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Abstract

The nuclear motion and geometry in core-excited, @@ probed using a multiple-ion-coincidence imaging technique. We demonstrate
that CQ has a linear stable geometry in the C/O1sore-ionized state and a bent geometry in the C/G% core-excited state. The
molecules in the C/O 13n* A, and B, Renner—Teller states are probed to be bent in thetate and linear in the Bstate. The 60
correlation angle distributions are well reproduced using a Coulomb explosion model which takes account of the zero point bending motion
in the ground state, the classical bending motion along the potential energy curve of the core-excited state within the core-hole lifetime and
the initial inhomogeneous charge distribution in the multiply charged molecular ion just before the dissociation. When the photon energy is
tuned to be higher (lower) energy than the'ts* resonance center, the events for thetg A ; states that result in the low-@D correlation
angle distribution are suppressed (enhanced).
© 2004 Elsevier B.V. All rights reserved.
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explosion

1. Introduction a photoelectron-photoion coincidence (PEPICO) technique
was used for the analysis of the species of the fragment ions
In general, when a core electron of a free molecule is ex- from the core-excited and ionized molecules using X-ray line
cited or ionized, a highly ionized molecular ion is produced sourcegl], electron energy loss¢g—4] and synchrotron ra-
after subsequent Auger emission. This molecular ion dis- diation [5,6]: the electrons were not energetically analyzed
sociates into ionic fragments. Dissociation pathways from and just used as a start signal for the measurement of time-of-
the core-excited and ionized molecules have been investi-flight (TOF) of the ions. One of the most exciting findings by
gated extensively in the last two decades. In the early stage this kind of measurements was that a bond breaking of a core-
excited polyatomic molecule often takes place near the ex-
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O™ ions are produced when the C 1s electron in the CO site imaging technique with a TOF analyzer and a position sen-
in a (CHz)2CO molecule is excited to the LUM®@* [5]. Ki- sitive detector. This technique has since turned out to be a
netic energy distributions of fragment ions, which are impor- powerful tool to investigate nuclear motion in core-excited
tant to specify the dissociation pathway, were also obtained molecules.
by analyzing the TOF spectf@,10]. The photoion—photoion For polyatomic molecules, however, the angular distribu-
coincidence (PIPICO) techniqyél], widely used also for  tions of fragment ions do not always reflect the symmetries
core excitation studies by several gro(ip2-16] allows one of the core-excited electronic states in the point group to
to measure the ion-pair yields and the kinetic energy distri- which the ground state molecules beld8§,38—-40] Within
butions in the ion-pair formation from the core-excited and the lifetime of the order of femtoseconds, the nuclear mo-
ionized molecules. In order to know a state-selected disso-tion proceeds in the core-excited stpt#,42]. In polyatomic
ciation pathway, however, an energy-resolved Auger elec- molecules, non-totally symmetric nuclear motion may be
tron and ion coincidence technique is demanfled-21] caused in the core-excited state because the core-excited state
The first demonstration of such experiments was performedmay have a stable geometry whose symmetry is different from
by Eberhardt et al. for the core-ionized Kholecular ions that of the ground state molecule. This non-totally symmet-
[17]. ric nuclear motion breaks the symmetry of the molecule and
Angular distributions of fragment ions have also been causes molecular deformation before the Auger decay and
measured extensively, because such measurements provideubsequent ionic fragmentation occur. In such situations, the
the information about the symmetry of the excited states ion angular distribution may not reflect the symmetries of
[22-34] In the case of thex — X transition in a di- the core-excited states before the deformation but may pro-
atomic molecule, the excitation preferentially occurs when vide the information about the symmetries after the deforma-
the molecule is parallel to the polarization vector of the inci- tion. The molecular deformation in the core-excited state has
dent light (hereafter referred to as th@ector). On the other  also been probed by photoelectron-photoion—photoion co-
hand, when the molecule is perpendicular toEhector, the incidence (PEPIPICO) technique based on the conventional
molecule is preferentially excited by the — IT transition. TOF method43,44] The PEPIPICO technique was initially
If the molecule is assumed to dissociate much faster than itsintroduced by Eland et aJ45]. The molecular deformation
rotation, then the ion angular distribution reflects the direc- caused by the asymmetric nuclear motion probed in this way
tion of molecular orientation in space at the time of excitation is of particular interest because it plays an important role in
[35,36] The time scales of core-hole decay and subsequentthe decay processes of core-excited molecules and even may
dissociation are of an order of 1&s, which is much shorter ~ open up new dynamical channels unreachable in the initial
than the time scales of 182 to 10 11s of the molecular  geometry of the neutral molecuié6,47]
rotation. This requirement of the axial-recoil approximation The molecular deformation in the core-excited state is well
described above is well fulfilled if there are no long-living in-  understood with the help of the equivalent-cate (L) model,
termediate states that cause vibrational structure in the kineticcombined with the Born—Oppenheimer approximation and
energy spectra of fragment iof37]. As a result, the frag-  the Frank—Condon principl@8-50] In the equivalent-core
ment ions energetically ejected after ie> X andX — I1 model, the molecular excited state in which an inner-shell
excitations in diatomic molecules are preferentially detected electron of an atom with the nuclear chai@és promoted
in the direction parallel and perpendicular, respectively, to the to the lowest unoccupied molecular orbital is approximated
E vector and thus one can determine the symmetries of core-by the ground state molecule in which thatom is replaced
excited states from the angular distribution measurements ofby the ¢ + 1) atom and an electron is added to the valence
fragment ions. Saito and Suzuki measured the angular dis-shell. Analogously, the inner-shell excited Rydberg state and
tributions of N* from the core-excited and core-ionized N the inner-shell ionized state are approximated by the valence
molecules using an electron-ion coincidence technique andexcited Rydberg state of th& ¢ 1) molecule and the ground
a rotatable TOF analyz§22] for the first time. Yagishita et  state of theZ + 1) molecular ion, respectively. Note that the
al. [23] measured the angular distributions of fragment ions (Z + 1) molecular ion has a geometry of the same symmetry
from Nz in the N 1s region using a rotatable parallel plate en- as that of the neutral molecule while the £+1) molecule
ergy analyzer. Symmetry-resolved photoabsorption spectramay have a geometry of different symmetry. For example, the
without selection of ion species from core-excited diatomic geometry of CQinthe ground stateis linefgl]. The LUMO
molecules can be investigated using two parallel plate energyis 2m,. Thus, according to theZ(+ 1) model, CQ in the C
analyzer$25]and energetic-ion detectdet,28]mounted at 1s 12w, excited state can be approximated by Ni® the
0° and 90 with respect to th& vector. Adachi et al. extended  ground state. The geometry of N@ the ground state is bent
the observations to the linear polyatomic molec{®€§. The and its O-N—O bond angle is 134.2951]. Therefore, the
extensions to polyatomic molecules with other symmetries, geometry of CQ in the C 1512w, excited state is expected
such as @, and Dz, were also straightforwarf£6,32,33] to be bent also with a bond angle of about 13fhe C 1s
Saito et al[31] demonstrated that the angular distribution of ionized CQ, on the other hand, can be approximated by the
fragment ions from core-excited CO molecules could nicely ground state N@" which is known to be linear just as GO
be studied by using a multiple-ion coincidence momentum The C 1s1o* excited state, which is located above the C 1s
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threshold and forms the shape resonance, is also expected tauclear motion and the molecular deformation in the core-
be lineaf29,38,52,53] excited state$31,58-64] This technique is based on the
The 1slm* core-excited states of linear triatomic measurements of time-of-flight for all fragment ions using
molecules such as CON>O, OCS, and CSare in fact a position-sensitive detector and allows one to extract the
doubly degeneratgd8,52-56] Consider here the doubly de- complete information about the linear momentum, (p,,
generate core-excitel state C 152w, I, in COy. This p.) for each fragment ion.
state splits into two when the nuclear motion takes place Let us consider the core-excited g@olecule. One can
along the bending coordinate,Qrhis energy-splitting phe-  measure the linear momenta of the three iorfis G+, and
nomenon caused by the bending motion is referred to as theOt from CO,3* in coincidence. The triply charged molecu-
Renner—Teller (RT) effect. A schematic representation of the lar parent ion C@** is produced by the Auger decay of the
RT states split from C 1s-2m, I, is given inFig. 1 The inner-shell excited states of GOThis triply charged molec-
lower branch of the RT states has a bent stable geometry. Thisular ion, representing a few percent of the total ionization
bent state has an electron in the g orbital that lies in the yield, has high internal energy and breaks up very rapidly
bending plane of the molecule, and thus may be called an in-due to the Coulomb explosion. The breakings of the two
plane state (i.e., Ain Cyy). The upper branch, on the other bonds are simultaneous and the axial-recoil approximation
hand, remains linear. This linear state has an electron inthe holds[35,36] Despite the small fraction for the formation
orbital that lies perpendicularly to the bending plane and thus of the triply charged parent ions, the linear momenta of the
may be called an out-of-plane state (i.e.jiBCyy). Referring fragmentions reflect the geometry of the molecule at the time
to the equivalent core model, one can correlate these in-planevhen the Coulomb explosion starts because the properties of
and out-of-plane states to the ground and first excited stateshe excited state are independent of the decay channel. Then
of NOy, respectively. we can select the state in which the direction of the bend-
The bent geometry of the molecule in the inner-shell- ing motion is parallel to thé vector of the incident light
excited state has previously been probed by an indirector the state in which the molecular plane is perpendicular to
way, i.e., by the measurement of the angular distribution of the E vector, by examining the linear momenta of the three
fragment ions from the core-excited molecu|@8,38,40] fragment ions ¢, O, and O". Vector correlation among
as discussed above, and of resonant Auger spectroscopyhe linear momenta of the three fragment ions thus measured
[47,53,56,57] When the angular distributions of fragment separately for these two states gives us the direct information

ions of CQ are measured at the C/O-2sr* excitation, it about the geometries of the RT, And B, pair states.
turned out that th&l symmetry did not manifest itself clearly Inthe present paper, we discuss the nuclear motion and ge-
any more in the angular distribution d§2®,38,40] This de- ometry of CQ in their inner-shell excited states probed using

terioration of the symmetry dependence was interpreted asthe multiple ion coincidence momentum imaging technique.

the result of the molecule being bent in the core-excited state. The next section describes the experimental apparatus, data

The bent geometry, however, has never been probed directlyprocessing electronics, and calculation of the ion momenta
Recent rapid developments of multiple ion coincidence for investigating symmetry and nuclear dynamics of inner-

momentum imaging techniques invoked renewal of interest shell excited molecules. I1Bection 3 we demonstrate that

in the non-totally symmetric motion and the resulting molec- CQO in the C/O 1512w, states is bent whereas ¢@ the

ular deformation in the core-excited states, because, with thisC/O 1s ! ionized states is linear. Then, we illustrate how to

technique, one can directly probe the non-totally symmetric resolve the symmetries of the C/O1&m, inner-shell ex-

cited states of the CfOmolecule, which split into two states,

B, A1 and By, due to the Q. — Cyy Symmetry lowering by
out-of-plane the Renner—Teller effect. The nuclear motion is discussed
€O, C 1s'2m, in detail in conjunction with a Coulomb explosion model.
At Changes in the bending motion with the excitation energy in
Inplane the resonance peak are also discussed.

Franck-Condo 2. Experiment

region

CO, '54* . .
2 % The experiments are carried out on the c branch of the soft

X-ray photochemistry beamline 27SU at SPrin{68,66].

This beamline hasfigure-8undulator as a light sourg¢é7].

120 150 120 This undulator provides linearly polarized light whose elec-

(Biﬁz?ngngggﬁg{g% ) tric vector is horizontal for the first-order harmonic light and
* vertical for the 0.5th-order harmonic light. The degree of

Fig. 1. A schematic representation of the Renner—Teller states split from the gt p0|arizfati0n is al”_]OSt perfect on t_he beam axis fo_r the
C 1s '2m, state of CQ. 0.5th- and first-order lights and deteriorates for the higher
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harmonics, higher energies and larger acceptance g6gles  nozzle with a hole of 3um in diameter and a skimmer with
The polarization degree is better than 0.98 for the 0.5th- anda hole of 30Qum in diameter. The distance between the noz-
first-order lights with a certain restriction of the acceptance zle and skimmer is adjustable in the range from 6 to 25 mm.
angle at any photon energy. When the front-end-slitis widely The distance between the skimmer and photon beam is fixed
opened (a large acceptance angle), the polarization degree ab be 50 mm. The lower section of the chamber housing the
the photon energy of 540 eV deteriorates to about 0.97 for nozzle is pumped using a 1000 L/s turbo molecular pump.
the 0.5th-order light, to about 0.90 for the first-order light, The typical pressure during the experiments is in the order of
and to about 0.82 for the 1.5th-order light. These values of 102 Pain the lower section. The supersonic jetis damped by
the polarization degree are measured using the Ne 2s and 2fa cylinder with a hole of 10 mm in diameter equipped with a
photoelectrons. The monochromator is of Hettrick tjg. 300 L/s turbo molecular pump. The upper part of the chamber
It has three exchangeable varied line-space plane gratingswith the TOF spectrometer is pumped with two 400 L/s turbo
and covers the photon energy region from 150 eV to 2500 eV molecular pumps. A liquid nitrogen trap is also mounted in
[65]. The highest achievable relative resolution is between the chamber to lower the background pressure. The typical
10,000 and 20,000, depending on the energy. For example pressure during the experiments is in the order of°1a.
the values are about 10,000 and 14,000 at the photon ener- The TOF axis is fixed perpendicularly to both the light
gies of 300 eV and 540 eV, respectively. The photon beam is beam and the supersonic jet. The lengths of the acceleration
focused to the size less than 0.5 mm high and 0.2 mm wideand drift regions for the ion TOF spectrometer are 71 mm
in the experimental chamber. The experiments are performedand 140 mm, respectively, so as to satisfy the space-focusing
using the vertical polarization (0.5th-order light) and the res- condition[70]. lons are extracted to the right hand side in
olution of about 10,000 both in the C 1s and O 1s excitation Fig. 2with an extraction field of about 20 V/mm and are de-
region. tected by a multi-channel plate (MCP) of 80 mm effective
Fig. 2 shows the multiple ion coincidence momentum diameter, followed by a two-dimensional (2D) hexagonal-
imaging apparatus. Multiple ion coincidence momentum type delay-line anode (HEX-80, manufactured by Roent-
imaging technique is based on the time-of-flight (TOF) mea- Dek [71]). This three-layer delay-line anode allows us to
surements using a position sensitive TOF spectrometer and aegister position and TOFs of more than two ions in co-
supersonic jet. The TOF and position on the detector of the incidence without suffering from the deadtime intrinsic to
ion allow one to extract the complete information about the the conventional square delay-line anode. Electrons are de-
linear momentumg,, py, p.) for each ion without ambigu-  tected by another MCP of 80 mm effective diameter placed
ity. A sample gas of C®is introduced into the source point at the opposite end of the accelerating region, followed
in the form of a supersonic jet and crosses the photon beamby a 2D square-type delay-line anode (DLD-80) for other
perpendicularly. The supersonic jet is produced using a gasexperiments.

TMP
300 L/s Trap for a Super-sonic beam
A —
‘ : Liquid nitrogen trap
] L
MCP & ‘ ‘
hexagonal delay L ] MCP &
line anode square delay line anode
140mm 71mm (L)
i1

- L
_____ T L1 T™P
I I 400 L/s x 2

Skimer pin hole
300 um

Gas nozzle pin hole
30 um T™P
1000 L/s

Fig. 2. lllustration of a multiple ion coincidence momentum imaging apparatus.
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Hexagonal delay line Amplifier & CFD 3532'" :sgér::rw (Px, Py, Pz) Is calculated by the following equation.
detector (HEX-80)
X1 — m(x — xo) m(y — yo)
N L px = Py = ,pz=qE(—10) (1)
RS X2 t t
<1< | . .
& v Here,m andq are the mass and charge of the i&his
oS vz R — S;f;:tz'r the electric field in the acceleration regidgis the averaged
Z1 — g TOF of the ion species concerned, argl ¥o) is the center of
z2 — C mass of the position data,(y). The equation fop, holds if
( DLATRG/Hex ! the Wily—McLaren condition is fulfilled70] and the electric

field is sufficiently high. When all the fragments are detected,
the center of mass is given using the momentum conservation

Amplifier law as follows.
Electron DLATR6 e
MCP ;am;Iifier& CFD; S B > imixi/t) y > imiyi/t) @
O = —7 0 = -
’ g?)';mm > i(mi/t) > i(mi/t;)

Electronics for

common StOp ) )

generation 3. Results and discussion

Fig. 3. Schematic diagram of electronics system for recording the TOFs and 3.1. Proving molecular deformation
the positions of ions.
The geometry of C@in the C/O 1s1r* state is expected
to be bent as described in Introduction. We demonstrate that
The electronics system for recording the TOFs and posi- this is indeed the case, by the measurement of linear mo-
tions of ions is schematically illustrated kg. 3. There are menta, in coincidence, of the three ions), ", and O,
eight output signals from the spectrometer; six from the delay flying apart from a triply charged molecular ion & pro-
lines of the HEX-80 delay line anode for ions, one from the duced via the Auger decay of the C/O1s* state of CQ.
MCP for ions and one from the MCP for electrons. The sig- The triply charged molecular ion thus produced has high in-
nals from the delay lines are amplified by the differential am- ternal energy and breaks up very rapidly due to the Coulomb
plifier and shaped by constant fraction discriminators (CFDs) explosion. The distribution of the angle between the momenta
(RoentDek DLATR6/Hex). The signals from the MCP for of the two O ions (i.e., G-O correlation angle) thus reflects
ions are amplified by a fast amplifier (Ortec VT120B) and the geometry of the molecule at the time when the Coulomb
shaped by a CFD (Ortec 935). The signals from the MCP for explosion starts.
electrons are amplified by an amplifier and shaped by a CFD  Fig. 4b and c display ionic triple-fragmentation pattern of
(RoentDek DLATR®6). These eight shaped signals from CFDs the CQ measured at the C 1s 2w, (290.7eV) and C 1s
are putinto a time-to-digital converter (RoentDek TDC-8) as — o* (312 eV) resonances, respectively: all the ions ejected
a start, which has a resolution of 500 ps, a full scale qi82 to all solid angles were recorded. The anglelenotes the
and 16-fold multi-hit capability. The TDC-8 is operated in a angle between the carbon ion direction and the symmetry
common stop mode. When we detect one electron and twoaxis of the G, molecule, as illustrated ifrig. 4a. Fig. 4b
ions at least, a common stop signal is put into the TDC-8. and c illustrate that the most of fragmentation occurs at the
This common stop signal is produced from the electron and ¢ values of around 0, suggesting that the £O molec-
ion MCP signals with the combination of fan-in-out (LeCroy ular ions dissociate symmetrically (inp¢ and the bonds
429A), logic unit (LeCroy 622), and gate-and-delay (LeCroy break simultaneously. The distribution of the-O correla-
222) modules. tion angle measured at the C1s* resonance is peaked at
The data stored in the computer are the times of signalsabout 162. This angle actually suggests that the molecule
from the delay lines and MCPs. The position of an ian ( is linear as will be discussed later. The distribution of the
y) on the MCP is calculated from the 6 data from the delay O—O correlation angle measured at the C &, reso-
lines. Sometimes it happens that the number of data is lessnance is, on the other hand, peaked at about 468 widely
than 6; sometimes some of delay-line signals are detectedspread towards the smaller angles. These findings are con-
second even though the ion arrived first at MCP, etc. In or- sistent with our conjecture that the C 1@, state is bent
der to obtain a correct one-to-one correspondence betweerwhereas the ionic C 13 state followed by the C 1d¢*
a delay line data set and the positions of the ions detectedstate is linear. Note that the C Tsr* state emits a pho-
in coincidence, @esort routinedeveloped by Czasdi2] is toelectron in a time of the order of atto-seconds before the
employed. The TOF of the ion, is measured as the time molecule changes its geometry and thus, the result for the
difference between the detection times by the electron MCP C 1s lo* resonance reflects the geometry of the Cls
and ion MCP. The three dimensional momentum of an ion state.
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tween the carbon ion direction and the symmetric axis of then@lecule.

Fig. 5 displays the @O correlation angle distributions
for the ionic triple fragmentation of C£* at the C and O
1s to Zry and o* resonances. The -@D correlation angle
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Fig.5. OO correlation angle distributions for the ionic triple fragmentation
of CO,%* at the C and O 1s tow, (open circles) and™* (closed squares)
resonances in all solid angles. Here the@correlation angle denotes the
angle between the linear momenta of the twoi@ns obtained by the triple-
ion-coincidence momentum imaging technique for the process*to
Ct+0Ot +0".

sin~16. Note that the ©C—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-O angle between the
two linear momenta of the two Dions using the Coulomb
explosion model suggested in REf3]. It turns out that the
peak appears at around X7 the calculated ©0 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 Because of the long-
range Coulomb repulsion with the slowly ejected @n.
The O-O correlation angle distributions for the C 1€,
resonances drop to zero around 9the 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 GQOmolecule, neglecting the
Renner—Teller splitting of the core-excited state. As described
in Introduction, the C/O 1s'2m, state of CQ actually splits
into two along the bending coordinate due to the RT effect

distributions are obtained from the measurements for all solid [54,55], and the stable geometry of only one of them changes

angles 4r sr and plotted for unit angle integrated over the
athimuth anglep. In order to extract the relative flux per
unit solid angle & = dy dd sind from the G-O correlation
angle distributions ofFig. 5, one should normalize the signal
counts ofFig. 5by 2 sinf. The reason why the signal counts
go down to zero at 180in Fig. 5is because of the waiting
factor sinf in the present #-sr measurements. The-O
correlation distribution measured at the Gs* resonance
is peaked at around 162nd is identical to that at the O

from the linear to bent geomet{®$8,47,53,56] The lower
branch of the RT states,jAbecomes bent whereas the upper
branch, B, remains linear. To probe the geometry af @nd
B, states separately, we propose the following method.

The dipole transition moments from the ground state to
the bent A and linear B states are parallel and perpendicu-
lar to the direction of the bending motion, respectively. Thus,
these two states can be separately observed if the direction of
the bending motion can be specified relative to the transition

1s—c* resonance, as well as those at any photon energiesdipole.Fig. 6illustrates the relation between the polarization
in the C/O 1s ionization region (not shown here). The angle vector E) and the direction of the bending motion. In order

of 162 corresponds to about 16 the distribution of the

to select the A state, we selected the events in whi™)

unit solid angle measurement because of the weight factoris parallel toE, with the angles betweg{C™) andE smaller
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B, state

Fig. 6. Relations between the polarization vector of the incident photon and
the direction of the bending motion in the C#&m, A1 and B; core-excited
states of CQ.

than 20. In this way we selected the state in which the direc-
tion of the bending motion is parallel & i.e., the A state.
For the selection of the Bstate, we selected the events in
which the vector product of the two linear momenta of the
two O ions,p(O)™) x p(Op)*), is parallel toE, with the
angles betweep(O(1)™) x p(Or)*) andE smaller than 20

In this way we selected the state in which the direction of the
bending motion is perpendicular E i.e., the B state. The
purities of the A and B; states thus selected are estimated to
be better than 96 %.

We now focus on the @0 correlation angle distributions
for the dissociation starting at the &And B; states using the
above-described way of selectiortSg. 7a and b displays
the G-O correlation angle distributions for the excitation to
C 1s 12w, A and B, and O 1512w, A1 and By, respec-
tively. It is found that the GO correlation angle distribu-
tions for C 1s'2m, By and O 1s'2m, By coincide with
each other and also with those for C1e*and O 1s1o* in
Fig. 5, exhibiting a peak at around 182 he O-O correlation
angle distributions peaking at 162eflect the dissociation
geometry starting at the Condon point where the excitation

0152w,
o A4
[ B1

Intensity (arb. units)

150
0-0 Angle (degree)

180

Fig. 7. OO correlation angle distributions, recorded far-4r measure-
ments, for the excitation to the state with the polarization direction parallel
to the bending motion (£ open circle) and to the state with the polarization
direction perpendicular to the bending motion (Blosed square). The solid
curves show the calculated distributions for thestate using the Coulomb
explosion model. (a) C 132m, and (b) O 15%2m,.

189

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 1%,

A1 and O 1512w, A1, on the other hand, exhibit a peak at
about 160 and extend to lower angles, forming a second peak
ataround 100 These two characteristic angles are nearly the
same for C 1512wy A1 and O 1512w, 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 160reflects 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 1512w, A; and O 1512w, A; states. The lifetime of

the C and O 132, state is about 7 fs and 3 fs, respectively,
whereas the period of the bending vibration is about 46 fs:
hence, only a small fractiornd%) 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 GO correlation angle distribution
exhibits a cutoff. At first glance one might think that this
angle corresponds to the turning poiRig. 8 shows the po-
tential energy curves for the C 1w, A; and O 1512w,

A; states as a function of the bond angle, calculated using
a Hartree—Fock approximation, together with the measured
potential energy curve of the ground state of N@4]. The
potential energy curves suggest that the tuning points for the
C 1s 12w, A1 and O 1512w, A4 states are about 11@nd

85°, respectively. Thus, ifFig. 7, CO, in the C 1512wy

A, state looks more bent than expected and, @0Othe O

1s 12w, A1 state looks less bent than expected. It should
however be reminded that the-O correlation angle is not
equivalent to the bond angle. In order to correlate th€O

T T

—
(a) C1s "2,

T T

® HF
—NOy

Potential energy (eV)

90 120 150 180
0-C-O bond angle (degree)

Fig. 8. Potential energy curves for the C1&my A1 and O 1512w, A;

states as a function of the bond angle, calculated using a Hartree-Fock ap-
proximation, together with the measured potential energy curve of the ground
state of NQ [74].
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correlation angle defined in the momentum space to the bondsured G-O correlation angles do not coincide with the ejec-
angle defined by the geometry, one should take account oftion angles when the dissociation takes place.

nuclear dynamics, as we did in the explanation of th€0O
correlation angle peaked at 16fr the dissociation of the
linear molecule.

3.3. Simplified and improved Coulomb explosion models

Let us calculate the-@D correlation angle distribution for
the dissociation from the Astate inFig. 7, first using asim-

plified Coulomb explosion model. The model assumes that
the bond lengths are the same as those in the ground stat

of COp, 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 motiorkq. (3) using the Runge—Kutta
method.

<|r2

q3
)
—ri

|r3

&ri ¢
dr2 T 4reg

q2
—ri?

mi (ro—ry)

®3)

Here,eo denotes the permittivity of vacuumy, ri, and

In order to interpret the measured-O correlation angles
guantitatively, 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 anglat a timet can be calcu-
lated by solving the following equation by the Runge—Kutta
method:

2

a6 _ dV(B)’ @)

dr? dg
whereV(0) denotes the potential energy curve of the core-
excited state of C@ the calculated potential energy curves
of the core-excited states of GGn Fig. 8 are usedM 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 angk in the unit of degree and the
initial energy of the bond angle = M(ddo/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 parameter

0o = 180+ (180— 1747) sina

. (5)
E = 0.0413 sin «|

gi, denote the mass, the position vector, and the charge of the  During the bending motion, the molecule decays with the

ioni, respectively. ThisimplifiedCoulomb explosion model
suggests that the bond angles of 140d 85 correspond to
the O-O correlation angles of 122and 119, respectively.

lifetime . In the calculationy = 6.5fs for C 1s and = 3.5fs
for O 1s are used. These values are sufficiently close to the
natural core-hole lifetime of 7 fs and 3 fs, respectively, and the

These values are much larger than the observed minimumresults of the calculations agree better with the experiments

angle of about 90in both the C 1527, A; and O 1512w
A1 states. Note that one cannot detect theOCcorrelation
angle smaller than 129rom thesimplifiedCoulomb model
because the Coulomb repulsion between the twoi@hs
becomes strong when the bond angle decreases.

These apparent discrepancies can be dissolved by con-

sidering the initial inhomogeneous charge distribution in the
produced C@*t molecular ion75,76]as well as the initial
momenta of the ions originating from the zero-point bending

than using these core-hole lifetime values, as seen below.
Then the bond-angle distributid(®) in the excited state can
be expressed as

-7
t
After the molecule decays, the trajectories of the depart-

ing ions are calculated usirigy. (3)with the inhomogeneous
charge distribution. The obtained-O correlation angle dis-

1(0) = I1(60) exp

motion in the ground state and enhanced bending motion intribution is convoluted with Gaussian of Because the ex-

the excited state. The charges of the triply chargeg30O
molecular ion are initially distributed by +1.52 and +0.74 on

perimental angle resolution is expected to be 5
The results of the simulation, given iig. 7 by the solid

C and each of the two O atoms, respectively, according to curves, show reasonable agreements with the experimental

the Hartree—Fock approximation. As the three ions depart,

results. The difference in the-@ correlation distributions

the charge on each atom approaches unity: the charge orbetween the C 1s and O 1s states can be attributed to both
each atom becomes unity when the distance between C andhe difference in the depth of the potential energy surface and

O becomes larger than aboub4The non-equivalent charge
distribution is caused by the different electron affinities in
the atoms: the electron affinity of the oxygen atom is larger

in the lifetime, i.e., about 6.5fs for C 1s and 3.5fs for O 1s.
The lifetime of 3.5fs would show much low counts for the
low O-0O correlation angles if the potential energy surface

than that of the carbon atom. The repulsion force between thefor the O 1s excited state was the same as that for the C 1s
two O atoms becomes smaller by this non-equivalent chargeexcited state. When the potential energy surface is steep, the

distribution, resulting in the smaller-@ correlation angle
than that calculated by the simple Coulomb explosion model.

molecule is forced to be bent and then the probability for the
molecule with a low GO correlation angle becomes high

From the above discussion, one can understand that the meaeven in the short lifetime.
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10 . . excited states and result in different-O correlation angles.
Fig. 11shows the ©0 correlation angle distributions for the
CO, molecule in the C 13!2m, A state measured at 290.6,
290.8, and 291.0 eV and in O 1%, A; measured at 534.8
CO, C 1s2n, and 535.4 eV. The events of the lowerO correlation angles
0 s are suppressed (enhanced) for the higher (lower) photon en-
08 (b) - ergy of 291.0 eV (290.6 eV) compared to those for the center
% § 1 of the resonance at 290.8 eV. The same tendency can be seen
+ 1 also for the O 1s excitation. These findings suggest that the
] molecule in the A state excited with the higher photon en-
L L ergy is indeed less bent than that excited by the lower photon
290.5 291.0 energy.
Photon Energy (eV) The slope of the potential energy surface determines the
force for the nuclear motion in the core-excited states and
thus affects the G0 correlation angle distributions. The ex-
citation at higher energies occurs into the larger bond an-

lon yield (arb. units)
(4}

Ratio of A4

Fig. 9. (a) lon yield spectrum and (b) intensity ratios between thard
the sum of the A and B; states in the C 1 C 1$2m, excitation.

3.4. Detuning effects gles, where the slope of the potential energy surface along
the bendingQ> coordinate is almost flat. On the other hand,
Figs. 9a and 10ahow the ion yield spectra of GOn when the molecule is excited with lower photon energies, the

the C and O 1s> 2w, excitation regions, respectively. Both bond angle is smaller than that for higher photon energies
spectra have a broad feature due to the vibrational excitations 2nd the slope of the potential energy surface is steeper. The
Progression of the symmetric stretching vibration is seen on improvedCoulomb explosion model, which takes account of
the higher energy side of the C 4s 2, excitation region in the initial geometry and nuclear motion as well as inhomoge-
Fig. %a. InFig. 108, the O 1s> 3s excitation overlaps onthe  neous Coulomb repulsion as described earlier, indeed explain
higher energy side of the O s 2, excitation region. From  the dependence of the-@ correlation angle distribution on
the schematic potential energy diagram of the RT states, it isthe detuning. The solid curvesfig. 11show the calculated
clear that the ratio of the Aexcitation decreases with the O—O correlation angle distributions. The bond angle at the
increase in the excitation photon ener§igs. 9b and 10b  instantof excitationis near 18@r higher photon energy and
illustrate the variation of the intensity ratios betweenahd 176 for lower photon energy. Reasonably good agreement
the sum of A and B, for the C 1512w, and O 1s12m, is seen between the calculated and measured distributions,
excitations as a function of excitation energy. The ratios for suggesting the validity of thenprovedCoulomb explosion

the excitation at the top of the resonances range from 0.57model. Similar detuning effect is also seen in the Nt(terminal
to 0.74. These ratios are almost the same as those for thdN)-O correlation angles for 20 at the Nt, Nc(central N),
corresponding BO transitiong63]. The ratios decrease with ~ and O 15*3w excitation[63].

the increase in the excitation photon energy.

On the basis of the Franck—Condon principle, the bond 10 o112 )
. . § '2m
angle of the molecule in the jAstate at the instance of ex- o 53486V I/
citation is expected to be smaller (larger) with the decrease TRTSssdeV g
(increase) in the excitation energy. The different initial ge- £ st X &
ometries should cause different nuclear motions in the core- e s o L
S v
:‘L? 10— T T ?‘) 0 .
= | (@) 3 S |ciston,
3 S kS —0—290.6 eV
£ L i —=—290.8 eV
8 5 —A—291.0eV
] ] 5F (ol o)
2 CO, O1s7'2n, ol
g 0 [ ¥ A
2 L) ; ggé :
g 0.7 I % | %0 120 150 180
S sl } i 0-0 Angle(degree)
<
0.5 vt I L Fig. 11. G-O correlation angle distributions of GQnolecules in the C
535 536 537 1s12m, A1 states measured at the photon energies of 290.6 (open circle),
Photon Energy (eV) 290.8 (closed square), and 291.0 eV (open triangle) and in"®24g Ay
measured at the photon energies of 534.8 (open circle) and 535.4 eV (closed
Fig. 10. (a) lon yield spectrum and (b) intensity ratios between thanl square). The curves are obtained by the calculation using the Coulomb ex-

the sum of the A and B, states in the O 132w, excitation. plosion model (see text).
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