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The fragmentation pattern and corresponding kinetic energy release distributions from carbon monoxide
after collisions with slow, highly charged ions �C6+ at v=0.8 a.u. and Ar11+ at v=0.39 a.u.� are reported.
Correlated measurements of the projectile final charge state and all charged molecular fragments were obtained
using a coincidence time-of-flight technique coupled to projectile charge state separation. Fragmentation
branching ratios for the dominant electron capture processes in these collisions are similar to those resulting
from ionization by fast highly charged projectiles. This result can help simplify simulations of astrophysical or
artificial plasma environments, as the branching ratio may be considered essentially constant for both electron
capture and ionization as long as the relevant impact parameter is large.
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Charge exchanging collisions between highly charged
ions �HCIs� and neutral molecular targets are a significant
process in astrophysical settings �1�, such as planetary atmo-
spheres �2,3�, comets �4–7�, and interstellar clouds �8�. Car-
bon monoxide, in turn, is an important part of the molecular
clouds surrounding galaxies �9�, comet tails �10,11�, and the
atmospheres of Titan �12� and Triton �13�. As a result, it is
desirable to know accurate electron capture cross sections
and fragmentation branching ratios of HCI-CO collisions for
modeling purposes �14�. The same information is also nec-
essary to understand HCI-molecule collisions in various ar-
tificial plasma environments �15�, including fusion devices
�16�.

We have previously reported cross sections, fragmentation
branching ratios, and the kinetic energy release �KER� upon
dissociation of CO colliding with fast highly charged ions
�17–19� and protons over a wide range of velocities �20�.
These collision studies, and others like them �21–28�, are
interesting because the KER and the branching ratios give
insight into the dynamics associated with the transient ex-
cited states of the molecular ion. With the exception of the
low-velocity proton impact data reported in Ref. �20�, these
projectiles do not model very well the solar wind or mag-
netospherically confined ions that are often of interest in as-
trophysical settings. Highly charged ions with energies in the
few keV per charge state �q� regime, however, are an impor-
tant part of the fast solar wind �29�. In fact, highly charged
carbon ions are the most abundant species in the solar wind
save for protons and alpha particles �29�.

In this Brief Report, we present measurements of the frag-
mentation branching ratio and KER as a result of slow �v
=0.8 a.u.� C6+ and �v=0.39 a.u.� Ar11+ ions colliding with
CO. When these results are compared to each other and to

previous data, it is apparent that the CO fragmentation pat-
tern remains approximately constant over a wide range of
projectile charges and velocities, regardless of the specific
electron removal mechanism. The qualitative explanation for
this is that due to the many-electron nature of the target, the
interaction strength, q

vb �q is the projectile charge and b is the
impact parameter� �30� is roughly the same for any process
removing a specific number of electrons, and thus similar
excited states of the molecular ion are populated yielding
similar branching ratios. Stated another way, as q

v increases,
the value of the impact parameter increases correspondingly
and the collision remains “soft.” This result is contrary to
earlier results obtained from collisions between highly
charged ions and H2 targets, which display a more compli-
cated relationship between impact parameter and collision
velocity �31–33�. Even in the 14-electron CO target, if you
select a process that has a small impact parameter, such as
capture at high velocity or ionization at low velocity, varia-
tion in the branching ratio is observed �20,24�. For the one-
or two-electron processes that dominate the cross section,
and are therefore of most interest for astrophysical modeling,
the CO fragmentation branching ratios appear to remain
quite constant as q

v changes. In contrast, the KER distribu-
tions show more variation as the interaction strength is var-
ied. Finally, we report the distribution of projectile charge
states resulting from these collisions and compare the results
to a model calculation.

The apparatus, experimental technique, and data analysis
methods are described elsewhere �20,34,35� and are only
summarized here. A beam of HCI produced by the KSU-
CRYEBIS �36� was accelerated using the source platform
voltage, charge separated by an analyzing magnet, and di-
rected toward the target region where it intersected a jet of
carbon monoxide. The effusive molecular jet localized the
target in the strong uniform extraction field of a two-stage
Wiley-McLaren �34,37� spectrometer which accelerated all
recoil ions toward a microchannel plate �MCP� detector. The
projectiles were charge analyzed after the collision by an
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electrostatic deflector as well as by the extraction fields in the
spectrometer itself. The recoil ions produced in a single col-
lision were identified using a coincidence-time-of-flight tech-
nique �34� using a common stop from the projectile detector.

The final charge state of the projectile was determined
using a two-dimensional position sensitive MCP detector lo-
cated 1.3 m downstream from the target. The 1.3 m flight
length for the projectiles after leaving the target region made
for good separation of charge states on the projectile detector
��1 cm�, which has a resolution of 0.2 mm. The determina-
tion of the projectile charge state was made in off-line analy-
sis of the event-by-event data by first requiring a coincidence
with a particular recoil ion to reduce the random projectile
yield. The two-dimensional projectile position was then pro-
jected onto the axis parallel to the deflector field and fit with
multiple Gaussians to determine the projectile charge state
yield in association with that recoil ion �ions� channel. As
described in Refs. �17,18,20,34,35�, the data were corrected
for double collisions, detection efficiency less than 1.0, and
contaminant beam charge states.

The main results of the measurement with C6+ projectiles
are given in Table I. �Similar results for v=0.39 Ar11+ and
v=9.85 Ar14+ collisions with CO may be found in Ref. �39�.�
At the collision velocities under study, electron capture to the
highly charged projectile is dominant and direct target ion-
ization is negligible �20,25�. Single electron capture is the
largest channel, followed by the C++O+ channel �about four

times less likely� and the order-of-magnitude smaller C+

+O and C+O+ channels. Two other main features of the data
are apparent. First, when multiple electrons are removed
from the target, charge-symmetric dissociation is the favored
dissociation pathway. This phenomenon has been observed
in other collision systems �17,22,38� and is understood to be
a consequence of the ability of the electron cloud to rear-
range quickly compared to the much slower nuclear motion
in the dissociation process. For charge asymmetric channels,
the production of �multiply ionized� carbon ions is generally
favored over production of the corresponding oxygen ions,
most likely because oxygen has a larger binding energy.

The branching ratios shown in Table I are similar to the
branching ratios measured in other experiments over a range
of projectile q and v �17,19,20� in which direct target ioniza-
tion is usually dominant and always non-negligible. To ex-
amine if the trend, shown in Fig. 1, remained consistent as
the value of q

v increased, we also measured Ar11++CO colli-
sions at v=0.39 a.u., for which the projectile q

v reaches 28
�39�. Some change in the branching ratio was observed, but
the changes were generally less than about 10% of the total
while q

v changes by nearly two orders of magnitude in the
range of experiments shown. The relative change in the main
channels, though larger ��50%�, is still slow for the wide
range of q /v. One might expect that as the ratio of projectile
q
v increases, the branching ratios would shift toward multiply
charged fragments. Somewhat counterintuitively, the amount
of “soft” capture �i.e., CO+� increases as q

v increases from 7.5
to 28. The qualitative explanation for this is that the increase
in q is accompanied by an impact parameter increase such
that the interaction strength needed to remove the electrons is
preserved. Therefore, the branching ratios remain fairly con-
stant over the range of collisions studied. If, however, one
experimentally isolates a small impact parameter process, a
“hard” collision is observed. These collisions may well in-
volve inner-shell electrons, leading to autoionization of the
target and increased fragmentation. This is dramatically illus-
trated by a reanalysis of data �39� first reported in Ref. �24�
to obtain the branching ratios from electron capture induced
by 97 MeV Ar14+ ions. For example, in that experiment �24�,
the C++O2+ was favored over the C2++O+ dissociation by
about 36%. Our results �see Table I� favor the C2++O+ chan-
nel by a factor of 3.4.

The second main point that is apparent from Table I in-
volves the final charge state of the projectile. The presence of
highly charged recoil ions �up to six electrons removed even
though we only measure projectiles up to q=3� indicate that
multiple electron capture is likely to be followed by a fast
autoionization of the projectile, specifically faster than the
transit time of the projectile through the analyzer, i.e., less
than about 50 ns. Radiative stabilization of the projectile, in
contrast, is a relatively rare outcome. For example, radiative
stabilization only occurs 3.3% of the time for the main
double capture channel yielding C++O+ dissociation in these
collisions. The propensity of the projectile to autoionize fol-
lowing multiple electron capture would seem to indicate that
the electrons are predominately captured into a doubly ex-
cited state of the projectile. To verify this assumption, we
have used the extended over-barrier model �EOBM� �40� to

TABLE I. Relative cross sections of all measured final states of
the molecular ion in coincidence with the final projectile charge
state for C6++CO collisions at v=0.8 a.u. All results are normal-
ized to the dominant C5++CO+ final state.

Channel C5+ C4+ C3+

CO+ 100

C++O 9.9�4.6

C+O+ 9.4�3.2

CO2+ 2.7�0.4 0.3�0.06

C2++O 4.2�1.0 2.5�0.6

C++O+ 26.1�3.5 0.93�0.35

C+O2+ 2.1�0.5 1.67�0.4

C3++O 3.1�0.30 1.2�0.20

C2++O+ 6.4�0.85 4.4�0.6

C++O2+ 1.9�0.37 1.2�0.23

C+O3+ 1.4�0.24 0.53�0.14

C3++O+ 0.26�0.066 0.34�0.09

C2++O2+ 2.2�0.32 2.3�0.35

C++O3+ 0.18�0.05 0.16�0.05

C+O4+ 0.31�0.013 0.14�0.03

C4++O+ 0.0006�0.0004 0.016�0.008 0.017�0.008

C3++O2+ 0.51�0.09 1.0�0.17 0.03�0.01

C2++O3+ 0.53�0.09 1.1�0.18 0.04�0.02

C++O4+ 0.0036�0.002 0.012�0.005 0.026�0.012

C4++O2+ 0.0027�0.0012 0.010�0.006 0.008�0.005

C3++O3+ 0.25�0.08 0.74�0.22 0.10�0.04

C2++O4+ 0.035�0.019 0.11�0.059 0.092�0.050
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calculate the probability of capture into a particular set of
projectile states for the Ar11++CO collisions discussed ear-
lier. The results of these calculations, shown in Fig. 2, indi-
cate that the first electron will usually be captured into n
=6�1, with the second electron captured in a state n� rang-
ing from 4 to 11. Many of these states autoionize rapidly,
accounting for the measured projectile charge distribution.
Results for carbon projectiles showed similar trends.

While the branching ratios are fairly insensitive to
changes in the projectile q

v , the KER distributions are more
sensitive probes of the excited electronic states of the parent
molecular ion. Figure 3 illustrates how the KER distributions
change with either projectile velocity or the presence of pro-
jectile electrons. The recent paper by Rajput and Safvan �28�
has examined the KER distributions from Ar8++CO colli-
sions at v=1.1 a.u., with particular attention to the CO�4−6�+

dissociation channels. Our experiment obtained similar data,
although we note in passing that unlike the previous result
�28�, we observe the C4++O2+ channel in both the carbon
and argon collision systems. The KER distributions of the
various fragmentation channels are relegated to the EPAPS
material associated with this Brief Report �39�. Nearly all of
the KER distributions have components that differ signifi-
cantly from a simple Coulomb explosion picture in agree-
ment with previous observations with higher energy reso-
lution that allowed identification of some of these states �see
Ref. �27�, and references therein�. Further evidence that

many excited electronic states of the transient molecular ion
are populated is given by the EOBM results, which indicate
that about 20% of the double capture process involves inner-
shell electrons, thereby leading to further electron removal
from the target by autoionization.

In summary, we have measured the fragmentation branch-
ing ratios and the KER distributions that result from colli-
sions between CO and slow C6+ or Ar11+ ions and compared

FIG. 1. �Color online� Fragmentation branching ratios from the
transient excited states of CO+ �top� and CO2+ �bottom� as a func-
tion of q

v . Fragmentation channels are denoted by CO+ ���, C+

+O ���, C+O+ ���, C++O+ ���, CO2+ ���, C2++O ���, and
C+O2+ ���. Besides the present results at q /v=7.5 �C6+� and 28
�Ar11+�, the other projectiles include 1 MeV/u F4+, F9+, B5+, and
H+, and 25 keV H+. Except for the 25 keV H+ impact, in which the
fragmentation branching ratio shown here includes both capture and
ionization, the results from the previously reported measurements
�17,19,20� represent direct ionization of the CO target.

FIG. 2. �Color online� The probability for double electron cap-
ture �DC� to populate the projectile principle quantum states n and
n� according to EOBM calculations of Ar11++CO collisions at v
=0.39. The probabilities are plotted versus the energy of the �n ,n��
state. The string of numbers in the legend indicates which of the 10
non-K-shell electrons are captured. For example, in the top panel,
the two least tightly bound electrons are captured from CO. The
EOBM estimates that this occurs 78% of the time. Colors are asso-
ciated with a given n: n=4 �green�, 5 �blue�, 6 �red�, 7 �black�.

FIG. 3. �Color online� C++O+ KER distributions resulting from
collisions with a range of projectile q

v . The high velocity results, in
which electrons are removed by ionization, are from Ref. �19�,
while the O7+ results are from Tarisien et al. �27�.

BRIEF REPORTS PHYSICAL REVIEW A 77, 064701 �2008�

064701-3



the results to those obtained with faster projectiles. Fragmen-
tation branching ratios are fairly constant for all these soft
collisions, namely electron capture by slow HCI and ioniza-
tion by fast HCI, over a wide range of projectile charges and
velocities. This was attributed to the multielectron nature of
the target. In contrast, the KER distributions vary consider-
ably and therefore can give insight into the excited electronic
states of the intermediate molecular ion. Both the experimen-

tal results and our EOBM calculations suggest that multiple-
electron capture results in the population of projectile states
that rapidly autoionize.
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