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We have measured relative cross sections and fragmentation branching ratios for proton–carbon monoxide
collisions over a wide velocity range from 0.63 to 23.7 a.u. �i.e., Ep of 10 keV to 14 MeV� using a coincidence
time-of-flight technique. For low projectile velocity, where electron capture by the projectile becomes impor-
tant, this process is separated from ionization by projectile charge-state analysis. Our measurements of CO2+

production resolve differences between previous measurements, but our multiple-ionization cross-section mea-
surements differ significantly from recent measurements by Siegmann et al. �Phys. Rev. A 66, 052701 �2002��.
The observed kinetic-energy release from dissociating channels varies slowly as the incident proton velocity
changes, and in general is not compatible with a simple Coulomb explosion picture.
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I. INTRODUCTION

Carbon monoxide is an important part of the molecular
clouds surrounding galaxies �1�, cometary atmospheres �2,3�,
and the atmospheres of Titan �4� and Triton �5�. Excitation or
removal of electrons from CO by cosmic rays, solar wind, or
secondary particles stimulates a variety of processes that are
important in these environments. It is therefore important to
know accurate cross sections and fragmentation patterns for
modeling purposes �6�. The same information is also neces-
sary for the understanding of CO in various artificial plasma
environments �7�.

The ionization of CO by light ions �Ref. �8� provides a
review� and, more specifically, protons �9–17�, has been
studied for a number of years. Most of these studies have
focused on measurements of the total-ionization cross sec-
tion, although some of the more recent experiments include
separate cross-section measurements of various final chan-
nels. With a few exceptions �15–17�, the final-state analysis
in these experiments is complicated by the fact that ion de-
tection is uncorrelated. In other words, a C+ ion from the
dissociation of CO+* following the removal of one electron is
indistinguishable from a C+ ion from a dissociating CO2+

which has had two electrons removed. Similar problems
arise for other dissociating channels. This ambiguity can be
removed using multihit detection, for which there are now
various techniques �18–23�. In addition, most of these cross-
section measurements are restricted either to projectile ve-
locities around 1 �atomic units are used throughout, unless
otherwise indicated�, where electron capture by the projectile
is the dominant mechanism, or to higher velocities, where

direct target ionization dominates. At intermediate velocities,
where the two processes are comparable, separating the two
processes requires additional experimental considerations.
We are aware of no previous measurement that spans a large
range of velocities, has the ability to detect multiple dissoci-
ating ions, and separates the electron capture and ionization
channels.

A second class of experiments has focused on the under-
standing of the molecular decay dynamics in CO, where the
decay may be induced by a variety of processes, including
single photons, �24–26�, intense lasers �27–29�, electrons
�22,30–32�, and ions �21,33–43�. Much of this interest is
because the branching ratios between different final states
and the kinetic-energy release �KER� from dissociating chan-
nels can both provide tests of calculated molecular potential-
energy curves. In addition, ion-impact fragmentation of mol-
ecules is one example of how electronic energy is transferred
to nuclei, and therefore bulk matter. By this mechanism or
others, it is clear that the energy initially deposited in elec-
trons results in defects in bulk material via the displacement
of atoms �44�. Furthermore, even low-energy charged sec-
ondary particles are efficient at producing strand breaks in
DNA molecules �45�. Understanding the dynamics of basic
ion-molecule collisions is therefore necessary if one hopes to
skillfully utilize ionizing radiation at a molecular level for
therapeutic purposes.

The reactions under study can be viewed as a two-step
process. First, the electrons are either captured by the projec-
tile, excited in the target, or ionized into the continuum.
Later, the transient molecular ion can either dissociate or
remain as a molecular ion. Therefore, we use the following
notation for ionization:

H+ + CO → H+ + COq+ + qe−, �1�

and transfer ionization �TI�:
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H+ + CO → H + COq+ + �q − 1�e−, �2�

where in both cases the transient molecular ion COq+ may be
in its ground state or excited. If this state is a dissociative
state the COq+ will dissociate into Ci++O j+ as final products
of the reaction. The charge states of the fragments span all
possible values from 0 to q, where q= i+ j for ionization and
i+ j−1 for TI. Since the dissociation is much slower than the
time for electronic rearrangement, the charge of the molecu-
lar ion is usually divided symmetrically between the frag-
ments �34,35,42�. However, for the heteronuclear CO, a
slight preference of C+ over O+ was observed �34,35�. In the
case of q�2 this molecular ion can also be detected as a
stable or metastable molecular ion. For q=1 the reactions
above simplify to single capture defined as

H+ + CO → H + CO+ �3�

and single ionization

H+ + CO → H+ + CO+ + e−, �4�

again with possible dissociative and nondissociative
branches.

The simplest picture of the KER distributions generated
when the transient molecular ion fragments is the Coulomb
explosion model �CEM�, which assumes that the initial Cou-
lomb potential energy of the molecular ion is transferred into
the kinetic energy of the fragments. Initial experiments
�46,47� were in reasonable agreement with the CEM, but
lacked the energy resolution for a stringent test. A series of
subsequent experiments �33,36,38–40,42,48� resulted in data
that could not be fully described with a single KER value
based on the CEM or with a reflection of a single vibrational
state �49�. For example, it has been shown that the structure
in the KER distributions of carbon monoxide dissociating
into Ci++O j+ matches the Coulomb explosion of higher
charges, suggesting that some electrons are excited to states
which do not effectively screen the nuclear charge �36,39�.
More recently, Tarisien and co-workers �43� used a momen-
tum imaging technique to make KER measurements of the
fragmentation of CO after impact by 4 keV/u and
11.4 MeV/u O7+. The reported KER resolution for ion pairs
measured in coincidence in this experiment was as low as
250 meV. The rich structure in the observed KER spectra
clearly indicated that the molecular dynamics involved in the
dissociation were much more complex than the CEM would
predict.

In this paper we present the results of a systematic study
of proton impact on CO as a function of projectile velocity.
Our measured velocities span the range of previous measure-
ments �15,16� at low velocities and considerably extend the
range to higher velocities �16�. Using a coincident time-of-
flight �CTOF� technique coupled with projectile charge-state
analysis for proton velocities where electron capture by the
projectile was significant, the various reaction channels were
separated. Relative cross sections for all channels were ob-
tained and the branching ratios were determined. Our proton-
impact measurements are compared to electron- and
antiproton-impact measurements, examining the effect of the
sign and mass of the projectile charge. In addition, we ob-

tained KER distributions for both ion-neutral and ion-pair
channels, albeit with less resolution than the measurement of
Tarisien et al. �43�.

II. EXPERIMENT

In order to obtain proton velocities over a wide range, two
different accelerators and slightly different experimental set-
ups were used. Each apparatus is described in the following
subsections. The data analysis, which was largely the same
for both the low- and high-velocity data, is described in the
third section.

A. Low-velocity measurements

A beam of protons produced by the KSU-CRYEBIS �50�
was accelerated using the source platform voltage, charge
separated by an analyzing magnet, and directed toward the
target region where it intersected a jet of carbon monoxide.
Proton velocities in this part of the experiment ranged from
0.64 to 2.5 a.u. �i.e., Ep=10–160 keV�. The ion beam was
collimated by two sets of slits, separated by about 2 m. An
effusive molecular jet localized the target in a strong uniform
extraction field �typically about 750 V/cm� which acceler-
ated all recoil ions toward a microchannel plate �MCP� de-
tector, as shown in Fig. 1. The projectiles were charge ana-
lyzed after the collision by an electrostatic deflector as well
as by the extraction fields on the spectrometer itself. The
final charge state of the projectile was determined using a
resistive anode two-dimensional position-sensitive MCP de-
tector located about 1.3 m downstream from the target.

The electric fields of the time-of-flight spectrometer must
be strong enough to collect all of the energetic molecular-
fragment ions produced in the experiment. Transporting the
slow, highly charged projectiles through the spectrometer,

FIG. 1. A schematic view of the low-velocity experimental
setup. The inset at the top left shows the target region. Note the
angle of the effusive jet. Dimensions on the figure are in
millimeters.
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however, presents conflicting requirements since a strong ex-
traction field decelerates, steers, and defocuses the ion beam
as it travels through the spectrometer. Furthermore, the spec-
trometer also deflects the ion beam toward the recoil detec-
tor. After capture events, the transverse electric field begins
to separate the atomic hydrogen projectiles from the H+ main
beam. Care must be taken that both projectile charge states
exit the spectrometer. To reduce the competition between
these effects, we made the spectrometer very small and re-
duced the distance from the collision point to the recoil de-
tector, thereby reducing the size of the extraction field
needed. The total distance from the collision region to the
detector was 57 mm. The spectrometer exit was also widened
slightly relative to the entrance, allowing all relevant charge
states to exit the spectrometer. In addition, the 66.3-mm-long
electrostatic deflector was positioned approximately 1 cm
from the spectrometer exit to give maximum control over the
projectile charge-state separation. In this configuration, Ar11+

at v=0.20 and its resulting charge states were successfully
transported through the spectrometer. This is near the lower
limit possible with this spectrometer, since the �2.2 mm� de-
flection of the ion beam with a typical 150 V extraction is
nearly equal to the �2.85 mm� gap through which the beam is
passing. For the higher-velocity and less highly charged
beams used in this experiment, the deflection was smaller.

All of the recoil ions produced in a single collision were
identified using a coincidence-time-of-flight technique. The
times of flight of the different recoil ions were recorded by a
multistart system �19,20� relative to a common stop provided
by the projectile detector. Typical one- and two-dimensional
time-of-flight spectra are shown in Fig. 2. The spectrometer
used was a two-stage Wiley-McLaren type �52�, similar to
the one we have described previously �19,51�, although there
were a few minor modifications. The most notable modifica-
tion was the use of a localized jet target. This was accom-
plished by the addition of a thin tube which directed the
target gas through the “pusher” mesh that defined the edge of
the extraction field. The gas jet was angled about 30° away
from the spectrometer axis to reduce charge exchange be-
tween the slow recoil ions and molecules in the jet �see Fig.
1 inset�. In addition, the spectrometer dimensions were
slightly adjusted from those reported previously �51�. The
extraction and acceleration regions of the Wiley-McLaren
design were 2.85 and 8.4 mm, respectively, the field-free
region 41 mm, and the acceleration region into the channel
plate detector remaining unchanged at 5.6 mm.

Besides the addition of the effusive jet, most modifica-
tions from our earlier design were necessitated by the con-
flicting needs of recoil ion extraction and beam transport, as
discussed before. Since the spectrometer was only 25 mm
along the beam direction, the gap for the beam and the exit
for the recoil ions had to be correspondingly small to prevent
fringing fields from being significant. The spectrometer con-
sisted of a stack of specially designed, 0.8-mm-thick, double-
sided printed circuit boards �PCBs� with their conductive
coating forming equally spaced, very-thin-ring electrodes.
The inner diameters get larger on successive layers, making a
conical exit for the recoil ions. The PCB nearest the collision
point had an inner diameter of 4 mm while the one nearest
the recoil ion detector had widened to 18 mm. A resistor

chain linked the PCBs so a uniform extraction field was
formed. Three 70 line/ in. electroform meshes defined the
edges of the two-stage Wiley-Mclaren design and the field-
free drift region. While the PCBs are not ultrahigh-vacuum
compatible, they can be used to create a robust, compact
spectrometer. When compressed, the PCB stack is also very
flat. Even with the PCB spectrometer, our chamber reached
pressures of �3�10−7 torr, which was sufficient for our ex-
periment. The main drawback of the PCB design was the
need to shield all nonconductive areas from stray ions and
electrons, resulting in the charging of the spectrometer. An
adjustable slit was mounted on the entrance of our spectrom-
eter, which was used to collimate the beam and prevent scat-
tered projectiles �or electrons� from reaching the spectrom-
eter. For the same reason, the spectrometer surfaces on either
side of the gap through which the beam is transported were
entirely conductive.

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 determination of the projectile charge state was
made in off-line analysis 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 projected onto the axis parallel to the de-
flector field and fitted with multiple Gaussians to determine
the projectile charge-state yield in association with that recoil
ion �ions� channel.

FIG. 2. �Color online� Raw data for the 0.050 MeV H++CO
collision system. Ion-pair events are plotted as a covariance time
map on the top and single-ion events are shown as a time-of-flight
spectrum in the bottom figure.
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B. High-velocity measurements

The apparatus and methods used for the higher-velocity
measurements have been described in detail elsewhere
�19,20,53� and are only briefly described here. For beam ve-
locities of 6.3–24 a.u. �i.e., Ep=1–14 MeV�, a bunched beam
of fast protons was accelerated by the tandem Van de Graaff
accelerator, collimated, and directed into a target cell con-
taining a thin target of carbon monoxide. The target ions
produced were accelerated using a strong extraction field to-
ward a 40-mm-diameter MCP detector. The time-of-flight
spectrometer used was a two-stage design similar to the one
described in Sec. II A, although it was larger physically. The
times of flight of the different ions relative to a signal syn-
chronized with the beam bunch were recorded by two time-
to-amplitude converters of a multistop system.

The minimum stable terminal voltage of the Van de
Graaff accelerator restricts the production of sub-MeV pro-
tons, so for proton velocities of 3.4–6.3 a.u. �i.e., Ep
=0.29–1 MeV� a different acceleration method was used. In
this technique, described more fully in Ref. �53�, OH− ions
are produced from the ion source, accelerated to the terminal,
and then dissociated in the gas stripper. This restricts the
energy gain for protons in the first stage of the accelerator
significantly and allows for measurements in this
intermediate-energy range. The beam current, however, is
reduced significantly, and when in bunched beam mode there
is not enough slit current to provide feedback for accelerator
control. Therefore, a dc beam must be used. The TOF of the
CO collision products was measured relative to a signal from
a projectile detector, consisting of a scintillating detector
coupled to a photomultiplier tube �PMT�. The detector can
run at rates above 1 MHz with a detection efficiency of 1.
The PMT signal is passively delayed so it arrives at the tim-
ing electronics after the signal from the recoil ion detector. In
this arrangement there is some probability that a random
projectile, one preceding the proton involved in the collision,
may reach the projectile detector before the true projectile.
The procedure used to correct these “random stop” events is
described in Ref. �53�.

C. Data analysis

The data analysis methods used to determine the relative
yields in this work are largely the same as what has been
described in previous papers �19,35,53�, but a few points
should be highlighted. First, in our analysis, we have as-
sumed that multiple ionization is isotropic. There is some
evidence that this is not the case �17�, but we do not expect
our data to be significantly affected since in our spectrometer
geometry �19�, angular discrimination effects are limited to a
small part of the target length. The affected length is approxi-
mately 10% for the high-energy �tandem� spectrometer, and
less for the low-energy �CRYEBIS� spectrometer, which has
the advantage of a localized target. Second, we ensure uni-
form detection efficiency for all ions produced in the colli-
sions by our MCP detector. Moreover, this detection effi-
ciency ��det�, which is approximately equal to the product of
the open area ratio of the MCP and the transmission of the
electroform meshes in the spectrometer, was measured ex-

plicitly using fast proton impact on methane �see Ref. �54�
for a detailed description of the method�. Angular discrimi-
nation effects, causing the ion pairs to have a lower extrac-
tion efficiency than the molecular ions, thus affecting their
overall detection efficiency, were small due to the design of
the TOF spectrometer �19�. To improve the accuracy of the
reported results the fraction of ion pairs lost due to angular
discrimination, �ij, was calculated for each observed ion pair
and corrected for, as detailed in �19�. The total ion-pair de-
tection efficiency is then given by �ij�det

2 . Third, random co-
incidences and lost fragments were subtracted from the ion-
pair and single-ion channels, respectively, �35�. Finally, all
measurements were conducted under single-collision condi-
tions, which were tested by a standard pressure dependence.

The kinetic energy released during the dissociation of the
molecules can be determined from the time-of-flight infor-
mation �36,55�. For ion-pair channels, the time difference
between arriving fragments is used to determine the KER.
This method uses the fact that a narrow range of energies dEk
around the kinetic energy release Ek will produce a flat dis-
tribution between the minimum and maximum time differ-
ences �see Fig. 2 from Ref. �36��. The width of this distribu-
tion depends on the kinetic energy released in the
dissociation, while the height depends on the probability for
this kinetic energy P�Ek�. As developed more fully in Ref.
�36�, this relationship leads to

P�Ek� = �t21�Ek,0 ° � − t21�Ek,180 ° ��
dt21

dEk

dY

dt21
, �5�

where t21�Ek ,0° � and t21�Ek ,180° � �i.e., �=0° and 180° are
associated with the short-TOF fragment having initial veloc-
ity toward and away from the recoil detector, respectively�
are the maximum and minimum time differences, respec-
tively. dY /dt21 is the numerical time derivative of the large-
time-difference side of the spectrum. For processes in which
only one charged fragment is produced, the KER can be
determined from the time-of-flight spectra. This technique,
as derived by Schäfer et al. �55�, uses the shape of the time-
of-flight spectrum to derive the KER,

P„Ek�t�… =
2m

�qE�2

df�t�
dt

, �6�

where m and q are the fragment mass and charge, respec-
tively, E is the electric field in the extraction region, and f�t�
is the number of fragments as a function of their time of
flight t. The KER spectra were determined after random-pair
and lost-fragment contributions were subtracted as described
previously �35,56�. It is important to note that by taking ad-
vantage of the event-mode properties of our data collection,
these subtractions are done to the time-difference spectra it-
self, rather than just the total yield of a particular channel.

III. RESULTS AND DISCUSSION

The cross section for nondissociative single ionization of
CO by proton impact is shown in Fig. 3. The experimental
error is a result of background subtraction, statistics, and
normalization. As our data were obtained using three differ-
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ent methods at different proton energies, we normalized each
of the three data sets separately. The low-energy measure-
ments �proton energy �Ep��160 keV� were normalized to
the electron-transfer cross section obtained by Shah and Gil-
body at Ep=26 keV �15�. The intermediate-energy results
�290 keV�Ep�1 MeV� were normalized to the single-
ionization cross section for 1 MeV H++He obtained by Shah
and Gilbody �15�. Finally, the high-energy data were normal-
ized by measuring the relative single-ionization cross section
of CO and He for 4 MeV H+ impact and then normalizing to
the 4 MeV H++He single-ionization cross section obtained
by Knudsen et al. �57�.

Our data agree reasonably well with the previous mea-
surements for proton impact by Shah and Gilbody �15� and
Knudsen et al. �16�. At velocities between 1 and 3, our data
are in good agreement with the measurements of Knudsen et
al., but is 30%–40% above the values reported by Shah and
Gilbody �15�. As noted by Knudsen et al. �16�, the shape of
the velocity dependence of the Shah and Gilbody data agrees
nicely, so the most likely source of the disagreement is dif-
ferent normalizations. Above 3 a.u. velocity, our measure-
ments are consistently lower than previous measurements,
although they merge together nicely toward the high-velocity
limit. The high-velocity behavior of the cross section may be
modeled semiempirically as described by Knudsen et al. in
Refs. �16,57�. For CO, the resulting curve is

�+ =
a

v2 �1 + b ln�cv2�� �7�

where v is the projectile velocity and constants were deter-
mined by Knudsen et al. to be a=50.17, b=0.638, and c
=6.77 �16�.

We have also included in Fig. 3 measurements of ioniza-
tion of CO by other singly charged projectiles. There are
electron data available over the velocity range of interest
from Tian and Vidal �22,58�, Orient and Srivastava �59�, and
Mangan, Linsay, and Stebbings �60�, as well as antiproton-
impact data from Knudsen and co-workers �16�. All of the
projectiles merge smoothly into one common curve at high
velocity as expected. At lower velocities, however, differ-
ences due to the sign and mass of the projectile become
apparent. These effects have been discussed in detail else-
where �16,61,62�.

While we have extended the high-velocity range of the
cross-section measurement and provided a set of data that
extends over nearly the full velocity range of all previous
measurements, the distinguishing feature of our measure-
ment is our ability to separate the different final states. Fig-
ure 4 shows the branching ratio for removal of one electron
from CO. For both electron capture and ionization, the
molecular-ion production is the dominant channel. For dis-
sociative final states, production of the lighter C+ ion is fa-
vored over heavier O+, most likely due to the smaller binding
energy for the carbon. The branching ratios show a weak
velocity dependence at lower velocities but approach a single
value at the high-velocity limit. At this limit, the C++O
channel is about 25% more likely than the C+O+ channel.

Similar results have been obtained for double, triple, and
quadruple ionization at high energy. The results for these
charge states of CO are shown in Figs. 5–7. In each case, the
branching ratio at high velocities is fairly constant. As has
been noted in previous measurements �34,36,42�, if ion pairs
are produced, the charge is most likely to be divided sym-
metrically. We observe that if an asymmetric ion pair is pro-
duced, electrons are more likely to remain with the oxygen
core, leaving the Cq+ ion more highly charged. For double
ionization, shown in Fig. 5, C++O+ is the dominant channel,
followed by the ion-neutral channel C2++O and the molecu-
lar ion CO2+, with C+O2+ the least likely double-ionization
channel. In comparison with the electron-impact data of Tian

FIG. 3. �Color online� The cross section for nondissociative
single ionization of CO as a function of collision velocity for vari-
ous projectiles. � represent the present work, � proton impact from
Ref. �15�, � proton impact from Ref. �16�, � electron impact from
Refs. �22,58�, � electron impact from Ref. �60�, � electron impact
from Ref. �59�, and * the antiproton data from Ref. �16�. The solid
line is the semiempirical fit described in Eq. �7� and Ref. �16�.

FIG. 4. �Color online� The branching ratio for CO+ resulting
from ionization and capture as a function of projectile velocity. The
solid lines represent the average value of the high-velocity data.
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and Vidal �22�, our proton-impact data show about 7–8 %
fewer C++O+ ion pairs, and correspondingly more CO2+ and
C2++O. At low velocities, the C++O+ channel makes up a
slightly larger fraction of the branching ratio in both the elec-
tron and proton measurements.

For the measured triple-ionization channels, shown in Fig.
6, the branching ratio appears to be almost identical for pro-
ton and electron impact. Calculations by Handke et al. show
some evidence that several excited electronic states of CO3+*

might have shallow minima �63–65�; however, we did not
observe any CO3+ in our measurements. This suggests that
the cross section for creating this molecular ion is below
�5�10−22 cm2, and/or the CO3+ has a lifetime too short to
be detected as CO3+ in statistically significant levels. C2+

+O+ was about three times as likely as the next most abun-
dant fragmentation channel, C++O2+, with the ion-neutral
channels significantly smaller, although with a detectable
contribution.

The symmetric C2++O2+ channel is the most likely frag-
mentation channel arising from quadruple ionization of CO,
as shown in Fig. 7. The most significant charge-asymmetric
channel is C3++O+. In their electron impact measurements,
Tian and Vidal �22� did not observe any other channels as-
sociated with four-electron removal. In our data, however,
we did observe some C++O3+ and, at a few collision ener-
gies, a statistically significant value of the ion-neutral chan-
nel C+O4+. For the channels measured with both proton and
electron impact, the branching ratios are similar at the high-
velocity end of the proton and electron data. At proton ve-
locities below 6 a.u. our measurements of quadruple ioniza-
tion show only the main symmetric channel, while the
electron-impact data show a significant amount of C3++O+.
A possible explanation is that the PMT technique �see Sec.
II B� limits our count rate somewhat, reducing the statistics
for a given energy. Our analysis of the main fragmentation
channels of CO5+* showed C3++O2+ to be the main channel,
followed by the smaller �by a factor of 3–5� C2++O3+ chan-
nel.

All of the final channels involving removal, mostly by
ionization, of n electrons may be summed and compared to
the nondissociative single-ionization cross section �shown in
Fig. 3� to obtain cross sections for multiple ionization. The
cross sections for n-fold ionization are shown in Fig. 8. The
ionization cross section peaks near a velocity of 2 a.u., dip-
ping as the velocity decreases and electron capture by the
projectile becomes the dominant mechanism. The high-
velocity tail �i.e., v�6� falls off approximately as v−1.7, in-
dependent of the number of electrons removed. This results
in constant ��n+1� /n�-fold ratios for removing an additional

FIG. 5. �Color online� The branching ratio for CO2+* resulting
from ionization as a function of projectile velocity. Hollow symbols
indicate this work, while the solid symbols are the electron-impact
measurements of Tian and Vidal �22�. The uncertainty for the
electron-impact data is reported to be 15%.

FIG. 6. �Color online� The branching ratio for CO3+* resulting
from ionization and capture as a function of projectile velocity.
Hollow symbols indicate this work, while the solid symbols are the
electron-impact measurements of Tian and Vidal �22,66�. The un-
certainty for the electron-impact data is reported to be 15%.

FIG. 7. �Color online� The branching ratio for CO4+* resulting
from ionization and capture as a function of projectile velocity.
Hollow symbols indicate this work, while the solid symbols are the
electron-impact measurements of Tian and Vidal �22�. The uncer-
tainty for the electron-impact data is reported to be 30–40 %. Note
that the y axis has a logarithmic scale before the break and a linear
scale after the break.
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electron, as illustrated in Fig. 9. This is most likely due to the
multielectron nature of the target which selects a narrow
range of impact parameters for the removal of exactly n elec-
trons within the independent-electron model �67�.

In Fig. 8 we also show the two- to four-electron removal
cross sections reported recently by Siegmann et al. �17�.
These cross sections, which were normalized to the theoret-
ical triple-ionization cross section obtained with a statistical
energy deposition model �17�, are significantly higher than
our values. In order to remove the effect of their normaliza-
tion we show the relative ��n+1�+ /�n+ cross sections in Fig. 9.
Siegmann et al. �17� measured a �4+ /�3+ ratio that is higher
than our detection limit of quadruple electron removal at low
velocities, but it seems to fit the trend of our data. In contrast,
their measured �3+ /�2+ ratio is in clear disagreement with
our data, both in magnitude and in velocity dependence. The
source for this disagreement is not clear, and taking into
account that they measured only ion-pair channels while we
included also ion-neutral and molecular-ion channels does
not resolve the disagreement. However, the disagreement be-
tween the relative cross sections is much smaller than the
absolute values shown in Fig. 8, thus suggesting that the
statistical energy deposition model calculations �17� would
not fit our data.

At low velocities �v�2.52��, separating the projectile
charge state allows us to isolate the capture and ionization
processes. The measured cross section for single-electron
capture is shown in Fig. 10, along with two earlier measure-
ments �15,16�. Our measured values for single-electron cap-
ture are in good agreement with the previous data. The rela-

tive amounts of capture and ionization in our measurements
are shown in Fig. 11 together with the data of Rudd et al.
�12�. The two data sets exhibit the same velocity depen-
dence, but our data are somewhat higher than the previous

FIG. 8. �Color online� The cross sections for multiple ionization
of CO by proton impact as a function of proton velocity. Half-filled
symbols are from Siegmann et al. �17�.

FIG. 9. �Color online� The ratio of multiple-ionization cross
sections as a function of proton velocity. The top panel is the
double- to single-ionization ratio, the middle panel shows the triple-
to double-ionization ratio, and the bottom panel shows the ratio of
quadruple to triple ionization. Circles are the present work, while
squares are electron-removal data from Ref. �17�.

FIG. 10. �Color online� The cross section for electron capture as
a function of projectile velocity.
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data. The breakdown of the relative amounts of collision
events involving capture and pure ionization are shown for
each final molecular channel in Table I. Above v=2.52 we
did not separate the final charge state of the projectile, so we
can make no statements about the relative importance of the
capture and ionization channels for those velocities except
that extrapolating the trend shown in Fig. 11 suggests that
capture becomes relatively smaller with increasing velocity.

As shown in Fig. 5, we observe that long-lived CO2+ is a
significant part ��7–8 % � of the two-electron-removal
branching ratio. This results from the nature of the CO2+

potential-energy curves, as some of the lowest electronic
states of CO2+ have a deep local minimum and a high barrier

limiting dissociation into C++O+. The lower vibrational lev-
els bound in this well result in long-lived metastable states,
while higher vibrational levels may decay via tunneling
�68–70�, or, more likely, predissociation �71–73�, on time
scales ranging from picoseconds to microseconds. More
highly excited electronic states of CO2+ are strongly repul-
sive �25�. The amount of production of this doubly charged
molecular ion has been a source of some previous disagree-

FIG. 11. �Color online� The amount of electron capture relative
to all electron-removal processes, Rcapture, as a function of projectile
velocity. Our results indicate the relative amount of capture is
slightly larger than what was measured in Ref. �12�, although the
dependence on velocity is very similar.

FIG. 12. �Color online� A comparison of CO2+ production by
different processes.

TABLE I. The cross sections for various molecular final states in coincidence with H+ �ionization� and H�nlm� �capture� as a function of
projectile velocity. The cross sections are given in units of 10−19 cm2. The uncertainty in the absolute cross section is �20% for the main
CO+ channel due to normalization. For the other channels, the listed uncertainty represents the statistical error in the measurement relative
to the main channel. Note that the uncertainties in the relative cross sections are typically statistical. A dash indicates the signal is below the
detection limit.

v �a.u.�

0.64 1 1.41 2 2.52

Channel H+ H�nlm� H+ H�nlm� H+ H�nlm� H+ H�nlm� H+ H�nlm�

CO+ 694 12108 3061 5120 6093 3270 5593 1170 5768 696

CO2+ 6±10 26±14 42±4 93±5 94±4 67±7 63±6 24±13 56±4 5±3

C++O 77±23 1414±23 416±13 1167±15 436±21 566±21 373±15 232±15 487±14 146±13

C+O+ 35±18 584±10 141±14 402±14 137±21 194±21 227±15 115±15 333±16 115±16

C2++O — 20±10 25±6 80±6 63±6 100±6 61±7 39±7 89±12 35±13

C+O2+ — 8±6 17±6 27±9 27±5 35±6 27±6 19±6 23±7 11±6

C++O+ 14±4 567±4 365±8 1279±11 797±4 6007±8 853±7 561±7 728±6 347±7

C++O2+ — 6±1 6±1 10±1 57±5 80±7 16±2 12±2 19±2 7±3

C2++O+ — 8±1 16±2 61±5 25±4 390±15 72±1 39±2 53±2 22±4
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ment in the literature. Shah and Gilbody �10,15� measured
significantly less CO2+ than in our measurements or the re-
sults from Ref. �16�. This difference seems to arise from the
inclusion of the nondissociative double-ionization reaction

H+ + CO → H+ + CO2+ + 2e− �8�

in our measurements �and those of Knudsen et al. �16�� in
addition to the nondissociative transfer ionization �NDTI�
reaction

H+ + CO → H + CO2+ + e−. �9�

measured by Shah and Gilbody �15�. As shown in Fig. 12, by
separating the pure double ionization in both our data and
those of Knudsen et al. �16�, we find that all three groups are
in good agreement for the NDTI cross section, and we are in
good agreement with Knudsen et al. for the nondissociative
double-ionization channel as well.

The CO2+ channel is also interesting because the maxi-
mum of the cross section for the two different processes
shown in Fig. 12 occurs at two different velocities. We inter-
pret this as evidence of threshold behavior in the ionization
channel. In a simple picture derived from the Bohr-Lindhard
model �74�, the threshold for ionization occurs where the
release radius is equal to the capture radius. This is satisfied
when

vmin = �z�1/4�Ip, �10�

where vmin is the threshold projectile velocity, Ip is the ion-
ization potential, and z is the projectile charge. Figure 12
shows vmin for the first Ip of CO and CO+ as well as the
second Ip of CO. The onset of NDTI clearly occurs near vmin
for the first Ip of CO, while the onset of nondissociative
double ionization occurs above 1 a.u. velocity, near vmin as-
sociated with the second Ip of CO. The fact that the NDTI
threshold occurs near vmin of CO seems to indicate that the
ionization step in TI occurs while the captured electron is
still close enough to the CO molecule to screen the nuclear
charge.

The analysis of the KER distributions for the dissociative
channels of CO is summarized in Figs. 13 and 14. In general,
the proton-impact data presented here show more structure
than the previously reported �36� KER distributions for 19
MeV F4+ impact, which were taken with a nearly identical
apparatus. The KER distribution of the main ion-pair channel
C++O+ shown in Fig. 13 for v=1 �i.e., Ep=25 keV� peaks
very close to 12 eV, which is the KER predicted by the CEM.
The distribution, however, is considerably wider than ex-
pected from that model or the reflection model, and there is
additional unexpected structure at low KER. As the proton
velocity increases, the peak of the KER distribution shifts
below the value expected from the CEM. At high collision
energies �Ep�1 MeV�, the peak of the KER distribution re-
mains below 12 eV while the high-energy tail of the KER
distribution becomes more evident, extending to about 25 eV.

FIG. 13. P�Ek� distributions for C++O+, at a variety of proton
energies. The dotted line is the expected peak of the KER distribu-
tion predicted from the CEM. The error bars shown on the 0.025
MeV data are of a typical size for all of the KER distributions.

FIG. 14. P�Ek� distributions for C�nlm�+O+ �top� and C+

+O�nlm� �bottom� final states as a result of 50 keV proton impact.
Both capture and ionization processes are included in this figure.
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A possible cause of this high-energy tail is dissociation of
one state via another due to “curve crossing,” which would
lead to different KER values. Distinguishing these curve-
crossing dissociations requires knowledge of the Q value,
and hence the energy of the ejected electrons in the ioniza-
tion event. A second possibility is that some electrons are left
in highly excited states that do not effectively screen the
nuclear charge �36,39�. The low-energy component of the
distribution most likely results from the dissociation of the
CO2+* via predissociation �73�. The gross features of the
high- and low-velocity spectra are, however, similar, provid-
ing evidence that indicates that the dissociation is governed
by the identity of the excited molecular-ion states, rather than
the electron-removal mechanism.

In addition to ion-pair channels, we have measured the
KER from the dissociation of ion-neutral channels. Some of
these states, such as the C++O�nlm� and C�nlm�+O+ chan-
nels illustrated in Fig. 14, show significant differences in
KER depending on which core retains the vacancy. At Ep
=50 keV, the peak of the KER distribution for the C++O
channel occurs at just under 1 eV, while the C+O+ channel
peaks at nearly three times that value. The small KER in this
dissociation is to be expected given the shape of the disso-
ciative CO+ curves in the Franck-Condon region �75�. Okada
and Iwata �75� have calculated potential-energy curves for
the 2	+ , 2
 , 2�, and 2	+ states of CO+, which dissociate to
either C+�2P�+O�1D� or C+�2P�+O�2P�, but not to any C
+O+ states. We were unable to locate any calculated
potential-energy curves for CO+* states that dissociate to C
+O+ in the literature. These high-energy states are not
readily comparable to spectroscopic data, so it is perhaps not
surprising that structure calculations do not exist. We hope
that this result might spur further calculations.

IV. SUMMARY

We have completed a systematic study of proton impact
on carbon monoxide over a wide �0.64–24 a.u.� velocity
range. Cross sections, branching ratios, and kinetic-energy
release distribution measurements have been made for all
final states of the transient excited molecular ion. Our
branching ratios are remarkably flat over a wide velocity
range for all charge states of the transient molecular ion. In
general, our results are in good agreement with previous
measurements �15,16�, although we note a significant incom-
patibility between our results and the results normalized to
the statistical energy deposition model �17�. We have gained
an enhanced understanding of CO2+ production mechanisms,
resolving a long-standing inconsistency in the literature. The
gross features of the kinetic-energy release distributions are
the same for both capture and ionization, leading us to con-
clude that both processes result in a roughly similar final-
state distribution for the transient molecular ion.
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