saito et al. / Journal of Electron Spectroscopy and Related Phenomena 141 (2004) 183–193

O+ ions are produced when the C 1s electron in the CO site
in a (CH3)2CO molecule is excited to the LUMO�* [5]. Ki-
netic energy distributions of fragment ions, which are impor-
tant to specify the dissociation pathway, were also obtained
by analyzing the TOF spectra[9,10]. The photoion–photoion
coincidence (PIPICO) technique[11], widely used also for
core excitation studies by several groups[12–16], allows one
to measure the ion-pair yields and the kinetic energy distri-
butions in the ion-pair formation from the core-excited and
ionized molecules. In order to know a state-selected disso-
ciation pathway, however, an energy-resolved Auger elec-
tron and ion coincidence technique is demanded[17–21].
The first demonstration of such experiments was performed
by Eberhardt et al. for the core-ionized N2 molecular ions
[17].

Angular distributions of fragment ions have also been
measured extensively, because such measurements provide
the information about the symmetry of the excited states
[22–34]. In the case of the� → � transition in a di-
atomic molecule, the excitation preferentially occurs when
the molecule is parallel to the polarization vector of the inci-
dent light (hereafter referred to as theE vector). On the other
hand, when the molecule is perpendicular to theE vector, the
molecule is preferentially excited by the� → � transition.
If the molecule is assumed to dissociate much faster than its
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imaging technique with a TOF analyzer and a position sen-
sitive detector. This technique has since turned out to be a
powerful tool to investigate nuclear motion in core-excited
molecules.

For polyatomic molecules, however, the angular distribu-
tions of fragment ions do not always reflect the symmetries
of the core-excited electronic states in the point group to
which the ground state molecules belong[30,38–40]. Within
the lifetime of the order of femtoseconds, the nuclear mo-
tion proceeds in the core-excited state[41,42]. In polyatomic
molecules, non-totally symmetric nuclear motion may be
caused in the core-excited state because the core-excited state
may have a stable geometry whose symmetry is different from
that of the ground state molecule. This non-totally symmet-
ric nuclear motion breaks the symmetry of the molecule and
causes molecular deformation before the Auger decay and
subsequent ionic fragmentation occur. In such situations, the
ion angular distribution may not reflect the symmetries of
the core-excited states before the deformation but may pro-
vide the information about the symmetries after the deforma-
tion. The molecular deformation in the core-excited state has
also been probed by photoelectron-photoion–photoion co-
incidence (PEPIPICO) technique based on the conventional
TOF method[43,44]. The PEPIPICO technique was initially
introduced by Eland et al.[45]. The molecular deformation
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otation, then the ion angular distribution reflects the di
ion of molecular orientation in space at the time of excita
35,36]. The time scales of core-hole decay and subseq
issociation are of an order of 10−14 s, which is much shorte

han the time scales of 10−12 to 10−11 s of the molecula
otation. This requirement of the axial-recoil approxima
escribed above is well fulfilled if there are no long-living

ermediate states that cause vibrational structure in the k
nergy spectra of fragment ions[37]. As a result, the frag
ent ions energetically ejected after the� → � and� → �

xcitations in diatomic molecules are preferentially dete
n the direction parallel and perpendicular, respectively, t

vector and thus one can determine the symmetries of
xcited states from the angular distribution measuremen
ragment ions. Saito and Suzuki measured the angula
ributions of N+ from the core-excited and core-ionized2
olecules using an electron-ion coincidence technique
rotatable TOF analyzer[22] for the first time. Yagishita e
l. [23] measured the angular distributions of fragment

rom N2 in the N 1s region using a rotatable parallel plate
rgy analyzer. Symmetry-resolved photoabsorption sp
ithout selection of ion species from core-excited diato
olecules can be investigated using two parallel plate en
nalyzers[25] and energetic-ion detectors[24,28]mounted a
◦ and 90◦ with respect to theEvector. Adachi et al. extende
he observations to the linear polyatomic molecules[30]. The
xtensions to polyatomic molecules with other symmet
uch as C2v and D3h, were also straightforward[26,32,33].
aito et al.[31] demonstrated that the angular distribution

ragment ions from core-excited CO molecules could ni
e studied by using a multiple-ion coincidence momen
aused by the asymmetric nuclear motion probed in this
s of particular interest because it plays an important ro
he decay processes of core-excited molecules and eve
pen up new dynamical channels unreachable in the i
eometry of the neutral molecule[46,47].

The molecular deformation in the core-excited state is
nderstood with the help of the equivalent-core (Z+ 1) model
ombined with the Born–Oppenheimer approximation
he Frank–Condon principle[48–50]. In the equivalent-cor
odel, the molecular excited state in which an inner-s
lectron of an atom with the nuclear chargeZ is promoted

o the lowest unoccupied molecular orbital is approxim
y the ground state molecule in which theZatom is replace
y the (Z + 1) atom and an electron is added to the vale
hell. Analogously, the inner-shell excited Rydberg state
he inner-shell ionized state are approximated by the va
xcited Rydberg state of the (Z+ 1) molecule and the groun
tate of the (Z + 1) molecular ion, respectively. Note that
Z + 1) molecular ion has a geometry of the same symm
s that of the neutralZ molecule while the (Z+1) molecule
ay have a geometry of different symmetry. For example
eometry of CO2 in the ground state is linear[51]. The LUMO

s 2�u. Thus, according to the (Z + 1) model, CO2 in the C
s−12�u excited state can be approximated by NO2 in the
round state. The geometry of NO2 in the ground state is be
nd its O N O bond angle is 134.25◦ [51]. Therefore, th
eometry of CO2 in the C 1s−12�u excited state is expect

o be bent also with a bond angle of about 134◦. The C 1s
onized CO2, on the other hand, can be approximated by
round state NO2+ which is known to be linear just as CO2.
he C 1s−1�* excited state, which is located above the C
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threshold and forms the shape resonance, is also expected to
be linear[29,38,52,53].

The 1s−1�* core-excited states of linear triatomic
molecules such as CO2, N2O, OCS, and CS2 are in fact
doubly degenerate[38,52–56]. Consider here the doubly de-
generate core-excited� state C 1s−12�u �u in CO2. This
state splits into two when the nuclear motion takes place
along the bending coordinate Q2. This energy-splitting phe-
nomenon caused by the bending motion is referred to as the
Renner–Teller (RT) effect. A schematic representation of the
RT states split from C 1s−12�u �u is given inFig. 1. The
lower branch of the RT states has a bent stable geometry. This
bent state has an electron in the 2� u orbital that lies in the
bending plane of the molecule, and thus may be called an in-
plane state (i.e., A1 in C2v). The upper branch, on the other
hand, remains linear. This linear state has an electron in the�
orbital that lies perpendicularly to the bending plane and thus
may be called an out-of-plane state (i.e., B1 in C2v). Referring
to the equivalent core model, one can correlate these in-plane
and out-of-plane states to the ground and first excited states
of NO2, respectively.

The bent geometry of the molecule in the inner-shell-
excited state has previously been probed by an indirect
way, i.e., by the measurement of the angular distribution of
fragment ions from the core-excited molecules[29,38,40],
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nuclear motion and the molecular deformation in the core-
excited states[31,58–64]. This technique is based on the
measurements of time-of-flight for all fragment ions using
a position-sensitive detector and allows one to extract the
complete information about the linear momentum (px , py ,
pz ) for each fragment ion.

Let us consider the core-excited CO2 molecule. One can
measure the linear momenta of the three ions C+, O+, and
O+ from CO2

3+ in coincidence. The triply charged molecu-
lar parent ion CO23+ is produced by the Auger decay of the
inner-shell excited states of CO2. This triply charged molec-
ular ion, representing a few percent of the total ionization
yield, has high internal energy and breaks up very rapidly
due to the Coulomb explosion. The breakings of the two
bonds are simultaneous and the axial-recoil approximation
holds [35,36]. Despite the small fraction for the formation
of the triply charged parent ions, the linear momenta of the
fragment ions reflect the geometry of the molecule at the time
when the Coulomb explosion starts because the properties of
the excited state are independent of the decay channel. Then
we can select the state in which the direction of the bend-
ing motion is parallel to theE vector of the incident light
or the state in which the molecular plane is perpendicular to
theE vector, by examining the linear momenta of the three
fragment ions C+, O+, and O+. Vector correlation among
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s discussed above, and of resonant Auger spectro
47,53,56,57]. When the angular distributions of fragm
ons of CO2 are measured at the C/O 1s→�* excitation, it
urned out that the� symmetry did not manifest itself clear
ny more in the angular distribution data[29,38,40]. This de-

erioration of the symmetry dependence was interprete
he result of the molecule being bent in the core-excited s
he bent geometry, however, has never been probed dir

Recent rapid developments of multiple ion coincide
omentum imaging techniques invoked renewal of inte

n the non-totally symmetric motion and the resulting mo
lar deformation in the core-excited states, because, wit

echnique, one can directly probe the non-totally symm

ig. 1. A schematic representation of the Renner–Teller states split fro
1s−12�u state of CO2.
he linear momenta of the three fragment ions thus mea
eparately for these two states gives us the direct inform
bout the geometries of the RT A1 and B1 pair states.

In the present paper, we discuss the nuclear motion an
metry of CO2 in their inner-shell excited states probed us

he multiple ion coincidence momentum imaging techni
he next section describes the experimental apparatus
rocessing electronics, and calculation of the ion mom

or investigating symmetry and nuclear dynamics of in
hell excited molecules. InSection 3, we demonstrate th
O2 in the C/O 1s−12�u states is bent whereas CO2 in the
/O 1s−1 ionized states is linear. Then, we illustrate how

esolve the symmetries of the C/O 1s−12�u inner-shell ex
ited states of the CO2 molecule, which split into two state
1 and B1, due to the D∞h → C2v symmetry lowering b

he Renner–Teller effect. The nuclear motion is discu
n detail in conjunction with a Coulomb explosion mod
hanges in the bending motion with the excitation energ

he resonance peak are also discussed.

. Experiment

The experiments are carried out on the c branch of the
-ray photochemistry beamline 27SU at SPring-8[65,66].
his beamline has afigure-8undulator as a light source[67].
his undulator provides linearly polarized light whose e

ric vector is horizontal for the first-order harmonic light a
ertical for the 0.5th-order harmonic light. The degree
ight polarization is almost perfect on the beam axis for
.5th- and first-order lights and deteriorates for the hi
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harmonics, higher energies and larger acceptance angles[68].
The polarization degree is better than 0.98 for the 0.5th- and
first-order lights with a certain restriction of the acceptance
angle at any photon energy. When the front-end-slit is widely
opened (a large acceptance angle), the polarization degree at
the photon energy of 540 eV deteriorates to about 0.97 for
the 0.5th-order light, to about 0.90 for the first-order light,
and to about 0.82 for the 1.5th-order light. These values of
the polarization degree are measured using the Ne 2s and 2p
photoelectrons. The monochromator is of Hettrick type[69].
It has three exchangeable varied line-space plane gratings
and covers the photon energy region from 150 eV to 2500 eV
[65]. The highest achievable relative resolution is between
10,000 and 20,000, depending on the energy. For example,
the values are about 10,000 and 14,000 at the photon ener-
gies of 300 eV and 540 eV, respectively. The photon beam is
focused to the size less than 0.5 mm high and 0.2 mm wide
in the experimental chamber. The experiments are performed
using the vertical polarization (0.5th-order light) and the res-
olution of about 10,000 both in the C 1s and O 1s excitation
region.

Fig. 2 shows the multiple ion coincidence momentum
imaging apparatus. Multiple ion coincidence momentum
imaging technique is based on the time-of-flight (TOF) mea-
surements using a position sensitive TOF spectrometer and a
s f the
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i beam
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coinci

nozzle with a hole of 30�m in diameter and a skimmer with
a hole of 300�m in diameter. The distance between the noz-
zle and skimmer is adjustable in the range from 6 to 25 mm.
The distance between the skimmer and photon beam is fixed
to be 50 mm. The lower section of the chamber housing the
nozzle is pumped using a 1000 L/s turbo molecular pump.
The typical pressure during the experiments is in the order of
10−2 Pa in the lower section. The supersonic jet is damped by
a cylinder with a hole of 10 mm in diameter equipped with a
300 L/s turbo molecular pump. The upper part of the chamber
with the TOF spectrometer is pumped with two 400 L/s turbo
molecular pumps. A liquid nitrogen trap is also mounted in
the chamber to lower the background pressure. The typical
pressure during the experiments is in the order of 10−6 Pa.

The TOF axis is fixed perpendicularly to both the light
beam and the supersonic jet. The lengths of the acceleration
and drift regions for the ion TOF spectrometer are 71 mm
and 140 mm, respectively, so as to satisfy the space-focusing
condition [70]. Ions are extracted to the right hand side in
Fig. 2with an extraction field of about 20 V/mm and are de-
tected by a multi-channel plate (MCP) of 80 mm effective
diameter, followed by a two-dimensional (2D) hexagonal-
type delay-line anode (HEX-80, manufactured by Roent-
Dek [71]). This three-layer delay-line anode allows us to
register position and TOFs of more than two ions in co-
i to
t e de-
t ced
a wed
b ther
e

upersonic jet. The TOF and position on the detector o
on allow one to extract the complete information about
inear momentum (px , py , pz ) for each ion without ambigu
ty. A sample gas of CO2 is introduced into the source po
n the form of a supersonic jet and crosses the photon
erpendicularly. The supersonic jet is produced using a

Fig. 2. Illustration of a multiple ion
 dence momentum imaging apparatus.

ncidence without suffering from the deadtime intrinsic
he conventional square delay-line anode. Electrons ar
ected by another MCP of 80 mm effective diameter pla
t the opposite end of the accelerating region, follo
y a 2D square-type delay-line anode (DLD-80) for o
xperiments.
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Fig. 3. Schematic diagram of electronics system for recording the TOFs and
the positions of ions.

The electronics system for recording the TOFs and posi-
tions of ions is schematically illustrated inFig. 3. There are
eight output signals from the spectrometer; six from the delay
lines of the HEX-80 delay line anode for ions, one from the
MCP for ions and one from the MCP for electrons. The sig-
nals from the delay lines are amplified by the differential am-
plifier and shaped by constant fraction discriminators (CFDs)
(RoentDek DLATR6/Hex). The signals from the MCP for
ions are amplified by a fast amplifier (Ortec VT120B) and
shaped by a CFD (Ortec 935). The signals from the MCP for
electrons are amplified by an amplifier and shaped by a CFD
(RoentDek DLATR6). These eight shaped signals from CFDs
are put into a time-to-digital converter (RoentDek TDC-8) as
a start, which has a resolution of 500 ps, a full scale of 32�s,
and 16-fold multi-hit capability. The TDC-8 is operated in a
common stop mode. When we detect one electron and two
ions at least, a common stop signal is put into the TDC-8.
This common stop signal is produced from the electron and
ion MCP signals with the combination of fan-in-out (LeCroy
429A), logic unit (LeCroy 622), and gate-and-delay (LeCroy
222) modules.

The data stored in the computer are the times of signals
from the delay lines and MCPs. The position of an ion (x,
y) on the MCP is calculated from the 6 data from the delay
lines. Sometimes it happens that the number of data is less
t ected
s or-
d ween
a cted
i
e e
d CP
a ion

(px, py, pz) is calculated by the following equation.

px = m(x − x0)

t
, py = m(y − y0)

t
, pz = qE(t − t0) (1)

Here,m andq are the mass and charge of the ion,E is
the electric field in the acceleration region,t0 is the averaged
TOF of the ion species concerned, and (x0, y0) is the center of
mass of the position data (x, y). The equation forpz holds if
the Wily–McLaren condition is fulfilled[70] and the electric
field is sufficiently high. When all the fragments are detected,
the center of mass is given using the momentum conservation
law as follows.

x0 =
∑

i(mixi/ti)∑
i(mi/ti)

, y0 =
∑

i(miyi/ti)∑
i(mi/ti)

(2)

3. Results and discussion

3.1. Proving molecular deformation

The geometry of CO2 in the C/O 1s−1�* state is expected
to be bent as described in Introduction. We demonstrate that
this is indeed the case, by the measurement of linear mo-
menta, in coincidence, of the three ions, C+, O+, and O+,
fl 3+
d
T h in-
t lomb
e enta
o ts
t omb
e

of
t s
→ cted
t e
a etry
a
a t the
φ

u s
b
t at
a cule
i the
O
n
s con-
s t
w
s -
t the
m r the
C s
s

han 6; sometimes some of delay-line signals are det
econd even though the ion arrived first at MCP, etc. In
er to obtain a correct one-to-one correspondence bet
delay line data set and the positions of the ions dete

n coincidence, aresort routinedeveloped by Czasch[72] is
mployed. The TOF of the ion,t, is measured as the tim
ifference between the detection times by the electron M
nd ion MCP. The three dimensional momentum of an
ying apart from a triply charged molecular ion CO2 pro-
uced via the Auger decay of the C/O 1s−1�* state of CO2.
he triply charged molecular ion thus produced has hig

ernal energy and breaks up very rapidly due to the Cou
xplosion. The distribution of the angle between the mom
f the two O+ ions (i.e., O O correlation angle) thus reflec

he geometry of the molecule at the time when the Coul
xplosion starts.

Fig. 4b and c display ionic triple-fragmentation pattern
he CO2 measured at the C 1s→ 2�u (290.7 eV) and C 1

�* (312 eV) resonances, respectively: all the ions eje
o all solid angles were recorded. The angleφ denotes th
ngle between the carbon ion direction and the symm
xis of the C2v molecule, as illustrated inFig. 4a. Fig. 4b
nd c illustrate that the most of fragmentation occurs a
values of around 0, suggesting that the CO2

3+ molec-
lar ions dissociate symmetrically (in C2v) and the bond
reak simultaneously. The distribution of the OO correla-

ion angle measured at the C 1s−1�* resonance is peaked
bout 162◦. This angle actually suggests that the mole

s linear as will be discussed later. The distribution of
O correlation angle measured at the C 1s−12�u reso-

ance is, on the other hand, peaked at about 160◦ and widely
pread towards the smaller angles. These findings are
istent with our conjecture that the C 1s−12�u state is ben
hereas the ionic C 1s−1 state followed by the C 1s−1�*
tate is linear. Note that the C 1s−1�* state emits a pho
oelectron in a time of the order of atto-seconds before
olecule changes its geometry and thus, the result fo
1s−1�* resonance reflects the geometry of the C 1−1

tate.
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Fig. 4. (a) Geometric configuration of the core-excited CO2 molecule and
CO2 ionic triple-fragmentation pattern (b) of�* (312 eV) and (c) of 2�u

(290.7 eV) detected for all solid angles. The angleφ denotes the angle be-
tween the carbon ion direction and the symmetric axis of the C2v molecule.

Fig. 5 displays the OO correlation angle distributions
for the ionic triple fragmentation of CO23+ at the C and O
1s to 2�u and �* resonances. The OO correlation angle
distributions are obtained from the measurements for all solid
angles 4� sr and plotted for unit angleθ, integrated over the
athimuth angleϕ. In order to extract the relative flux per
unit solid angle dΩ = dϕ dθ sinθ from the O O correlation
angle distributions ofFig. 5, one should normalize the signal
counts ofFig. 5by 2� sin�. The reason why the signal counts
go down to zero at 180◦ in Fig. 5 is because of the waiting
factor sin� in the present 4�-sr measurements. The OO
correlation distribution measured at the C 1s→�* resonance
is peaked at around 162◦ and is identical to that at the O
1s→�* resonance, as well as those at any photon energies
in the C/O 1s ionization region (not shown here). The angle
of 162◦ corresponds to about 169◦ in the distribution of the
unit solid angle measurement because of the weight factor

Fig. 5. O O correlation angle distributions for the ionic triple fragmentation
of CO2

3+ at the C and O 1s to 2�u (open circles) and�* (closed squares)
resonances in all solid angles. Here the OO correlation angle denotes the
angle between the linear momenta of the two O+ ions obtained by the triple-
ion-coincidence momentum imaging technique for the process CO2

3+→
C+ + O+ + O+.

sin−1 θ. Note that the OC O bond angle can be bent down
to 174.7◦ in the ground state due to the zero-point vibration.
If we assume that the Coulomb explosion starts at the linear
geometry with this ground-state zero-point distribution, the
distribution can be calculated for the OO angle between the
two linear momenta of the two O+ ions using the Coulomb
explosion model suggested in Ref.[73]. It turns out that the
peak appears at around 170◦ in the calculated OO angle
distribution, resulting in good agreement with the observed
peak position of 169◦. The O O angle 169◦ for the peak is
smaller than the minimum angle 174.7◦ because of the long-
range Coulomb repulsion with the slowly ejected C+ ion.
The O O correlation angle distributions for the C 1s−12�u
resonances drop to zero around 90◦. The interpretation of this
angle will be given later.

3.2. Separating Renner–Teller states

So far, we compared the geometry of the core-excited
and ionized states of the CO2 molecule, neglecting the
Renner–Teller splitting of the core-excited state. As described
in Introduction, the C/O 1s−12�u state of CO2 actually splits
into two along the bending coordinate due to the RT effect
[54,55], and the stable geometry of only one of them changes
from the linear to bent geometry[38,47,53,56]. The lower
b per
b
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t ition
d tion
v der
t
i

ranch of the RT states, A1, becomes bent whereas the up
ranch, B1, remains linear. To probe the geometry of A1 and
1 states separately, we propose the following method.
The dipole transition moments from the ground stat

he bent A1 and linear B1 states are parallel and perpend
ar to the direction of the bending motion, respectively. T
hese two states can be separately observed if the direct
he bending motion can be specified relative to the trans
ipole.Fig. 6illustrates the relation between the polariza
ector (E) and the direction of the bending motion. In or
o select the A1 state, we selected the events in whichp(C+)
s parallel toE, with the angles betweenp(C+) andE smaller
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Fig. 6. Relations between the polarization vector of the incident photon and
the direction of the bending motion in the C 1s−12�u A1 and B1 core-excited
states of CO2.

than 20◦. In this way we selected the state in which the direc-
tion of the bending motion is parallel toE, i.e., the A1 state.
For the selection of the B1 state, we selected the events in
which the vector product of the two linear momenta of the
two O+ ions,p(O(1)

+) × p(O(2)
+), is parallel toE, with the

angles betweenp(O(1)
+) × p(O(2)

+) andE smaller than 20◦.
In this way we selected the state in which the direction of the
bending motion is perpendicular toE, i.e., the B1 state. The
purities of the A1 and B1 states thus selected are estimated to
be better than 96 %.

We now focus on the OO correlation angle distributions
for the dissociation starting at the A1 and B1 states using the
above-described way of selections.Fig. 7a and b displays
the O O correlation angle distributions for the excitation to
C 1s−12�u A1 and B1 and O 1s−12�u A1 and B1, respec-
tively. It is found that the OO correlation angle distribu-
tions for C 1s−12�u B1 and O 1s−12�u B1 coincide with
each other and also with those for C 1s−1�* and O 1s−1�* in
Fig. 5, exhibiting a peak at around 162◦. The O O correlation
angle distributions peaking at 162◦ reflect the dissociation
geometry starting at the Condon point where the excitation

F -
m rallel
t tion
d lid
c b
e

takes place, i.e., in the Franck–Condon region defined by a
zero-point distribution of the linear ground state, as explained
above.

The O O correlation angle distributions for C 1s−12�u
A1 and O 1s−12�u A1, on the other hand, exhibit a peak at
about 160◦ and extend to lower angles, forming a second peak
at around 100◦. These two characteristic angles are nearly the
same for C 1s−12�u A1 and O 1s−12�u A1; only the distribu-
tions between these two angles are different. According to the
Franck–Condon principle, the molecule is still almost linear
immediately after the excitation. Then the molecule starts to
bend towards the turning point of the bending motion. The
major peak at 160◦ reflects the dissociation geometry after
the spontaneous Auger decay near the Condon point where
the excitation takes place. The long tail which extends to 90◦,
on the other hand, reflects the dissociation geometry after the
Auger decay that occurs on the way to the turning point in
the C 1s−12�u A1 and O 1s−12�u A1 states. The lifetime of
the C and O 1s−12�u state is about 7 fs and 3 fs, respectively,
whereas the period of the bending vibration is about 46 fs:
hence, only a small fraction (≤4%) of the excited molecules
can reach the turning point before the Auger decay takes
place.

Care should be taken in interpreting the particular angle
of about 90◦ where the OO correlation angle distribution

is
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ound
ig. 7. O O correlation angle distributions, recorded for 4�-sr measure
ents, for the excitation to the state with the polarization direction pa

o the bending motion (A1: open circle) and to the state with the polariza
irection perpendicular to the bending motion (B1: closed square). The so
urves show the calculated distributions for the A1 state using the Coulom
xplosion model. (a) C 1s−12�u and (b) O 1s−12�u.
exhibits a cutoff. At first glance one might think that th
angle corresponds to the turning point.Fig. 8shows the po-
tential energy curves for the C 1s−12�u A1 and O 1s−12�u
A1 states as a function of the bond angle, calculated u
a Hartree–Fock approximation, together with the measu
potential energy curve of the ground state of NO2 [74]. The
potential energy curves suggest that the tuning points for
C 1s−12�u A1 and O 1s−12�u A1 states are about 110◦ and
85◦, respectively. Thus, inFig. 7, CO2 in the C 1s−12�u
A1 state looks more bent than expected and CO2 in the O
1s−12�u A1 state looks less bent than expected. It sho
however be reminded that the OO correlation angle is no
equivalent to the bond angle. In order to correlate the OO

Fig. 8. Potential energy curves for the C 1s−12�u A1 and O 1s−12�u A1

states as a function of the bond angle, calculated using a Hartree-Foc
proximation, together with the measured potential energy curve of the gr
state of NO2 [74].
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correlation angle defined in the momentum space to the bond
angle defined by the geometry, one should take account of
nuclear dynamics, as we did in the explanation of the OO
correlation angle peaked at 169◦ for the dissociation of the
linear molecule.

3.3. Simplified and improved Coulomb explosion models

Let us calculate the OO correlation angle distribution for
the dissociation from the A1 state inFig. 7, first using asim-
plified Coulomb explosion model. The model assumes that
the bond lengths are the same as those in the ground state
of CO2, the three atoms in the molecule have the point of
single charge, the atoms have no initial velocity, and only
the Coulomb forces are exerted among atoms. The zero-
point nuclear motion is not taken into account. Then one can
calculate the trajectories of three ions by solving the clas-
sical equations of motion,Eq. (3), using the Runge–Kutta
method.

m1
d2r1

dt2
= q1

4πε0

(
q2

|r2 − r1|3 (r2 − r1)

+ q3

|r3 − r1|3 (r3 − r1)

)
(3)
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sured O O correlation angles do not coincide with the ejec-
tion angles when the dissociation takes place.

In order to interpret the measured OO correlation angles
quantitatively, one needs to take account of the effects of the
initial momenta of ions, as well as the Coulomb repulsion
force among the non-equivalent charge distribution. In the
improvedCoulomb explosion model which takes account of
these two effects, the bond angleθ at a timet can be calcu-
lated by solving the following equation by the Runge–Kutta
method:

M
d2θ

dt2
= −dV (θ)

dθ
, (4)

whereV(θ) denotes the potential energy curve of the core-
excited state of CO2: the calculated potential energy curves
of the core-excited states of CO2 in Fig. 8 are used.M is
the bending inertia and calculated so that the period of the
bending vibration becomes 46 fs near the equilibrium bond
angle. The initial bond angleθ0 in the unit of degree and the
initial energy of the bond angleE = M(dθ0/dt)2/2 in the unit
of eV are determined by the ground-state zero-point bending
vibration and calculated using the following equations with
the zero-point energy of 41.3 meV, the maximum bending
angle of 174.7◦ and the random parameterα.

θ0 = 180+ (180− 174.7) sin α
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Here,ε0 denotes the permittivity of vacuum,mi , r i , and
i , denote the mass, the position vector, and the charge

on i, respectively. ThissimplifiedCoulomb explosion mod
uggests that the bond angles of 110◦ and 85◦ correspond t
he O O correlation angles of 122◦ and 119◦, respectively
hese values are much larger than the observed min
ngle of about 90◦ in both the C 1s−12�u A1 and O 1s−12�u

1 states. Note that one cannot detect the OO correlation
ngle smaller than 119◦ from thesimplifiedCoulomb mode
ecause the Coulomb repulsion between the two O+ ions
ecomes strong when the bond angle decreases.

These apparent discrepancies can be dissolved by
idering the initial inhomogeneous charge distribution in
roduced CO23+ molecular ion[75,76]as well as the initia
omenta of the ions originating from the zero-point ben
otion in the ground state and enhanced bending moti

he excited state. The charges of the triply charged CO2
3+

olecular ion are initially distributed by +1.52 and +0.74
and each of the two O atoms, respectively, accordin

he Hartree–Fock approximation. As the three ions de
he charge on each atom approaches unity: the char
ach atom becomes unity when the distance between
becomes larger than about 4Å. The non-equivalent charg

istribution is caused by the different electron affinitie
he atoms: the electron affinity of the oxygen atom is la
han that of the carbon atom. The repulsion force betwee
wo O atoms becomes smaller by this non-equivalent ch
istribution, resulting in the smaller OO correlation angl

han that calculated by the simple Coulomb explosion mo
rom the above discussion, one can understand that the
 -

E = 0.0413| sin α| (5)

During the bending motion, the molecule decays with
ifetime τ. In the calculation,τ = 6.5 fs for C 1s andτ = 3.5 fs
or O 1s are used. These values are sufficiently close t
atural core-hole lifetime of 7 fs and 3 fs, respectively, and
esults of the calculations agree better with the experim
han using these core-hole lifetime values, as seen b
hen the bond-angle distributionI(θ) in the excited state ca
e expressed as

(θ) = I(θ0) exp

(−τ

t

)

After the molecule decays, the trajectories of the de
ng ions are calculated usingEq. (3)with the inhomogeneou
harge distribution. The obtained OO correlation angle dis
ribution is convoluted with Gaussian of 5◦ because the e
erimental angle resolution is expected to be 5◦.

The results of the simulation, given inFig. 7by the solid
urves, show reasonable agreements with the experim
esults. The difference in the OO correlation distribution
etween the C 1s and O 1s states can be attributed to

he difference in the depth of the potential energy surface
n the lifetime, i.e., about 6.5 fs for C 1s and 3.5 fs for O
he lifetime of 3.5 fs would show much low counts for

ow O O correlation angles if the potential energy surf
or the O 1s excited state was the same as that for the
xcited state. When the potential energy surface is stee
olecule is forced to be bent and then the probability fo
olecule with a low OO correlation angle becomes hi

ven in the short lifetime.
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Fig. 9. (a) Ion yield spectrum and (b) intensity ratios between the A1 and
the sum of the A1 and B1 states in the C 1 C 1s−12�u excitation.

3.4. Detuning effects

Figs. 9a and 10ashow the ion yield spectra of CO2 in
the C and O 1s→ 2�u excitation regions, respectively. Both
spectra have a broad feature due to the vibrational excitations.
Progression of the symmetric stretching vibration is seen on
the higher energy side of the C 1s→ 2�u excitation region in
Fig. 9a. InFig. 10a, the O 1s→ 3s excitation overlaps on the
higher energy side of the O 1s→ 2�u excitation region. From
the schematic potential energy diagram of the RT states, it is
clear that the ratio of the A1 excitation decreases with the
increase in the excitation photon energy.Figs. 9b and 10b
illustrate the variation of the intensity ratios between A1 and
the sum of A1 and B1 for the C 1s−12�u and O 1s−12�u
excitations as a function of excitation energy. The ratios for
the excitation at the top of the resonances range from 0.57
to 0.74. These ratios are almost the same as those for the
corresponding N2O transitions[63]. The ratios decrease with
the increase in the excitation photon energy.

On the basis of the Franck–Condon principle, the bond
angle of the molecule in the A1 state at the instance of ex-
citation is expected to be smaller (larger) with the decrease
(increase) in the excitation energy. The different initial ge-
ometries should cause different nuclear motions in the core-

F
t

excited states and result in different OO correlation angles.
Fig. 11shows the OO correlation angle distributions for the
CO2 molecule in the C 1s−12�u A1 state measured at 290.6,
290.8, and 291.0 eV and in O 1s−12�u A1 measured at 534.8
and 535.4 eV. The events of the lower OO correlation angles
are suppressed (enhanced) for the higher (lower) photon en-
ergy of 291.0 eV (290.6 eV) compared to those for the center
of the resonance at 290.8 eV. The same tendency can be seen
also for the O 1s excitation. These findings suggest that the
molecule in the A1 state excited with the higher photon en-
ergy is indeed less bent than that excited by the lower photon
energy.

The slope of the potential energy surface determines the
force for the nuclear motion in the core-excited states and
thus affects the OO correlation angle distributions. The ex-
citation at higher energies occurs into the larger bond an-
gles, where the slope of the potential energy surface along
the bendingQ2 coordinate is almost flat. On the other hand,
when the molecule is excited with lower photon energies, the
bond angle is smaller than that for higher photon energies
and the slope of the potential energy surface is steeper. The
improvedCoulomb explosion model, which takes account of
the initial geometry and nuclear motion as well as inhomoge-
neous Coulomb repulsion as described earlier, indeed explain
the dependence of the OO correlation angle distribution on
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ig. 10. (a) Ion yield spectrum and (b) intensity ratios between the A1 and

he sum of the A1 and B1 states in the O 1s−12�u excitation.
the detuning. The solid curves inFig. 11show the calculated
O O correlation angle distributions. The bond angle at
instant of excitation is near 180◦ for higher photon energy an
176◦ for lower photon energy. Reasonably good agreem
is seen between the calculated and measured distribut
suggesting the validity of theimprovedCoulomb explosion
model. Similar detuning effect is also seen in the Nt(termi
N)–O correlation angles for N2O at the Nt, Nc(central N)
and O 1s−13� excitation[63].

Fig. 11. O O correlation angle distributions of CO2 molecules in the C
1s−12�u A1 states measured at the photon energies of 290.6 (open ci
290.8 (closed square), and 291.0 eV (open triangle) and in O 1s−12�u A1

measured at the photon energies of 534.8 (open circle) and 535.4 eV (c
square). The curves are obtained by the calculation using the Coulom
plosion model (see text).
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4. Conclusions

Nuclear motion and geometry of CO2 in the core-excited
states are probed using the triple-ion-coincidence momentum
imaging technique. The measured OO correlation angles do
not coincide with the ejection angles when the dissociation
takes place. However, when the effects of the initial momenta
of atoms and the Coulomb repulsion force with the inhomoge-
neous charge distribution are taken into account, one can still
extract the information about the nuclear motion and geom-
etry in the core-excited state. While CO2 in the C/O 1s−1�*
excited states is bent, CO2 in the C/O 1s−1 ionized states is
linear. The degenerated C/O 1s−1�* excited states are split
into the A1 and B1 states as the bending motion proceeds.
The molecules in C/O 1s−1�* A 1 and B1 states are probed to
be bent and linear, respectively. The OO correlation angle
distributions in the C/O 1s−1�* A 1 states are reproduced us-
ing the improvedCoulomb explosion model proposed here.
The distributions depend on the potential energy surface of
the core-excited states and the core-hole lifetime. Besides,
the initial zero-point bending motion in the ground state in
CO2 and inhomogeneous charge distribution in the CO2

3+
after the Auger decay are also found to be important. When
the photon energy is detuned to be higher than the resonance
center, the OO correlation angle distributions for the C/O
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