
Cross sections for charge-changing processes involving kilo-electron-volt H and H+

with CO and CO2

B. G. Lindsay, W. S. Yu, and R. F. Stebbings
Department of Physics and Astronomy, and Rice Quantum Institute, Rice University, 6100 Main St., Houston, Texas 77005-1892, USA

sReceived 21 October 2004; revised manuscript received 16 December 2004; published 8 March 2005d

Absolute differential cross sections are reported for electron capture and loss by 1–5 keV H atoms incident
on CO and CO2 for laboratory scattering angles up to 1.73°, and for charge transfer of 1–5 keV H+ with CO
and CO2 for scattering angles up to 2.51°. To our knowledge, the H-atom differential electron-capture and -loss
cross sections presented here are the first of their kind for CO and CO2. The differential electron-loss cross
sections are very similar to one another, and to previous measurements with other molecular targets, suggesting
that some aspects of these collisions may be amenable to a relatively basic theoretical model. The differential
measurements reported here significantly advance our knowledge of these collision processes and very good
agreement is observed between the corresponding integral cross sections and prior work.
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I. INTRODUCTION

Advances in our understanding of fundamental atomic
collision phenomena depend heavily upon the availability of
reliable experimental data; this is particularly true in areas
where theory is relatively undeveloped. The various charge-
changing processes involving keV H and H+ in collision with
atoms and molecules have been subject to quite extensive
experimental investigation, but for CO and CO2, there are
significant gaps in our knowledge. Charge-changing cross
sections for H and H+ with CO and CO2 have been measured
by a number of prior investigatorsf1–21g and, in most cases,
there is general agreement between the various studies as to
the magnitude of the total cross sections. However, there are
very few prior measurements for some of these processes
and no prior H-CO2 electron-capture data. Furthermore, to
our knowledge, there are no published differential cross sec-
tions sDCSsd for electron capture or loss by H atoms for any
of these targets; the only available DCS data are for charge
transfer of H+ at a single energyf18g. Here, absolute DCSs
and corresponding integral cross sections are reported for
electron capture and loss by 1–5 keV H-atoms incident on
CO and CO2 for laboratory scattering angles between 0.020°
and 1.73°, and for charge transfer of 1–5 keV H+ with CO
and CO2 for scattering angles between 0.026° and 2.51°.

It is worth noting that the reported data find direct appli-
cation in models of the Martian atmosphere. Since Mars
lacks an intrinsic magnetic field, its atmosphere, which is
largely composed of CO2 with smaller amounts of CO and
other gasesf22g, is directly impacted by solar wind protons
and by energetic H atoms formed via charge transferf23g.
Atmospheric models involving the interaction of the solar
wind require knowledge of the processes studied here. The
data presented are also pertinent to the interpretation of en-
ergetic neutral atomsENAd measurements from the Mars
Express spacecraft.

II. APPARATUS AND EXPERIMENTAL METHOD

The apparatus shown in Fig. 1 is used to measure H-atom
electron-capture and -loss cross sections and H+ charge-

transfer cross sections, but the experimental procedures em-
ployed are significantly different and are described sepa-
rately.

A. Electron-capture and -loss measurements

The experimental method has been described in detail
previouslyf24,25g. H2 is admitted to a magnetically confined
plasma ion source. Ions are extracted from the source
through a small aperture, accelerated, and focused to form a
beam of the desired energy. Two confocal 60°-sector mag-
nets are used to select H+ ions which then enter a charge-
transfer cellsCTCd where some of them are converted to fast
neutral H atoms via charge transfer with krypton. At the
energies studied here, the near-resonant H+-Kr charge-
transfer reaction produces predominantly ground-state hy-
drogen. A strong electric fields,400 V/cmd applied via de-
flection plates DP1 removes residual ions and also serves to
quench any Hs2sd metastables that may be presentf24g. The
neutral beam is collimated to an angular divergence of
0.006° by passage through a pair of laser-drilled apertures
that form the exit of the CTC and the entrance to the target
cell sTCd. Following passage through the short target cell,
the H beam impacts a position-sensitive detectorsPSD1d lo-
cated 68 cm beyond it. A set of deflection platessDP2d is
utilized to deflect fast product ions emerging from the target
cell through an angle of approximately 5° onto a second
position-sensitive detectorsPSD2d.

To measure the differential electron-capture or -loss cross
section, CO or CO2 is admitted to the target cell and the
angles of scatter of the H− or H+ ions, formed through elec-
tron capture or loss by the primary H atoms, are determined
from their positions of impact on PSD2. The H-atom flux
incident on the target is determined by combining the num-
ber of H atoms that impact PSD1 with the number of ions
produced. These measurements, together with the target
number density, the target length, and the relative detection
efficiency of the two PSDs are sufficient to determine the
absolute differential and integral cross sections.
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Measurement of the target number density and target
length is straightforward but evaluation of the PSDs’ relative
detection efficiency requires careful consideration of the de-
tectors’ characteristicsf26,27g. As discussed previouslyf25g,
it is accomplished by alternately deflecting an H+ ion beam
onto PSD1 and PSD2. In practice, the detection efficiencies
are quite similar: PSD2’s efficiency is 6-8% lower than that
for PSD1, depending upon the energy of the incident ions.

Since the measured cross sections are generally small
compared to those for reneutralization of the charged prod-
ucts, it is necessary to maintain conditions in the target cell
so that the probability that a charged product ion is reneu-
tralized is low. To this end, the pressure in the 1.46-mm-long
target cell is maintained at 30 mtorr, which allows for rea-
sonable count rates while keeping secondary collisions to an
acceptable level. Corrections of approximately 10% are
made to the electron-loss cross sections, utilizing the present
charge transfer cross section data, to account for the loss of
H+ ions via this process. Corrections are not made to the
electron-capture cross sections because information on elec-
tron loss by H− ions is very limitedf8,28g and, to our knowl-
edge, there are no published cross sections at the relevant
energies. The available data, however, do suggest that the
magnitude of the correction needed for the electron-capture
cross sections is also on the order of 10%.

Due to the finite angular range subtended by the detector
it is not possible to collect all of the fast ionic products. The
degree to which the integral cross section approximates the
total cross section may, however, be estimated from the ra-
pidity with which the DCS decreases with increasing scatter-
ing angle. This indicates that the present integral electron-
capture cross sections, especially at the higher projectile
energies, are a reasonable approximation to the total cross
sections. By contrast, the slower decrease with angle of the
electron-loss DCSs would seem to suggest that the corre-
sponding integral cross sections should be viewed merely as
lower limits to the total cross sections; this is discussed fur-
ther in Sec. III.

B. Charge-transfer measurements

The experimental method has been described in detail
previouslyf29g. A proton beam is generated as described in
Sec. II A, however, for charge transfer, the CTC is evacuated
and no electric field is applied between the DP1 deflection
plates. The collimated proton beam therefore passes through

the target cell and impacts PSD1. PSD1 serves to measure
the flux of protons passing through the target cell and also to
measure the scattered H-atom products. Note that, since
PSD1 is physically smaller than PSD2, it is repositioned
closer to the target cell so that data are collected over a
comparable angular range to the electron-capture and -loss
measurements.

In order to measure the differential charge-transfer cross
section CO or CO2 is admitted to the target cell and the
angles of scatter of the neutral H atoms, formed by charge
transfer of the primary H+ ions, are determined from their
positions of impact on PSD1. Unscattered primary H+ ions
are normally deflected away from PSD1 using deflection
plates DP2 but are allowed to impact it periodically to assess
the primary beam flux. These measurements, together with
the target number density, obtained from the target gas pres-
sure, and target length are sufficient to determine the abso-
lute differential cross section. Note that the H+ and H-atom
detection efficiencies are identical within experimental un-
certaintiesf30g.

III. RESULTS: ELECTRON CAPTURE AND LOSS
BY H ATOMS

The measured differential electron-capture and -loss cross
sections are shown in Fig. 2 and selected values are tabulated
in Tables I and II. Besides the statistical uncertainties shown
on the graphs there are additional systematic uncertainties
that range from ±10% to ±17%sTable IIId. The angular un-
certainties arise from the finite primary beam size and the
angular resolution used for analysis. From Fig. 2 it can be
seen that, while all of the DCSs are forward peaked,
electron-capture collisions tend to result in smaller scattering
angles than electron-loss collisions. For the lowest energy
studied, the DCSs decrease slowly with angle indicating that
a significant fraction of the colliding particles is deflected
through relatively large angles. There is no evidence of struc-
ture in the DCSs; the variations seen in the 1 keV electron-
capture cross sections are almost certainly statistical in na-
ture. At the moment, no other experimental data exist with
which the present results may be directly compared.

One noteworthy feature of the CO and CO2 electron-loss
DCSs is their similarity to one another as illustrated in Fig.
3sad, and to DCSs for other molecular targets as shown in
Fig. 3sbd. It is also apparent that, above a few tenths of a

FIG. 1. Schematic of the appa-
ratus. For the electron-capture and
-loss cross section measurements
D is 68 cm, and for the charge
transfer measurements D is
32 cm. Note that the active detec-
tion area of PSD1 has a diameter
of 25 mm and that of PSD2 has a
diameter of 40 mm.

LINDSAY, YU, AND STEBBINGS PHYSICAL REVIEW A 71, 032705s2005d

032705-2



degree, the DCSs fall on a common curve whose angular
dependence parallels that of the H-N2 direct scattering cross
sectionf31g. This is in accord with the assertion by Van Zyl
et al. f32g that the angular dependence of H-atom electron-
loss and direct-scattering DCSs should be similar, except at
small angles. Although theoretical approaches are not well
enough developed to handle electron-capture and -loss colli-
sions with any great degree of rigorf33g, the strong resem-
blance between the various electron-loss DCSs suggests that

it may be possible to describe some aspects of these colli-
sions in terms of a single relatively basic scattering model.

The present integral cross sections and their associated
uncertainties are tabulated in Table III. The uncertainties are
primarily due to the PSD relative efficiency calibration, the
uncertainty in the ratio of the H+ to H-atom detection effi-
ciencies, and to the repeatability of the measurements. The
integral electron-loss data are compared to previous total
measurements in Figs. 4sad and 4sbd. Note that the high-

FIG. 2. Absolute differential cross sections for electron loss by H atoms in collisions withsad CO, sbd CO2; and for electron capture by
H atoms in collisions withscd CO, sdd CO2. For convenience of presentation the data have been multiplied by the factors indicated.
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energy measurements of Toburenet al. f11g and Dimov and
Dudnikov f8g are not shown. The overall agreement between
the various measurements is quite good. The excellent agree-
ment between the present 2 keV data and those of Smithet
al. f16g and of McNealf14g indicates that the present integral
cross sections are very probably much closer to the total
cross sections than might be expected from analysis of the
DCSs sSec. II Ad. The integral electron-capture data are
shown in Figs. 4scd and 4sdd together with those of Donahue
and Husfarf4g and Pilipenko and Fogelf5g. The present data
are in good accord with those of Pilipenko and Fogelf5g.

While the large uncertainties associated with the Donahue
and Hushfarf4g data make precise comparison difficult, their
data are, nonetheless, not inconsistent with those presented
here.

A few general comments on the data in Fig. 4 are in order.
All of the cross sections are relatively small, certainly by
comparison with typical near-resonant charge-transfer cross
sectionssSec. IVd, and they all decrease substantially with
collision energy. Both of these phenomena derive from the
fact that these H-atom electron-capture and -loss reactions
are endothermic and require the input of roughly 14 eV in

TABLE I. Laboratory frame differential H-CO and H-CO2 electron-loss cross sections, whereE is the projectile energy and the numbers
in square brackets represent powers of ten.

Laboratory angleu
sdegd

dssqd /dV s10−16 cm2 sr−1d

H-CO H-CO2

E=1 keV E=2 keV E=3 keV E=5 keV E=1 keV E=2 keV E=3 keV E=5 keV

0.020±0.015 9.12±1.83f3g 4.27±0.32f4g 8.10±0.40f4g 2.07±0.06f5g 1.06±0.19f4g 4.02±0.30f4g 9.57±0.42f4g 2.30±0.07f5g
0.048±0.015 1.02±0.12f4g 3.78±0.19f4g 6.57±0.24f4g 1.44±0.03f5g 1.03±0.12f4g 4.16±0.20f4g 7.95±0.26f4g 1.64±0.04f5g
0.075±0.015 1.00±0.09f4g 3.27±0.14f4g 4.93±0.16f4g 8.51±0.21f4g 9.19±0.87f3g 3.38±0.15f4g 5.99±0.18f4g 1.01±0.02f5g
0.116±0.015 7.11±0.65f3g 2.17±0.09f4g 2.71±0.10f4g 3.27±0.11f4g 8.68±0.67f3g 2.50±0.10f4g 3.21±0.11f4g 4.10±0.12f4g
0.157±0.015 6.06±0.53f3g 1.26±0.06f4g 1.51±0.06f4g 1.47±0.06f4g 5.87±0.49f3g 1.49±0.07f4g 1.73±0.07f4g 1.90±0.07f4g
0.198±0.015 5.27±0.44f3g 8.78±0.46f3g 8.85±0.43f3g 8.40±0.42f3g 5.58±0.43f3g 9.75±0.48f3g 1.07±0.05f4g 1.09±0.05f4g
0.252±0.015 3.03±0.30f3g 5.13±0.31f3g 4.85±0.28f3g 4.91±0.28f3g 3.15±0.29f3g 5.71±0.33f3g 5.50±0.30f3g 6.06±0.31f3g
0.320±0.025 2.09±0.13f3g 2.66±0.12f3g 2.55±0.11f3g 2.84±0.11f3g 2.23±0.13f3g 3.13±0.13f3g 3.51±0.12f3g 3.55±0.12f3g
0.402±0.025 1.23±0.10f3g 1.54±0.08f3g 1.68±0.08f3g 1.73±0.08f3g 1.46±0.10f3g 1.84±0.09f3g 2.17±0.09f3g 2.30±0.09f3g
0.484±0.025 8.57±0.78f2g 1.05±0.06f3g 1.07±0.06f3g 9.95±0.56f2g 9.93±0.74f2g 1.24±0.07f3g 1.41±0.07f3g 1.47±0.07f3g
0.607±0.025 4.97±0.62f2g 7.04±0.49f2g 6.75±0.44f2g 6.32±0.41f2g 5.97±0.58f2g 9.37±0.54f2g 8.79±0.48f2g 8.36±0.45f2g
0.893±0.025 1.42±0.41f2g 2.18±0.29f2g 2.71±0.26f2g 2.28±0.24f2g 2.47±0.41f2g 3.09±0.31f2g 3.73±0.29f2g 3.66±0.27f2g
1.405±0.056 7.73±2.48f1g 1.19±0.15f2g 1.03±0.12f2g 8.93±1.15f1g 1.13±0.23f2g 1.25±0.15f2g 1.40±0.13f2g 1.28±0.12f2g
1.732±0.056 7.73±1.74f1g 6.92±1.38f1g 4.14±1.28f1g 3.08±2.34f1g 7.12±1.71f1g 8.77±1.41f1g 7.50±1.32f1g

TABLE II. Laboratory frame differential H-CO and H-CO2 electron-capture cross sections, whereE is the projectile energy and the
numbers in square brackets represent powers of ten.

Laboratory angleu
sdegd

dssqd /dV s10−16 cm2 sr−1d

H-CO H-CO2

E=1 keV E=2 keV E=3 keV E=5 keV E=1 keV E=2 keV E=3 keV E=5 keV

0.020±0.015 7.66±5.58f2g 5.35±1.02f3g 1.34±0.16f4g 4.29±0.27f4g 1.14±0.54f3g 8.78±1.34f3g 2.11±0.20f4g 5.76±0.32f4g
0.048±0.015 2.04±0.48f3g 3.88±0.61f3g 7.98±0.82f3g 2.26±0.13f4g 1.06±0.37f3g 6.93±0.80f3g 1.77±0.12f4g 4.09±0.17f4g
0.075±0.015 7.68±2.67f2g 1.99±0.36f3g 3.93±0.45f3g 9.95±0.69f3g 8.65±2.72f2g 5.08±0.56f3g 1.01±0.07f4g 1.80±0.09f4g
0.116±0.015 6.07±1.97f2g 1.82±0.27f3g 2.10±0.27f3g 3.55±0.33f3g 8.73±2.10f2g 2.61±0.31f3g 4.11±0.38f3g 5.91±0.42f3g
0.157±0.015 7.39±1.57f2g 1.08±0.17f3g 9.93±1.60f2g 1.02±0.15f3g 5.88±1.41f2g 1.30±0.19f3g 2.42±0.25f3g 2.38±0.23f3g
0.198±0.015 5.97±1.27f2g 6.33±1.30f2g 3.97±1.04f2g 5.12±0.98f2g 6.28±1.34f2g 7.28±1.41f2g 1.01±0.15f3g 1.14±0.14f3g
0.252±0.015 3.26±1.13f2g 4.06±0.92f2g 2.68±0.72f2g 2.83±0.69f2g 2.06±1.00f2g 3.55±0.90f2g 5.48±0.97f2g 3.90±0.80f2g
0.320±0.025 2.05±0.48f2g 2.05±0.39f2g 2.11±0.37f2g 1.00±0.29f2g 8.67±4.47f1g 1.92±0.39f2g 2.23±0.39f2g 1.91±0.34f2g
0.402±0.025 5.14±4.11f1g 1.43±0.33f2g 8.63±2.49f1g 3.59±2.13f1g 9.30±3.95f1g 1.15±0.33f2g 1.23±0.28f2g 9.65±2.52f1g
0.484±0.025 7.07±3.45f1g 6.37±2.62f1g 8.27±2.26f1g 3.58±1.89f1g 6.92±2.74f1g 7.05±2.25f1g 4.90±1.98f1g
0.607±0.025 3.87±2.82f1g 1.96±1.96f1g 3.31±1.99f1g 2.43±1.60f1g 5.50±2.42f1g 2.34±1.60f1g
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order to proceed. While the kinetic energy of the projectile is
much greater than this, conversion of sufficient kinetic en-
ergy to internal energy requires close collisions and therefore
results in comparatively small cross sections. Furthermore,
as the collision energy decreases the energy needed for the
reaction to take place represents a much larger fraction of the
available kinetic energy and the cross section decreases con-
siderably. Similar behavior is observed in highly nonresonant
charge-transfer collisionsf34g. These energy arguments
alone do not explain why the electron-capture cross sections
are so much smaller than those for electron loss. It seems
reasonable to suppose that the electron-capture cross sections
are smaller than the electron-loss cross sections because of
the additional requirement that an H− ion be formed.

IV. RESULTS: CHARGE TRANSFER OF H + IONS

The measured differential charge transfer cross sections
are shown in Fig. 5 and selected values are tabulated in Table

IV. Besides the statistical uncertainties shown on the graphs
there are additional systematic uncertainties that range from
±6% to ±9%sTable Vd. All of the DCSs are strongly forward
peaked as might be expected given the small energy defects
for these reactionsf18g. Both DCSs exhibit oscillatory struc-
ture at the lowest energies. This structure has been attributed
to a combination of various interference effects by Gaoet al.
f18g whose 1.5 keV DCS data are shown for comparison. No
structure is seen in the higher energy DCSs, perhaps because
of the multiplicity of available scattering channels at these
energies.

Also shown in Fig. 5sad is the 1.5-keV DCS calculated by
Kimura et al. f35g using the molecular orbitalsMOd ap-
proach. While the general trend of the calculated cross sec-
tion is consistent with the experimental data, there are im-
portant differences: the experimental cross section has a peak
at 0.09 degrees but the theoretical curve dips at this angle;
also, the sharp dip in the calculated curve at 0.2° is entirely
absent from the experimental data. It seems improbable that

TABLE III. Absolute integral electron-capture and -loss cross sections for H atoms with CO and CO2.
The angular range for the integral cross sections is 0°–1.79°.

Energy
skeVd

Electron losss10−16 cm2 sr−1d Electron captures10−17 cm2 sr−1d

CO CO2 CO CO CO2

1 0.83±0.10 0.95±0.12 0.90±0.15 0.92±0.15

2 1.42±0.15 1.67±0.18 1.22±0.15 1.28±0.16

3 1.70±0.17 2.14±0.22 1.21±0.14 2.42±0.26

5 2.11±0.21 2.75±0.28 2.10±0.22 3.72±0.38

FIG. 3. Comparison of the present H-CO electron-loss DCSs withsad those for H-CO2, andsbd those for H-N2 reported by Smithet al.
f24g. The H-N2 direct scattering cross section is also shownf31g.
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these discrepancies are entirely attributable to the finite an-
gular resolution of the measurements. Furthermore, the regu-
lar oscillations seen in the theoretical curve for angles greater
than 0.4 degrees are not observed in the experimental data.

In this case, the angular resolution of the measurements
would, to a significant extent, mask such oscillations. How-
ever, it is possible that the oscillations may simply result
from the limitations inherent in the calculations themselves
f35g; in a recent study, Cabrera-Trujilloet al. f36g demon-
strated that similar oscillations were due to just such a cause.

The fact that the DCSs are so strongly forward peaked
means that virtually all of the scattered H-atom products are
detected and therefore the present integral cross sections are
essentially equal to total cross sections, and they are there-
fore compared to the previous total measurements in Fig. 6.
Note that high-energy measurementsf7,10,11g and those
subject to very large uncertaintiesf15g, are not shown on this
figure. Likewise, the data of Shah and Gilbodyf19g, which
are normalized to those of Ruddet al. f17g and cover a
similar energy range, and those of Browning and Gilbody
f9g, which include additional contributions due to ionization,
are not shown. Apart from the scatter in the 5 keV H-CO2

FIG. 4. Integral cross sections for electron loss by H atoms in collisions withsad CO, sbd CO2; and for electron capture by H atoms in
collisions with scd CO, sdd CO2. Previous total cross section measurements are shown for comparison.

TABLE V. Absolute integral cross sections for charge transfer of
H+ with CO and CO2. The angular range for the integral cross
sections is 0°–2.58°.

Energy
skeVd

Charge transfers10−16 cm2 sr−1d

CO CO2

1 16.51±1.49 14.96±1.35

2 15.81±0.95 13.56±0.81

3 14.93±0.90 13.31±0.80

5 14.27±0.86 12.87±0.77
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TABLE IV. Laboratory frame differential H+-CO and H+-CO2 charge transfer cross sections, whereE is the projectile energy and the
numbers in square brackets represent powers of ten.

Laboratory angleu
sdegd

dssqd /dV s10−16 cm2 sr−1d

H+-CO H+-CO2

E=1 keV E=2 keV E=3 keV E=5 keV E=1 keV E=2 keV E=3 keV E=5 keV

0.026±0.016 1.93±0.02f6g 2.72±0.03f6g 3.33±0.03f6g 4.27±0.03f6g 3.93±0.08f5g 9.76±0.17f5g 1.70±0.02f6g 2.88±0.02f6g
0.044±0.016 8.84±0.09f5g 1.07±0.01f6g 1.29±0.01f6g 1.53±0.01f6g 4.88±0.07f5g 1.06±0.01f6g 1.49±0.01f6g 1.88±0.02f6g
0.061±0.016 3.17±0.05f5g 6.17±0.09f5g 7.21±0.09f5g 6.93±0.08f5g 5.90±0.06f5g 9.64±0.11f5g 1.02±0.01f6g 8.22±0.08f5g
0.079±0.016 2.84±0.04f5g 5.91±0.08f5g 5.35±0.07f5g 3.85±0.05f5g 6.10±0.06f5g 6.60±0.08f5g 5.45±0.07f5g 3.44±0.05f5g
0.096±0.016 3.88±0.04f5g 4.44±0.06f5g 3.38±0.05f5g 2.08±0.04f5g 4.94±0.05f5g 3.66±0.05f5g 2.91±0.04f5g 2.10±0.03f5g
0.114±0.016 3.75±0.04f5g 2.67±0.05f5g 1.91±0.03f5g 1.13±0.02f5g 3.14±0.03f5g 2.00±0.04f5g 1.88±0.03f5g 1.29±0.02f5g
0.149±0.016 1.28±0.02f5g 1.27±0.03f5g 8.79±0.20f4g 4.56±0.13f4g 9.97±0.16f4g 1.11±0.02f5g 8.06±0.18f4g 5.19±0.14f4g
0.202±0.016 9.02±0.14f4g 5.42±0.15f4g 2.87±0.10f4g 1.84±0.07f4g 8.86±0.13f4g 4.69±0.13f4g 2.99±0.10f4g 1.94±0.07f4g
0.254±0.016 5.39±0.09f4g 1.74±0.08f4g 1.16±0.06f4g 7.89±0.44f3g 4.89±0.09f4g 1.86±0.08f4g 1.18±0.05f4g 9.44±0.46f3g
0.324±0.016 2.27±0.05f4g 7.86±0.46f3g 4.86±0.32f3g 4.05±0.28f3g 1.70±0.05f4g 7.87±0.44f3g 6.13±0.34f3g 4.19±0.27f3g
0.412±0.029 9.78±0.18f3g 3.90±0.17f3g 2.98±0.13f3g 2.06±0.10f3g 1.00±0.02f4g 4.25±0.17f3g 3.19±0.13f3g 2.56±0.11f3g
0.570±0.029 1.97±0.07f3g 1.65±0.10f3g 1.17±0.07f3g 9.83±0.62f2g 2.44±0.08f3g 1.76±0.09f3g 1.62±0.08f3g 1.13±0.06f3g
0.885±0.029 5.07±0.31f2g 4.60±0.45f2g 3.93±0.34f2g 3.24±0.31f2g 6.23±0.33f2g 5.94±0.47f2g 4.88±0.36f2g 4.23±0.32f2g
1.385±0.071 1.41±0.09f2g 1.44±0.13f2g 1.34±0.11f2g 1.09±0.10f2g 1.87±0.10f2g 2.03±0.14f2g 1.88±0.12f2g 1.45±0.10f2g
1.806±0.071 7.67±0.82f1g 7.11±0.98f1g 6.30±0.86f1g 6.64±0.97f1g 1.13±0.09f2g 9.64±0.97f1g 8.15±0.87f1g 8.97±0.97f1g
2.507±0.071 4.83±1.05f1g 4.66±1.01f1g 3.83±0.80f1g 2.89±1.12f1g 7.13±1.13f1g 5.76±0.96f1g 3.89±0.76f1g 2.82±1.02f1g

FIG. 5. Absolute differential cross sections for charge transfer of H+ with sad CO andsbd CO2. The 1.5 keV DCS data of Gaoet al. f18g,
shown as a solid line, and the 1.5-keV calculations of Kimuraet al. f35g, shown as a dashed line, are plotted for comparison with the present
2 keV data. For convenience of presentation the data have been multiplied by the factors indicated.
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data, which is clearly due to the large uncertainty associated
with the Ruddet al. f17g measurement at this particular en-
ergy, there is good agreement between the various studies for
both targets. The integral cross sections reported by Gaoet
al. f18g are also consistent with the measurements in Fig. 6
f37g.

The large magnitudes and the energy dependences of
these total cross sectionssFig. 6d are consistent with the
near-resonant nature of the reactions. Furthermore, the fact
that the CO2 cross section continues to increase rapidly at the
lowest energies, in contrast with the behavior of the CO
cross section, is a consequence of the significantly smaller
energy defect for the CO2 reaction. It is to be noted that, with
the present apparatus, it is not possible to distinguish be-
tween simple charge-transfer and transfer ionization; al-
though it seems very unlikely that transfer ionization will be
significant at these relatively low collision energies. Also,
while some fraction of the slow product ions undoubtedly
dissociate, our apparatus provides no information on their
fate. According to Browning and Gilbodyf9g, the majority of
the CO+ product ions do not dissociate at the energies stud-
ied here and the fraction that do increases with increasing
energy.

In addition to the various experimental investigations, the
H+-CO calculations of Kimuraet al. f35g and those per-
formed by Kusakabeet al. f21g using the Olson formulaf38g
are shown in Fig. 6sad. The Kimuraet al. f35g cross section
reproduces the measured cross section quite well, and better
than that resulting from the use of the Olson formula, which
tends to overestimate it. It is worth noting that the discrep-
ancies between the calculated and measured total cross sec-
tions are relatively small when compared to the discrepan-
cies seen between the corresponding DCSs in Fig. 5. In the
latter case, the discrepancies exceed an order of magnitude at
certain angles, thus clearly demonstrating that the DCS can

provide a more sensitive test of the theory than the total cross
section.

The H+-CO2 calculations of Kusakabeet al. f21g and
those of Johnson and Parkerf39g, also based on the work of
Olsen et al. f38,40g, are shown in Fig. 6sbd. Perhaps not
surprisingly they both exhibit a similar monotonic energy
dependence, and neither reproduces the plateau that is ob-
served in the 1–5 keV region. Kusakabeet al. f21g have
advanced some suggestions as to the origin of the structure
in this particular energy dependence curve, however, without
more information these must remain speculations.

V. CONCLUSION

Absolute differential cross sections are reported for elec-
tron capture and loss by 1–5 keV H atoms incident on CO
and CO2 for laboratory scattering angles up to 1.73°, and for
charge transfer of 1–5 keV H+ with CO and CO2 for scat-
tering angles up to 2.51°. To our knowledge, the H-atom
differential electron capture and loss cross sections presented
here are the first of their kind for CO and CO2. The differ-
ential electron-loss cross sections are very similar to one an-
other, and to previous measurements with other molecular
targets, suggesting the possibility that some aspects of these
collisions may be amenable to a relatively basic theoretical
model. The differential measurements reported here signifi-
cantly advance our knowledge of these collision processes
and very good agreement is observed between the corre-
sponding integral cross sections and prior work.
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FIG. 6. Integral cross sections for charge transfer of H+ with sad CO, andsbd CO2 together with previous total cross section measure-
ments. Berkner, Pyle, and Stearnsf13g actually measured cross sections for D+ and their data are therefore plotted at the equivalent proton
energy.
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