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The fragmentation of the doubly-charged carbon dioxide molecule is studied after photoexcitation to
the C 15'27, and O 1s'27,, states using a multicoincidence ion-imaging technique. The bent compo-
nent of the Renner-Teller split states populated in the 1s— 7 * resonant excitation at both the carbon
and oxygen ls ionization edges opens pathways to potential surfaces in highly bent geometries in
the dication. Evidence for a complete deformation of the molecule is found in the coincident de-
tection of C* and OJ ions. The distinct alignment of this fragmentation channel indicates rapid de-
formation and subsequent fragmentation. Investigation of the complete atomization dynamics in the
dication leading to asymmetric charge separation shows that the primary dissociation mechanisms,
sequential, concerted, and asynchronous concerted, are correlated to specific fragment kinetic ener-
gies. The study shows that the bond angle in fragmentation can extend below 20°. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3692293]

. INTRODUCTION

Dynamic effects in molecules have been studied for
many years using spectroscopic methods but direct infor-
mation about isomerization, charge transfer, and dissocia-
tion obtained using novel techniques based upon imaging
of charged fragments has been a driving force in the large
number of studies combining spectroscopic and geometric
information.""? A fundamental motivation for studying such
phenomena is understanding the connection between the
quantum chemical picture and photoinduced dynamics. While
synchrotron radiation allows selective ionization or excita-
tion to specific electronic states, advances in sophisticated
techniques for measuring the complete momentum of ionic
fragments produced after photoionization has illuminated the
connection between electronic states and molecular geome-
tries through powerful analysis tools relying on multi-particle
imaging techniques.! These methods are particularly power-
ful for studies of fragmentation in dicationic or tricationic
species where several ionic fragments are measured and a
complete kinematic picture is obtained.> An important as-
pect is the mechanism behind molecular fragmentation and
how the dynamics associated with geometric changes in the
molecule are coupled to fragmentation.

Rapid geometry changes in core-excited molecules are
documented in many experimental studies using synchrotron
radiation for core-electron excitation.*® Measurements of
the molecular frame photoelectron angular distributions
(MFPAD) after C 1s and O 1s ionization in carbon dioxide
reveal that at the carbon 1s edge an asymmetry in the MFPAD
is correlated with the asymmetric two-body fragmentation
channel, while at the oxygen ls edge the bond to the core-
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ionized oxygen atom is elongated in the process leading
to CO*/O* fragmentation.'®!" The core-excited IT states
are doubly degenerate in the linear geometry of the ground-
state carbon dioxide molecule, and split into two states (in-
plane and out-of plane orbitals) due to the Renner-Teller
effect. In carbon dioxide the bent geometry in the core-
excited states is well established, both through the equivalent-
cores approximation (NO, is bent in the ground state)
and theoretical studies and through angle-resolved ion yield
measurements.'>'> The bond angle was calculated to be
134.3° at the C 1s5'27, and 127.8° at the O 1s' 27, but Mura-
matsu et al.’ separated the linear and bent components using
triple-ion coincidence spectroscopy and showed that the bond
angle is reduced to about 100° on the time scale of the Auger
decay (6 fs for carbon Is).

Carbon dioxide is a veritable showcase for understand-
ing the complexities of photodissociation and is a classic
case for illuminating symmetry-breaking effects connected
with vibrionic coupling. Recent work highlights dissocia-
tive processes in carbon dioxide that illustrate the effects
of geometry on dissociation in core-excited states, %1314
ion-yield measurements identified both anions and cations
produced in photoionization,'> and fragmentation mecha-
nisms were studied using multi-ion coincidence methods af-
ter photoexcitation,'¢"'? electron impact,® and ion impact
ionization.> A number of recent studies focus on triply ion-
ized carbon dioxide’?' and its fragmentation.>% !8:20:22 The
latter studies rely on multi-coincidence imaging studies. De-
spite the fact that core-excited carbon dioxide is well studied,
and has been over many years, the molecule continues to play
an important role in new discoveries especially in fragmenta-
tion dynamics.

Dicationic states have been extensively studied in the va-
lence and inner-valence regions which are the relevant states

© 2012 American Institute of Physics
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for the final dissociative states populated after the decay of
core-excited states. Masuoka®® measured the vertical thresh-
old for CO*/O* at 39.2 & 0.3eV. Hochlaf et al.** calcu-
lated potential energy surfaces along the CO bond coordi-
nate. In particular, they found that the dication ground state
CO3*(X* £,) has a significantly smaller dissociation bar-
rier than other low-lying states. Correlation of this poten-
tial energy surface to the COT(X>X)/O*(*S,) fragmentation
channel with a kinetic energy release (KER) of 6 eV was
found in several studies using different approaches.'®-2%:2
The anisotropy of ejected fragments in CO, has been stud-
ied in this energy range where Masuoka'® and Alagia et al.”
reported anisotropic ion distributions for the primary dissoci-
ation channels. Eland et al.”! measured triply ionized states
populated via core-electron excitation and found the lowest
states at about 70 eV.

In the present study, we measure the kinematics of di-
cation fragmentation after photoexcitation at the carbon and
oxygen ls edges. Evidence for severe deformation of the
molecule is found in the ion pair C*/O5 at the 1s~!27,, states
for both carbon and oxygen core-electron excitation. Analysis
of the three-body dissociation channel clearly shows that the
fragmentation process itself is correlated to the energy of frag-
mentation and that sequential fragmentation where the CO
bonds are broken in two steps is enhanced at the 2w, reso-
nances. We find that the low-energy fragmentation channels
correspond to the largest bond angle change and likely evolve
into the fragmentation channel which produces O3 .

Il. EXPERIMENT

An imaging time-of-flight multi-coincidence spectrom-
eter is used to measure the momenta of all ionic fragments
using a separate electron detector as a start signal. The spec-
trometer is mounted with the time-of-flight axis mutually per-
pendicular to the polarization vector of the x rays and to the
propagation direction of the synchrotron light as shown in
Fig. 1(a). The spectrometer has a two-stage acceleration with
an electrostatic lens for optimal ion focussing to an 80 mm
diameter delay-line detector (ROENTDEK DLD80). The sam-
ple is introduced via an effusive gas jet producing a back-
ground pressure of 5 x 10~® mbar during measurements. The
radial energy scale was calibrated to the kinetic energy of the
C*/O" fragments from carbon monoxide at the C ls—2m*
resonance.”’ The lens potential used in this study ensures that
all ions up to a kinetic energy of about 19 eV are collected;
this has been verified in separate studies.’® The measurements
were performed at the soft x ray undulator beamline 1411 at
MAX-lab in Lund, Sweden.?® The contribution from second-
order light for the photon energies in this study is negligible.

The raw data for each event are transformed into a three-
dimensional momentum space and subsets of the data are ex-
tracted by filtering by angular criteria, momentum or accord-
ing to dissociation channel. In the case where the axial-recoil
approximation is valid and the molecular rotation can be ig-
nored, the anisotropy of the fragment ions is directly related
to the angle between the dipole moment and the fragment
ejection.’” This is especially true for ionic fragments ejected
with higher kinetic energy.?! The kinematics are extracted di-
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FIG. 1. (a) Schematic diagram of the geometry of the setup. € is perpen-
dicular to the propagation direction of the synchrotron radiation and to the
spectrometer axis (vertical). P is the momentum vector of an ion. (b) De-
tector image of O measured in coincidence with CO* at the C Is— 7*
resonance. The arrow indicates the direction of the polarization vector. (c)
The distribution of measured ions as a function of angle 6 is shown including
statistical error bars. Each point represents the integration over ¢ = 0 — 7,
and over A6 = 11.25°. The solid line shows the best fit of Eq. (4). The best
fit was found for 8 = —0.48 £+ 0.02.

rectly from the momentum data, and the molecular anisotropy
parameter, 8, can be determined for any subset of data filtered
by ion mass, kinetic energy or angular considerations.
The conventional expression for the differential cross

section is

do o

10 E[l—i—ﬂPz(cose)], (1)
where o is the total cross section integrated over space and
P, is the second-order Legendre polynomial, P>(x) = (3x*
— 1)/2. The geometry of our setup is shown in Fig. 1(a).
Since the fragment intensity is symmetric about the polariza-
tion vector the angular distribution of fragments can be ex-
pressed as*

1(0) = % f[l + B Py(cos0)]d<2, @3]

where dQ2 = sin0dfd¢ and ¢ is the azimuthal angle, so

2 64686
16) = 41/ dqb/ d6 sin6[1 + BPs(cosH)]  (3)
T Jo 0

with the solution for the case where 60 — 0

1) = %sin@[l + BPs(cos )] @)
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104303-3 Renner-Teller effect of carbon dioxide

Sources of systematic error in the determination of g in-
clude nonuniform detector efficiency, errors in the spatial, and
temporal coordinates as well as the direction of the polariza-
tion vector, €. In order to estimate the sensitivity of the 8 value
to these errors, we translated the (T,X,Y) coordinates raw data
by 3.0 ns in time and £-2.0 mm on the detector and rotated €
by 3°. For double coincidences of two-body breakups, 0 is
taken as the mean value for the two particles. We confirmed
that the histogram bin size has no effect on the determination
of the B parameter. For channels with good statistics, this led
to an error estimate ~=£0.03 for 8.

An illustrative example is the OT/CO™ two-body disso-
ciation channel at the C 1s— 27 resonance. The angular dis-
tribution of the O fragment from this pair about the time-
of-flight axis is shown in Fig. 1(b). The radial plot shows a
distribution characteristic of a perpendicular alignment of the
molecule with respect to the polarization vector as expected
for a ¥ — I dipole excitation. In Fig. 1(c), the experimental
data are presented as a function of angle together with a fit
to Eq. (4). The best fit is found for a 8 value —0.48 + 0.03.
While the corresponding bond angle is in accord with the 135°
bond angle expected from the equivalent-cores model, Bozek
et al.'"” measured value for the O fragment was somewhat
smaller presumably due to contributions from other fragmen-
tation channels producing the same fragment. Our measured
asymmetry parameter for the Ot/CO* fragmentation chan-
nel corresponds very well to the 134.3° bond angle for the
C ls— 2 resonance calculated by Ehara and Ueda.'?

lll. RESULTS AND DISCUSSION

The core-valence excited states in carbon dioxide are well
known to exhibit dynamic effects. The excitation of the O Ls
or C 1s electrons to the unoccupied 27, orbital lift the degen-
eracy of the lower bent (A1), and the higher linear (B) state
by the Renner-Teller effect.® Symmetry-resolved studies fo-
cusing on the angular properties of ion yield reveal the impor-
tance of vibronic coupling'®3*34 and ion momentum imaging
studies of the fragments from triply ionized CO, confirm the
geometric differences for the Renner-Teller split A; and B
states.” At the low-energy side of the 27" resonance the bent
state is preferentially populated. We expect that these states
will decay via Auger processes to areas of the potential en-
ergy surface where the bond angle is substantially less than
160°.° In Muramatsu’s study, the distribution of bond angles
measured in triple-ion coincidences clearly shows that the A
state is associated with smaller bond angles (down to about
90°) while the linear B, state has a distribution peaking at
160° but extends to about 130°. The large deformation in the
C 1s—2n, resonance can open decay channels to potential
surfaces in the dication where the bond angle is small. A sig-
nature can be found in the two-body breakup leading to the
dissociation limit C*/OEL highlighting a precursor bent ge-
ometry. A first outcome is the complete deformation of the
molecule, leading to a transient isomerization, and the subse-
quent dissociation where both C—O bonds are broken and the
oxygen atoms bond together.

J. Chem. Phys. 136, 104303 (2012)

A. Transient isomerization

We investigate the transient isomerization channel by
looking at the ion pair C*/O;' at both the C 1s—2m reso-
nance and at the O 1s—2x, resonance. In Fig. 2(a), we show
a polar plot of all C* ions measured in coincidence with OF
at the C 1s—2m) resonance. The distribution of fragments
indicates a preference along the polarization direction. In
Fig. 2(b), the angular distribution of C* ions from this pair
is presented for the C 1s and O s resonances together with
a least-squares fit of Eq. (4). The fits produce values of
B =1.07£0.14 at the C 1s edge and 0.78+0.15 at the oxygen
edge. The strong anisotropy of the angular distribution indi-
cates that the C—O bond break takes place along the direc-
tion of the polarization vector. Interestingly, the case shown
in Fig. 1(b) for a single O ejection reveals that the molec-
ular orientation in the excited state is perpendicular to this
direction. The measured distribution of C™ and OF pairs is
thus evidence of a dramatic geometry change, but the initial
perpendicular alignment of the nearly linear molecule evolves
to an alignment of the molecule parallel to the polarization
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FIG. 2. (a) Distribution of C* ions measured in the C*/O;r coincidence
events at the C 1s— 7* resonance. The arrow indicates the direction of the
polarization vector. (b) The distribution of ions as a function of angle 6 as in
Fig. 1. The lines shows the best fits of Eq. (4). (c) The distribution of total
kinetic energy of the fragment pair is shown for excitation at C 1s— 7* and
O ls— m*,
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direction as a consequence of deformation. The sharpness of
the distribution reflects the rapidity of the dissociation with
respect to the rotational period. We infer that deformation oc-
curs during the bending motion, and that both deformation
and dissociation are prompt on the time scale of rotation.
At the O 1s— m* resonance the measured anisotropy is less
sharp (8 = 0.78), which indicates an asymmetric intermediate
state where the dipole moment is shifted from the bisector as
predicted by Ehara’s theoretical study.!?

The KER distributions provide additional information
relevant to the fragmentation process. The KER in two-body
dissociation channels reflects the vertical distance the wave
packet moves on the potential surface in the dication as it dis-
sociates. In Fig. 2(c), we present the KER distribution for the
O3 /CT channel. This peak is rather narrow with a maximum
at ~7 eV suggesting that this pair can break into only a few
final states and pathways. With no internal electronic energy
in the fragments, the adiabatic dissociation limit is ~6.5 eV
lower than the adiabatic dissociation limit for the complete
atomization C*/O%/0O, suggesting that competition between
these two channels can occur if the nuclear wave packet is
outside the Franck Condon region after electronic relaxation.
The distribution for the O 1s resonance is similar.

The enhancement of the bending motion in these core-
excited states allows the possibility of decay to severely tran-
sient bent states that are not accessible in the linear geometry
or for small bond angles. Ohrwall et al.' reported detection
of the OF fragment in a partial ion yield study at the oxygen
and carbon 1s ionization edges. They also found a very low
intensity except at the resonances of interest in this study and
at the first Rydberg state in the C 1s absorption spectrum. Al-
though this dissociation channel is relatively weak, we have
evidence that the strongly deformed molecular geometry is
only accessible through the dicationic state since O;’ is only
detected in coincidence with C* despite the higher efficiency
of the single-ion coincidence measurement. We believe that
the fragment they detected arose from the dication fragmen-
tation. Both Ohrwall’s partial ion yield and our measurements
confirm that at the O 1s— 7 * resonance the branching ratio
for this pathway is about half of that found at the C 1s edge.
Assuming a constant decay rate from the core-excited state to
the dication leading to this fragmentation channel, it becomes
evident that the branching ratio between the O 1s— 7 * and C
1s— m* should be proportional to the ratio of the core-hole
lifetimes (3.5 fs and 6 fs) which is approximately 0.5.

There are no calculations available in the literature which
describe this highly deformed dissociation channel in CO,.
Experimental evidence for similar effects in other linear
molecules can provide a model for the nuclear dynamics. A
fragmentation channel indicating a dibridged configuration
was identified in acetylene.® This channel was isolated by
fillering on HJ/CJ coincidences and it was found that we
monitor only molecules undergoing a cis-bending motion.
The sharp alignment that was registered for acetylene in the
C 1s~'7* state (8 = 1.1) could be rationalized due to the
small inertia of the terminal hydrogen fragments. Our previ-
ous study of carbonyl sulphide found a similar phenomenon
leading to C*/OS™ with a less pronounced anisotropy param-
eter interpreted as a signature of a significantly longer time

J. Chem. Phys. 136, 104303 (2012)

scale for this transient isomerization.*® The rearrangement in
CO; can be seen as an intermediate case. Despite the larger
inertia of oxygen, our analysis arrives at the same value of
the anisotropy parameter as for acetylene. A plausible expla-
nation is that core electron excitation to the Renner-Teller
split C/O 1s~'27, state in carbon dioxide leads to highly
bent molecules, and the oxygen lone-pair orbitals are strongly
attractive and the oxygen atom and ion can bond relatively
quickly.

B. Asymmetric charge separation: Dissociation
mechanisms and fragment energy correlations

A second outcome of the Renner-Teller effect in the core
excited states is to influence dissociation dynamics in other
channels. In line with Muramatsu’s study® indicating an an-
gular distribution with a peak at 100° for the highest dis-
sociation limit (triply ionized), we investigate the dissocia-
tion limit leading to an asymmetric charge-separation channel
with neutral evaporation from the dication. The threshold for
the Ct/O%/O channel is at 47.2 & 0.5 eV (Ref. 26) and the
mean kinetic energy of the two detected fragments is found to
have a maximum of 7 eV over the 60—100 eV photon energy
range.

We carried out measurements in this energy range and at
several energies near the C and O 1s— n* resonances. We
detect O and C* in coincidence and the energy of the un-
detected oxygen fragment is deduced via conservation laws.
The undetected fragment could in principle be either a neu-
tral oxygen atom or an oxygen ion, although for energies be-
low the triple ionization threshold at about 70 eV the third
fragment must be neutral. Both the fragment KE distribution
and the total KER distribution of the reaction are observables
which can distinguish different dissociation mechanisms. ¢
Our study reveals kinematics similar to studies at higher en-
ergies where a detailed analysis of the mechanism based on
Newton diagrams assuming a dication mother species was
performed.?%37

The Dalitz plot is a valuable tool for analyzing the kine-
matics of the fragments and their correlations. The energy cor-
relation between fragments directly reflects the fragmentation
mechanism and the dynamics involved in dissociation. The
normalized coordinates €; used in the Dalitz plot are defined
as

|pil?
€ = 3—lﬁ2 )
Z,’=1 |pil

and p; is the momentum vector of fragment i € {1, 2, 3}.
The kinematic constraint, Y ;e; = 1, requires that all poings
lie in a plane. Conservation of linear momentum Zi pi =0,
introduces the additional constraint that all points must lie
within the unit circle. Introduction of Cartesian coordinates
xp = (65 — 63)/\/3 and yp = €; — 1/3 allows data to be pre-
sented in a 2D Dalitz plot from which the vector correla-
tion between fragments can be deduced.’®3° The case where
particle i has zero momentum corresponds to the point on the
circle where the tangent is perpendicular to the €; axis. The
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C+/0*/0

ance(270eV)

FIG. 3. Dalitz plots of the fragments measured at different photon energies for three-body fragmentation events. The upper plots are for detection of C* in
coincidence with O, and the lower plots show the distribution for detection of three charged fragments. (a) Photon energy of 60 eV, (b,b") 270 eV, (c,c’) 290.7

eV (C 1s— m*), and (d) 535.4 eV (O 1s— 7 *).

opposite point represents the maximum value, €; = % At the
center of the circle all fragments have equal momenta.

For sequential dissociation in the ABC molecule
(ABC—A/BC—A/B/C), the diatomic fragment, BC, has
time to rotate between the first and second dissociation steps.
In this case, we expect B and C to be anti-correlated, while
A, which receives a nearly constant fraction of the total KER,
is uncorrelated to the other fragments. For a concerted pro-
cess, the geometry is nearly fixed during fragmentation and
the Coulomb force determines the kinetic energies. This pro-
duces a well-defined pattern in the Dalitz plot.

Dalitz plots for Ct/O%/0 at 60 eV, 270 eV, and the C/O
Is— m* resonances are shown in Fig. 3. We can distin-
guish between sequential and concerted processes in these
plots.® In Fig. 3(a) (below and to the right of the red line).
the distribution is nearly perpendicular to the O" axis, in-
dicating weak correlation between the oxygen cation and
all other fragments. The diagram indicates that C* and the
neutral oxygen are strongly anti-correlated. This is charac-
teristic of a sequential dissociation process, where the pri-
mary fragment is O and the second dissociation step oc-
curs after the charged fragments have left the Coulomb region.
These mechanisms have been identified in CO, previously by
Masuoka and by Tian via photo-electron-photo-ion-photo-
ion-coincidence slope analysis.”>?® At the higher photon en-
ergies in Fig. 3(b) (inscribed in the red rectangle), an addi-
tional feature is visible in the region where C* has its min-
imum energy partition. The symmetry of this feature along
the e+ axis is due to the fact that the oxygen fragments have
equal kinetic energies. All of the fragments are uncorrelated,
which is characteristic of a concerted process with all particles
in the Coulomb region during fragmentation. This concerted
process was also observed in Pesic’s Newton diagrams below
the O 1572, state and was associated with CT fragments
with low kinetic energy.’” This is commensurate with a linear
geometry that fragments symmetrically.

One possible explanation for the appearance of a new
fragmentation channel in Fig. 3(b) is triple ionization. It is
more likely in this weak asymmetric charge separation chan-

nel (Ct/01/0) that an event producing three ionic fragments
be detected as a double-coincidence event due to the finite
detection efficiency and electronics dead time of about 10 ns
which significantly affects the detection probability of two O
ions. In the spectrum measured at 270 eV, these events ac-
count for about 65% =+ 5% of measured events. Our triple-ion
coincidence data confirm the hypothesis indirectly since the
concerted feature is essentially identical to the plot of the true
C*/O*/O™ trication fragmentation. These data are shown in
Fig. 3(b') for 270 eV. The concerted dissociation would re-
sult in a relatively large flight time difference between the
two oxygen ions since the velocity vectors are nearly paral-
lel to the spectrometer axis thus increasing the probability of
detecting two oxygen ions for that particular channel. This in-
terpretation is supported by a recent study of CO%Jr produced
in collisions with Ar® * ions by Neumann et al.?

The Dalitz plot at the C 1s~'2m, in Fig. 3(c) state shows
a different pattern. There are true coincidence events over es-
sentially the entire plot area indicating that all fragment en-
ergy partitions are equally likely. The most striking difference
from the off-resonance plot is the large number of higher-
energy C* ions. At the O 1s~!27, state in Fig. 3(d) we see
a similar trend. In the Dalitz plots for the C*/O"/O" at the
same resonance in Fig. 3(c’) this component is significantly
weaker suggesting it to be a true feature of the dication.

High C* kinetic energy indicates a bent molecular ge-
ometry: The higher the kinetic energy of the central atomic
ion the smaller the bond angle. Not surprisingly this feature
is seen at the carbon and oxygen ls—2m resonances, both
known to have bent geometries, and where the C*/O} ion pair
is measured. In another study at the O 1s— 27 resonance,’’
the deferred charge-separation mechanism was proposed to
explain the energetics. Such a process implies strong anti-
correlation between Ct and O1 which is not supported by
the Dalitz plot in Fig. 3(d).

Neumann et al. found that the total energy deposited
in the CO, molecular ion determines the fragmentation
pathway.? The events characterized by anti-correlated C* and
O energies can be isolated with a particular energy filter;
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FIG. 4. Dalitz plots of kinetic-energy filtered subsets of ionic C and O frag-
ments measured at the C 1s-7* resonance. (a) Events fulfilling the criteria 1
eV < E(CY)+ E(0)- % < 5 eV. These correspond to sequential dissocia-
tion originating in the carbon dioxide dication. (b) Coincidence events fulfill-
ing the criteria —2 eV <E(OT) — E(0) <2 eV and 13 eV <E(O™) + E(O).
These correspond to concerted breakup from the linear trication. (c) The high-
energy carbon fragment (5 eV <E(C")) indicates concerted breakup from the
severely bent dication. (d) Angular correlation plots for the data from the sub-
sets in (b) and (c).

in this case 1 eV<KE(C™") + %KE(O)<5 eV. The result is
shown in Fig. 4(a) where Dalitz plots for filtered subsets of
C*/O*/O at the C 1s— 7 * resonance are shown. The con-
certed dissociation pathway is characterized by strong corre-
lation between OF and O‘*) as well as high fragment kinetic
energies. A subset where both oxygens have large and ap-
proximately equal KER effectively selects this set of events.
The —2 eV<KE(O") —KE(O' ™)) < 2 eV and 13 eV<E(O")
+ E(O'*)) intervals efficiently filter out other processes [see
Fig. 4(b)]. To isolate the bent component we chose events
where the C* fragment has more than 5 eV. This data sub-
set is shown in Fig. 4(c).

Figures 4(a)—4(c) illustrates how the energy correlation
separates these three dissociation pathways. Since the data
also contain angular information, the angular correlation for
each event can be plotted as a histogram. The result is shown
in Fig. 4(d) where two distinct cases are compared and a dis-
tinct angular signature is exhibited for each of the dissoci-
ation mechanisms in Figs. 4(b) and 4(c). The events in the
concerted process subset have a peak at an pow and po+ an-
gle of about 160° and the distribution extends to 120°. The
angular correlation of the bent component shown in Fig. 4(c)
indicates a significantly smaller angle with a peak at around
130°. It is significant that the distribution of the angular cor-
relation extends to below 20°. This result is interesting and
can be interpreted as a link between the complete deforma-
tion measured in the two-body CJF/OEL dissociation case.

Although these correlations are based upon one measured
oxygen ion and the deduced momentum of the second oxy-
gen atom there is reason to compare with the triple-ionization
case. For the linear component the angular correlation we
measure is very similar to that reported by Muramatsu, but
the bent distribution is rather different.” While the similarity
in the angles in the linear component for these measurements
could be due to our finite dead time, the situation is somewhat
more fortunate in the latter case. The probability of detecting
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all three ions is highest when the alignment of the molecule
maximizes the flight-time difference between the two oxy-
gen ions. This occurs when the molecular axis, and hence
the O—H bonds, is aligned parallel to the spectrometer axis.
The time difference between the detection of the two identical
oxygen ions also increases with oxygen fragment energy pro-
jected along the spectrometer time-of-flight axis. In Fig. 3, we
compare our ion-ion coincidence measurements at (b) 270 eV
and (c) at the C 1s— m* state with true triple coincidences at
the same two energies. The Dalitz plots of triple coincidences
in Fig. 4 (b) and (c) contain mainly events where the carbon
ion has a low kinetic energy (more linear geometry) while
almost no events with higher carbon kinetic energies are mea-
sured as triple coincidences (bent geometries). The electron-
ics dead time prohibits measurement of both oxygen ions for
all such events, and the measurement is registered as a double-
coincidence event instead. We conclude that for the linear ge-
ometry a large fraction of our measurement consists of two
fragments from the trication breakup (i.e., aborted triple co-
incidences), resulting in an angular distribution very similar
to Ref. 9. For the bent case, we find a distribution which dif-
fers significantly from the triply ionized case, and is truly a
dication fragmentation event.

As the dication dissociates into three fragments the lone-
pair orbitals in the oxygen ion and atom lead to a probable
bonding of these two fragments, rather than a repulsion of
positive ions as was seen in the trication dissociation. Our re-
sult shows that a significant fraction of molecules have a ge-
ometry with an angle less than 90°. Since there is no visible
cutoff angle (as is the case for triple ionization), we believe
that the existence of the O fragment is a natural consequence
of the large bending angle in the A state at the C 1s— 7 * res-
onance. Analysis of our double- and triple-coincidence data at
the O 1s— 7 * state shows a similar pattern although the av-
erage angles are slightly larger.

This study demonstrates that while angle-resolved ion
yield measurements provide an average picture of the align-
ment and geometry, fully coincident measurements of frag-
ment 3D momenta reveals the details of individual dissocia-
tion channels, which essentially brings the measurement close
to the molecular frame. In carbon dioxide, we see that the
main dissociation channel OT/CO™ is commensurate with a
bond angle of about 135° at the C 1s— m* resonance, while
the O*/C* fragmentation channel is associated with a broad
range of angles ranging from linear to a highly bent geometry.
The third channel, O;r/CJr provides insight into the complete
deformation of the molecule which though relatively weak, is
easily isolated in these measurements.

IV. CONCLUSION

We investigated the fragmentation of the carbon diox-
ide dication after core-excitation to the C and O 1s~'27,
states. Two-body dissociation into OT/CO™ results in identi-
cal KER distributions that are independent of photon energy.
The ground state of the dication is populated with a high prob-
ability in electronic transitions leading to this fragmentation
channel. We show that the bending vibrational mode induced
after core-excitation to the C 1s~'2m,, state can decay into a
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dication state that subsequently dissociates into the C*/O5
pair. Three-body breakup of the dication into OT/C*/O is
mainly a sequential two-step process. At the low-energy side
of the C/O 1s— m* resonance we find evidence of a Coulomb
explosion channel induced by the bent Renner-Teller compo-
nent. Energy correlations of the fragments are studied using
Dalitz plots. The energy correlations provide a tool to select
events corresponding to particular dissociation mechanisms
which can be analyzed for angular information.
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