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The fragmentation dynamics of CO2 molecules subsequent to K-shell photoexcitation and ionization was
studied using a multicoincidence ion momentum imaging technique. The detailed analysis via fragment mo-
mentum correlation plots �Newton diagrams� clearly reveals concurrent fragmentation mechanisms for the
three-body dissociation of CO2

2+ into C++O++O, for both linear and bent geometry states of CO2
2+. The

experimental results are supported by a classical trajectory simulation based on a Coulomb explosion model,
which elucidates energy and angular correlations between fragments for different fragmentation processes.
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The energy deposited in molecules by electrons, ions, and
photons leads to fragmentation into charged and neutral par-
ticles �1�. Subsequent reactions involving molecular frag-
ments can cause chemical changes of the surrounding media.
The understanding of these processes is important in diverse
areas of science such as the physics and chemistry of plan-
etary atmospheres, radiation damage of biological tissues,
and surface chemistry. A complete knowledge of the frag-
mentation dynamics is out of reach even for very simple
molecules due to the manifold of possible pathways. For
example, the breaking of two or more bonds in polyatomic
molecules can occur simultaneously �concerted� or sequen-
tially, as either deferred charge separation or secondary de-
cay �2–4�. The kinetic energy and angular distribution of the
fragment ions are thus determined by the kinetic energy re-
lease �KER� in every dissociation step and by rotation and
vibration of both parent molecule and intermediates �3�.

Here we report a methodology to unambiguously identify
different fragmentation mechanisms, applied to the
CO2

2+→C++O++O fragmentation channel, emphasizing the
role of molecular bending during the fragmentation. The
states with bent or linear geometry are prepared by tuning to
a resonant or off-resonant photon energy �5�. The use of a
multicoincidence momentum imaging technique �3,5–8� al-
lows the direct measurement of the momentum of every de-
tected fragment and the correlations between them, hence
providing direct insight into the fragmentation mechanisms.
The momentum correlation between C+ and O+ ions detected
in coincidences is analyzed by employing fragment momen-
tum correlation plots �Newton diagrams� �4�, differentiated
for selected kinetic energy ranges of the C+ and O+ frag-
ments. The applied experimental technique and data analysis
procedure, selecting ion pairs with certain kinetic energies,
allows the identification of even weak fragmentation chan-
nels. We show that concerted fragmentation, secondary de-
cay, and a weak deferred charge separation all occur for lin-
ear and bent molecular states.

The indication that molecules break in either a concerted
or sequential manner is usually drawn from the shapes of the
peaks in the covariance map �e.g., see, �2–4,9� for

photoelectron-photoion-photoion coincidence �PEPIPICO�
studies�. However, covariance mapping provides mostly in-
direct information on the fragmentation dynamics of poly-
atomic molecules, and the conclusions are often ambiguous
and numerous peak shapes could not be fully explained �10�.
For example, earlier studies of the photofragmentation �11�
and electron impact fragmentation �12� concluded that a sec-
ondary decay was responsible for the fragmentation channel
C++O++O, while a deferred charge separation pathway was
proposed for the fragmentation in the collision with protons
�13�.

The experiment was performed at beamline 8.0.1 of the
Advance Light Source in Berkeley, using an effusive gas
target. The photon energy was tuned to the C and O 1s−12�u
resonances as well as above and below these resonances. The
fragments were analyzed using a velocity-map imaging spec-
trometer equipped with a multihit-capable position-sensitive
delay-line anode �14,15�. The radial energy scale was cali-
brated by imaging photoelectrons of known kinetic energy,
applying reversed potentials. The mass-to-charge ratio of the
ionic fragment was determined from the ion time of flight
�the start signal was provided by the detection of an electron
extracted opposite to the ions�, which also contained infor-
mation about the component of the momentum along the
spectrometer axis, whereas the hit position on the position
sensitive detector provided the components of the ion mo-
mentum parallel to the detector plane �px and py�.

Three CO2 photofragmentation channels leading to final
states O++CO+, C+O++O+, and C++O++O can be recog-
nized as islands in a PEPIPICO covariance map �14,15�. The
CO2

2+ intermediates are produced by Auger decay following
the primary ionization or excitation. The electronic states of
the intermediates are discussed in �16�; however, an energy-
resolved electron-ion coincidence experiment is required to
correlate them with the dissociation channels �17�. Figure 1
shows the KER for all three fragmentation channels for pho-
ton energies below the O K-edge and on resonance for the O
1s−12�u excitation. Their branching ratios are 32%, 17%,
and 51% �off resonance� and 35%, 10%, and 55% �on reso-
nance�. KER spectra and Newton diagrams below, above,
and on resonance for the C 1s−12�u excitation are similar but
are not shown here. The two-body fragmentation
CO2

2+→O++CO+ �left panels� yields fragments with kinetic*z.pesic@fzd.de
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energies centered around 2.8 eV �O+� and 1.5 eV �CO+� and
KER about 4.9 eV, with a full width at half maximum of
3.4 eV and a tail extending up to 12 eV. The three-body
fragmentation CO2

2+→C+O++O+ �middle� is characterized
by a broad KER distribution, with a slightly stronger contri-
bution of more energetic C fragments �Ekin�5 eV� for reso-
nant photon energy. The strongest dependence of the KER on
the photon energy is manifested for the C++O++O channel
�right�. On resonance, the KER exhibits a broad peak around
7 eV, whereas for off-resonant photon energies, the KER
spectrum shows a double hump, which can be decomposed
into a contribution similar to that in the on-resonance case
plus a higher-energy peak centered around 12 eV that ex-
tends even beyond 30 eV.

Newton diagrams for all three fragmentation pathways of
the CO2

2+ molecular ions are shown in Fig. 2�a�. A kinemati-
cally complete description of the fragmentation is possible
by employing energy and momentum conservation laws that
allow us to reconstruct the momentum of the neutral third
particle �4,18�. We note that most coincidence momentum
imaging studies to date have focused on a complete Coulomb
fragmentation �5,19�. A part of these events is registered as
double coincidences, due to the imperfect detection effi-
ciency of our experimental setup �50–60 % �. However, their

FIG. 1. �Color online� KER for different fragmentation channels
of CO2

2+: �a� CO++O+ �left�, �b� C+O++O+ �middle�, and �c�
C++O++O �right�. The energy of the neutral fragments is deduced
from the experimental data by applying momentum conservation.
The photon energy was set to the O 1s−12�u resonance at 535.4
�lower row� and 7.6 eV �upper row� below the resonance.

Angle between fragments [degree]

800

600

400

0

O+O+

O+ O+

O

O

C

C

CO+

CO+

O+

O+ O+

O+ C+

C+

C+

O

O+

C+
O

Below �*

O 1s-1 �*

O+

p y
[a

.u
.]

0.1-0.2 eV 0.6-0.7 eV 0-2 eV 2-4 eV 6-8 eV 0-2 eV 2-4 eV 6-8 eV

-150 0 150 -150 0 150 -150 0 150 -150 0 150 -150 0 150 -150 0 150 -150 0 150 -150 0 150

-150 0 150-150 0 150 -150 0 150

-1
50

0
15

0
-1

50
0

15
0

-1
50

0
15

0
-1

50
0

15
0

Px[a.u.] Px[a.u.]

Px(a.u.)

p y
[a

.u
.]

P
y

[a
.u

.]

Uncertainty

Uncertainty

Below �*

O 1s-1 �*

Below �*

O 1s-1 �*

a)

c)

C.F.

C.F.

S.D.

D.C.S.

b)

d)

In
te

ns
ity

[a
rb

.u
ni

ts
]

45 90 135 180 225 270 315
0

20

40

60

80

100
O 1s-1 �*

0

20

40

60

80

100
below O 1s-1 �* O+ - CO+

C+ - O+

O+ - O+

FIG. 2. �Color online� �a� Newton diagrams for CO2
2+ fragmenting into O++CO+ �left�, C+O++O+ �middle�, and C++O++O �right�

fragmentation channels. The reference ion �represented by the arrow in the middle diagram� is underlined. �b� Angle between coincident
fragments detected for the above fragmentation channels. �c�,�d� Newton diagrams plotted for different energy intervals �labeled above
diagram� of C+ �c� and O+ �d� reference ions on the O 1s−1�* resonance and 7.6 eV below it.
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contribution is negligible as the CO2
3+ production probabil-

ity is only a few percent �19�.
The momenta of one of the ionic fragments and of the

neutral �calculated� are mapped on the right and left parts of
each polar plot, with respect to the momentum of the other
ion. Here, all momenta are rotated so that the reference ion
points along the positive y axis. Clearly, the vector sum of
the ion momenta from the two-body fragmentation into O+

and CO+ should equal zero, and hence gives an estimate of
the uncertainty of the procedure for calculating the momen-
tum of the neutral particle in the three-body decay. The ter-
minal atoms from the C+O++O+ channel �two O+ ions� also
fly back to back, while the neutral C atoms remain almost at
rest, with only a very small momentum perpendicular to the
molecular axis. The angular spread is broader for resonant
excitation. These results suggest a concerted fragmentation
mechanism which is consistent with �11�.

The on-resonance fragmentation into the C++O++O
channel leads to a broad distribution of C+-O+ angles around
180° and small momentum of the neutral O, while a strong
additional contribution, characterized by a large C+-O+ an-
gular spread and larger energies of the neutral O, appears off
resonance. The angular correlation is also shown in Fig. 2�b�.

In order to separate different fragmentation mechanisms
that are contributing to the CO2

2+→C++O++O channel,
Newton diagrams are plotted for selected kinetic energy
ranges of the C+ �Fig. 2�c�� and O+ �Fig. 2�d�� fragments.
This differentiation reveals that the distinct, circular correla-
tion pattern for off-resonant photon energies, formed by the
most energetic �pxy �100 a.u.� O+ ions and O neutrals, exists
predominantly for very low kinetic energy of the C+ ions,
while the contribution of lower-energy O+ ions
�pxy �75 a.u.�, emitted back to back with respect to the C+

ions, gains importance as the energy of the C+ fragments
increases. On resonance, only a small contribution of the
circular structure is present and low-energy C+ fragments are
less abundant �see Fig. 1�. The energetic neutral fragments
are clearly correlated with the most energetic O+ ions, and
are emitted away from them, as can be seen from the dia-
grams plotted with respect to O+ fragments �Fig. 2�d��. At the
off-resonant photon energy, a new channel seems to open
above 5 eV kinetic energy of the C+ ions, characterized by
neutral O fragments with fairly substantial momentum anti-
parallel to C+ and very low energy of the O+ fragments.

In order to guide the interpretation of the experimental
results, we performed classical trajectory calculations based
on a Coulomb explosion �CE� model. We assumed an instan-
taneous rearrangement of the electrons after photoionization,
which is reasonable as inner-shell vacancy relaxation times
�10−15–10−14 s� are typically a few orders of magnitude
shorter than rotational and vibrational times. The fragmenta-
tion of multiply charged ions is then ruled by the Coulomb
repulsion between positive, pointlike charges. The neutral
fragment is taken into account allowing for fractional
charges, as in �20�. In order to model a two-step fragmenta-
tion process, we allowed for a variable delay of the second
bond break and a rotation of the transient ion �rigid rotor�.

The results of the CE model for the C++O++O fragmen-
tation channel are presented in Fig. 3, where the C+-O+ angle
and the kinetic energy of the fragments are plotted as a func-

tion of the bond angle of the excited state, for concerted
fragmentation �black circles�, secondary decay �left panels�,
and deferred charge separation �right panels� of short- �10 fs�
and long- �500 fs� lived transient CO+ and CO2+ ions. Be-
cause of the known shortcomings of the CE model, particu-
larly the oversimplification of the potential curves and the
improper treatment of the neutral fragment, the calculated
fragment energies cannot be expected to agree with the ex-
perimental values in terms of absolute numbers. However,
the general trends and the ratios between fragment energies
reflect the fragmentation dynamics adequately enough to al-
low direct comparisons with the experiment.

For an instantaneous breaking of both bonds in a linear
molecule �a bond angle close to 180°� the kinetic energy is
shared mainly between neutral O and the O+ ion, while the
C+ fragment ends up with a small momentum component
perpendicular to the molecular axis. The fragment energy
and the C+-O+ correlation angle strongly depends on the ex-
act molecular geometry at the instant of the fragmentation
and even zero-point vibration leads to a large angular spread.
This mechanism is therefore responsible for the circular
structure visible in Fig. 2 for low kinetic energies of the C+

fragment at the off-resonance photon energy �labeled C.F.�.
In contrast, concerted fragmentation of a strongly bent ex-
cited state leads to back-to-back emission of very energetic
C+ and O+ ions with a correlation angle above 170° and a
neutral fragment with almost no kinetic energy. This mecha-
nism is dominant for on-resonance photon energies, where
the resonantly excited molecules have a bent geometry �5�. A

FIG. 3. �Color online� Results of the CE model for the
C++O++O fragmentation channel for concerted, sequential, and de-
ferred fragmentation and different lifetimes of the intermediates.
The angle between C+ and O+ ions and the kinetic energy of C+, O+

and O fragments is calculated as a function of the bond angle. The
scatter of the calculated points is caused by the rotational and vi-
brational motion.
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much weaker contribution from linear excited states can be
seen faintly in Fig. 2�c� �0–2 eV� as well as for very ener-
getic O+ ions in Fig. 2�d�.

In addition to concerted decay of linear and bent mol-
ecules, another decay mechanism must be evoked in order to
explain the distinct “island” of less energetic O+ fragments
�pxy �75 a.u., labeled S.D.�, which is particularly well re-
solved below resonance for C+ energies between 1 and 4 eV.
According to our model, only a slow ��100 fs� secondary
decay of CO+ ions produces medium-energy C+ and O+ frag-
ments with a correlation angle very close to 180°. This ex-
planation is additionally supported by the nonresonant New-
ton diagram plotted with respect to 2–4 eV O+ ions, which
show that the energy of the neutral oxygen is similar to or
slightly lower than the energy of C+ ions. Integration over
the selected regions of interest in Fig. 2 gives probabilities
for the concerted fragmentation and secondary decay path-
ways for off-resonant ionization of 54% and 41%.

Finally, a deferred charge separation of a CO2+ interme-
diate with a rather long lifetime ��100 fs� can explain the
weak but clear contribution of low-energy ��2 eV� O+ ions.
These slow O+ ions are coincident with very low-energy neu-
trals and rather energetic C+ fragments emitted opposite to
the O+ ions, as predicted by the CE model. In order to ex-
plain the momentum correlation plot for the most energetic

C+ fragments at below-resonance photon energy, which
shows very slow O+ ions and fairly energetic neutral frag-
ments, a deferred charge separation with a lifetime close to
half of a rotational period of the intermediate CO2+ has to be
assumed. In that case, a very slow O+ ion can be produced if
the moving CO2+ ion rotates enough that the O+ gains veloc-
ity antiparallel to the velocity of the intermediate CO2+. Such
a process would also produce faster C+ ions. As this channel
is very weak �about 5%�, this assumption is not entirely un-
reasonable.

In conclusion, we have clearly identified three different
fragmentation mechanisms in the three-body fragmentation
of CO2

2+ after excitation by synchrotron light in the vicinity
of inner-shell resonances. The analysis of the measured mo-
menta correlation uncovers even a weak deferred charge
separation in addition to the strong concerted fragmentation
and secondary decay channels for both linear and bent mo-
lecular states. The prediction for the mean KER and the mo-
mentum correlation between fragments by the CE model are
reasonable and support our interpretation of the experimental
results. This methodology can be applied to any polyatomic
molecule.
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