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and 5.0 keV, and scattering angles of 0.15° to 5° while the theoretical results extend from 0.5 to 25 keV and
encompass scattering angles from 0.01° to 180°. We find good agreement between the calculated and measured
differential and total cross sections. Also, a diffraction slit effect, which is target orientation dependent, is
found in the differential scattering cross section. A theoretical explanation of the effect is presented.
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I. INTRODUCTION

Atomic and molecular collision processes are of funda-
mental physical interest and play key roles in many diverse
fields of study. Angular scattering of ions by atoms and mol-
ecules may be used to examine the basic interactions, the
scattering potentials, and the dynamical properties of the in-
teracting system. The two processes of interest here are di-
rect scattering and charge transfer(or electron capture) re-
sulting in the transfer of one electron to the projectile. A
complete description of the ion-molecule collision system
requires that the dynamics of both the electrons and the nu-
clei be accounted for, and therefore both must be incorpo-
rated into the theoretical scattering model. The system cho-
sen for study here, H+ colliding with O2, extends and
complements our previous studies of H+ with N2 [1] and H+

with H2 [2].
Molecular oxygen, and atomic oxygen which results from

dissociation of O2 by solar radiation, are two of the main
constituents of the Earth’s atmosphere and interaction often
occurs with protons that arrive in the solar wind as a result of
solar flares. Typical proton kinetic energies are in the keV
range; thus ionization and charge exchange processes may
significantly influence the dynamics of the upper atmo-
sphere. These interactions are particularly relevant to terres-
trial auroral precipitation models[3]. There is also some in-
terest in the atmospheres of planets where the absence of a
magnetic field allows more direct solar wind bombardment
than on Earth[4]. Furthermore, knowledge of the H+→O2
cross sections has sometimes been an important component
of related laboratory studies[3,5].

Previous experimental and theoretical studies have tended
to focus on the atmospherically important process of electron
capture by atomic oxygen[3,6–10]. By contrast, no prior
measurements or calculations are available for the direct
scattering of H+ by O2, and few measurement are available
for the charge exchange process[3,11–13].

In this work we present calculations and experimental
measurements of the absolute direct and charge transfer scat-

tering cross sections for protons colliding with molecular
oxygen. In the following section, Sec. II, we provide a sum-
mary of the electron-nuclear dynamics(END) model used in
this work and its implementation to calculate direct and
charge transfer cross sections. The END model, which was
developed here[14], incorporates the dynamics of the elec-
trons and the nuclei. In Sec. III we present details of the
experimental arrangement. Section IV shows our theoretical
and experimental results. Finally, in Sec. V, we present our
conclusions.

II. THEORETICAL SURVEY

A. Electron-nuclear dynamics

Our approach for analysis of the scattering processes is
based on the application of the time-dependent variational
principle (TDVP) to the Schrödinger equation[15], where
the wave function is described in a coherent state represen-
tation. As the details of the END method have been reported
elsewhere[14,16,17], we present here a summary of the
theory.

We use a parametrization of the wave function in a coher-
ent state manifold, which leads to a system of Hamilton’s
equations of motion[14]. The variational wave functionujl
is a molecular coherent state written in terms of the coupled
electronic and nuclear wave functions, respectively.

The simplest level of the END approach employs a single
spin unrestricted electronic determinant. Each spin orbital is
expressed in terms of a basis of atomic Gaussian type orbit-
als of rankK with complex coefficientshzjij. The Gaussian
type orbitals are centered on the average positionsR of the
participating atomic nuclei, which are moving with momen-
tum P. This representation takes into account the momentum
of the electron explicitly through the use of electron transla-
tion factors(ETF) [18]. The particular form of parametriza-
tion of the wave function with complex, time dependent co-
efficients,zji , is due to Thouless[19], and is an example of
so-called generalized coherent states[20].
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The nuclear part of the wave function is represented by
localized Gaussians, or, in the narrow wave-packet limit by
classical trajectories.

Application of the TDVP then yields the dynamical equa-
tions [14]. Solving the set of dynamical equations for
hz,R ,Pj as a function of the time,t, yields the evolving
molecular state that describes the processes that take place
during the collision. For the purpose of discussing charge
exchange, we make use of the Mulliken population analysis
[21,22] for the projectile or target(see Secs. II C and IV D).

The END method has been implemented in theENDyne
program package[23].

B. Direct differential cross section

Since the simplest level of END is based on the narrow
width limit of the nuclear wave packets, it requires semiclas-
sical corrections for the scattering process. We have imple-
mented[24] the Schiff approximation[25] which takes into
account the quantum effects of nuclei scattering.

In this description, the deflection function[the angle be-
tween the incoming beam and the scattered particleQsbd]
becomes the signature of the projectile-target collision and
determines the shape of the differential cross section through
the scattering amplitudefsu ,Epd. In time-independent theory,
the deflection function is related to the collision phase-shift,
which in turn is related to the static scattering potential. In
the END model, since there is a time-dependent process and
all the collision channels are unrestricted, the deflection
function describes a realistic dynamical potential.

For a detailed review of the Schiff approximation, its ex-
tension, and implementation, see Ref.[24].

C. Charge transfer differential cross section

At the end of the dynamics, we determine the total elec-
tron charge density of the system. The Mulliken analysis
[21,22] allows us to determine the probability for electrons
to be associated with each of basis function for each atomic
nucleus.

In the linear combination of atomic orbitals method for
electronic structure, each electron of the system is described
by a spin orbital as the sum over atomic basis orbitals. Inte-
gration of the total electron charge density over all space
yields the number of electrons as a sum over the electron
population of each atom. From the electrons associated with
an atom, and the initial number of electrons, one determines
the electron capture(or loss) probability Pexchsb,Epd [22].

D. Details of calculations

For the time-dependent analysis of the collision, the END
approach requires the specification of initial conditions of the
system under consideration. In Fig. 1, we show a schematic
representation of the projectile-target arrangement. The ini-
tial projectile velocity is set parallel to thez axis and directed
towards the stationary target with an impact parameter,b. In
the case of atomic projectiles, as in this case, we need to
consider only the initial orientations of the target. The target
center of mass is initially placed at the origin of a Cartesian

laboratory coordinate system and its orientation is specified
by the anglesa andb.

We have constructed the numerical grid for the target ori-
entation with increments ofDa=Db=45° =p /4, thus requir-
ing nine symmetry independent target orientations(see Sec.
IV B ). We label those orientation by the pairsa ,bd, e.g., the
orientation with the projectile beam parallel to the molecular
bond is(0,0). The orientational average is conducted as de-
scribed in Ref.[26].

The molecular target is initially in its electronic ground
state,3og

−, and at the equilibrium geometry as computed in
the computational basis at the SCF level. The basis functions
used for the atomic orbital expansion are derived from those
optimized by Dunning[27,28]. For the hydrogen atomic
structure(projectile), the basis set consists off5s2p/5s2pg
with the addition of an even-tempered diffuses andp orbital
for a better description of the long range interaction. For the
oxygen atomic structure, we use af6s3p/3s2pg basis set.

We consider values of the impact parameter from
0.0 to 15.0 a.u. which we separate into three regions. For
close collisions, from 0.0 to 6.0 a.u., we use steps of
0.1 a.u. For the intermediate region, from 6.0 to 10.0 a.u.,
we use steps of 0.5 a.u., and forb.10.0, we use steps of 1.0.
This gives us 74 fully dynamical END trajectories for each
target orientation and projectile energy. Larger impact pa-
rameters do not contribute to the computed observables,
since most of the dynamics occurs in the close interaction
regionsb,10 a.u.d as observed in Fig. 2. Note that, for high
energies, the dynamics requires a larger number of excited
states, thus making our results at 25 keV a good test for the
numerical calculation.

The projectile starts 20 a.u. from the target, and the tra-
jectory is evolved until the projectile is 20 a.u. past the tar-
get, or until there are no longer changes in the energy, veloc-
ity, or charge of the projectile. This is the closest distance we
can put the projectile, and still warrant stability of the results.
By placing the projectile at larger distances nothing is gained
as observed in Fig. 3, where we placed the projectile at
30 a.u. from the target and compared the results to the tra-
jectory when the projectile is placed at 20 a.u.(dashed line)
observing that both results overlap. The numerical difference

FIG. 1. Schematic representation of the initial conditions of the
projectile-target system as required by the END formalism.
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in the observables is less that 10−5%, being within the nu-
merical precision of the calculations. Thus, at the end of each
trajectory, one obtains the total wave function, the nuclear
positions and momenta, and therefore, one is able to calcu-
late the deflection function,Qsbd, and electronic properties,
e.g., charge transfer and energy loss, as well as rovibrational
properties of molecular products when of interest.

III. EXPERIMENTAL APPROACH

The apparatus employed for both the charge transfer and
direct scattering measurements is shown schematically in
Fig. 4. The apparatus and the techniques used have been
described in detail previously[3,11,29], and are only dis-
cussed briefly here. Ions are extracted from a low-pressure
plasma-type ion source containing H2, accelerated to the de-
sired energy, and focused by an electrostatic lens. Two con-

focal 60° sector magnets are used to select ions of the desired
mass-to-charge ratio. Ions passing through a pair of laser
drilled apertures form a beam with an angular divergence of
approximately 0.02°. This collimated proton beam passes
through a short target cell and impacts a position-sensitive
detector(PSD) [30], located 26 cm beyond the target cell.
The PSD serves to measure the flux of ions passing through
the target cell and to measure the flux and positions of im-
pact of scattered product species. An electric field established
between a pair of deflection plates located between the target
cell and the PSD is used to prevent ions from striking the
PSD when required.

In order to measure the differential charge-transfer cross
section, O2 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 the PSD. Unscattered primary H+ ions are nor-
mally deflected away from the PSD, but are allowed to im-
pact it periodically to assess the primary beam flux. These
measurements, together with knowledge of the target number
density (obtained using a capacitance diaphragm absolute
pressure gauge[31]) and the target length are sufficient to
determine the DCS via the following equation:

dssud
dV

=
DSsud
SnlDV

, s1d

whereS is the primary ion beam flux,DS is the neutral flux
scattered at angleu into a solid angleDV, n is the target
number density, andl is the target cell length.

A full account of the procedure for determining direct
scattering differential cross sections has been given by New-
man et al. [32]. In this case, both the primary beam and
scattered product species are allowed to impact the PSD.
Essentially, the primary beam fluxS is the total flux of par-
ticles impacting the detector, whileDSsud is the H+ ion flux
scattered at angleu into a solid angleDV and the absolute
cross section is again defined by Eq.(1). Determination of
the scattered ion flux is complicated by the fact that, in ad-
dition to the primary and scattered H+ ions, fast neutral H
charge transfer products are also detected. It is therefore nec-
essary to conduct an additional measurement to assess the
number of H atoms produced and subtract this H-atom signal
from the total scattering signal to arrive at the scattered H+

signal. As the charge transfer and direct scattering cross sec-
tions are comparable, this procedure renders the H+ direct
scattering cross section more susceptible to systematic errors

FIG. 2. Deflection function,Qsbd, and charge exchange prob-
ability, Pexch, as a function of the impact parameter,b, for a projec-
tile energy of 25 keV. There is no significant contribution to the
observables forb.10 a.u., thus 0,b,15 a.u. is a sufficient im-
pact parameter range to perform the calculations.

FIG. 3. Charge exchange probability for H+ colliding with O2 at
25 keV as a function of thez component of the projectile position.
The trajectory is for an impact parameterb=2.5 a.u. and shows the
results of two different initial distances of the projectile from the
target: 20 a.u.(dashed line) and 30 a.u.(solid line). Note that the
two lines overlap showing stability of the computed observables for
longer time dynamics and that the final exchange probability is
within the same numerical precision when starting at 20 a.u. as
when starting at 30 a.u.

FIG. 4. Schematics of the scattering apparatus.
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resulting in larger overall uncertainties than for the charge
transfer measurements.

IV. RESULTS

A. Deflection function

The projectile scattering angle,u, is determined from the
final and initial projectile momentaPp

f andPp
i , respectively.

This also defines the deflection functionQsbd. For a positive
defection function, the projectile is repelled by the target. For
a negative angle, the projectile is attracted. In a plot of the
deflection function as a function of the impact parameter, one
observes that the curve can crossQ=0 for some given im-
pact parameters. This is the glory angle where classically the
differential cross section diverges. Furthermore, the deflec-
tion function can show a maximum(or minimum) with zero
slope in the attractive(or repulsive) region. This defines the
so-called rainbow angles. Since we have several initial target
orientations, we may encounter rainbow and glory angles for
each of them. There we can use a semiclassical model, e.g.,
the Airy approximation, Uniform approximation, etc.[33] if
required. In this work, we use the Schiff approximation as it
includes all the terms of the Born series and treats the rain-
bow and glory angles in a single approach without requiring
separation into different scattering regions.

In Table I we present the glory and rainbow angles as a
function of the impact parameter for the three minimal target
orientations and projectile energy as obtained from the END
trajectories. The minimal three target orientations are(0,0),
(90,0), and (90,90), which locate the molecular bond along
the three main axis in a Cartesian frame. Later, we discuss
the effects on the differential cross section of this coarse
orientational grid. From the results of Table I, we note that
the glory impact parameter has a maximum aroundEp
,5.0 keV for all three orientations. For the rainbow impact
parameter, a similar behavior is observed. Furthermore, the
value of the rainbow angle increases as the projectile energy
decreases.

B. Direct differential cross section

From the deflection function, we obtain the phase shift as
needed by the Schiff approximation[24,25] to calculate the
direct differential cross section.

Figure 5 shows the calculated absolute direct differential
cross section for H+→O2, for scattering angles from 0.01° to
180° and for projectile energies of 0.5, 1.5, 5.0, 10.0, and
25.0 keV averaged over all nine target orientations. In the

TABLE I. Glory and rainbow angle for H+→O2 as a function of the projectile energy for the three minimal target orientations(0,0),
(90,0), and(90,90). The impact parameter is in a.u. and the angle is in degrees.

Ep\ sa ,bd

Glory angleQgsbgd=0 Rainbow angleQrsbrd

(0,0) (90,0) (90,90) (0,0) (90,0) (90,90)

500 eV 1.79 2.77 0.0, 2.52 Qrs2.60d=0.80 Qrs3.48d=0.63 Qrs0.59d=2.20,Qrs3.17d=0.16

1.5 keV 1.82 2.79 0.0, 3.23 Qrs2.36d=0.17 Qrs3.48d=0.18 Qrs0.61d=0.79,Qrs4.09d=0.03

5.0 keV 2.67 2.97 0.0, 2.84 Qrs3.52d=0.03 Qrs3.92d=0.04 Qrs0.64d=0.26,Qrs3.51d=0.010

10.0 keV 2.66 3.12 0.0, 2.48 Qrs3.27d=0.01 Qrs3.94d=0.02 Qrs0.61d=0.13,Qrs3.07d=0.006

25.0 keV 2.40 3.06 0.0, 2.24 Qrs2.93d=0.004 Qrs3.72d=0.01 Qrs0.54d=0.05,Qrs2.74d=0.001

FIG. 5. Absolute direct differential cross section for protons
colliding with molecular oxygen for projectile energies of 0.5, 1.5,
5.0, 10.0, and 25.0 keV. The lines represent our theoretical work
and the solid circles with error bars are our experimental results.
For clarity, the curves b, c, d, and e have been multiplied by 10, 102,
103, and 104, respectively.
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same figure we compare with our experimental results the
energies of 0.5, 1.5, and 5.0 keV for the scattering angles
from 0.15° to 5.0°. We note that the results of Fig. 5 use the
Schiff approximation which provides the correct trend for
calculated small scattering angle(forward peak character of
the scattering). From the results shown in Table I, we note
that for low projectile energies, the rainbow angle increases.
That is observed in the structure of the differential cross
section in Fig. 5, were a bump appears for lower energies
and angles larger thanQr. The effect of the glory angle is
observed in the correct form of the forward peak character of
the differential cross section asu→0. For the 0.5 keV en-
ergy region (curve e), we note a small discrepancy for
0.1,u,0.8 when comparing our experimental results to our
calculated direct differential cross section. The reason for
this is twofold. First, the single determinant description does
not incorporate the multiconfigurational representation of the
wave function that is needed to properly describe the dynam-
ics of O2 at low projectile energies(vide infra). Second, at
lower energies, the projectile spends more time in the vicin-
ity of the target, thus emphasizing orientational effects on the
dynamics of the collision.

We note a uniform oscillatory structure in the theoretical
results for high projectile energies that is not observed in the
experimental data. By looking at the deflection function, we
note that there are some orientations where the projectile
penetrates the molecular bond. This scattering is observed in
the differential cross section as a diffraction effect(slit effect
due to the two atomic nuclei target,vide infra).

To see the effects of the orientational grid on our results,
in Fig. 6 we present the direct differential cross section for
the projectile energy of 10 keV for an orientational average
grid of three minimal orientationssDa=Db=90°d and com-
pare to the nine point orientational grid results. In the same

figure, we show the contribution of the individual orienta-
tions. We note that the oscillations are produced by the scat-
tering along the orientation(90,0) (impact parameter running
along the molecular bond) in agreement with the idea of a
slit effect, while the other orientations have a smooth behav-
ior as a function of the scattering angle. When the number of
target orientations is increased, the oscillations are averaged
out, which is observed in the experimental data. From the
results in Fig. 5, we note that the average grid of nine points
produces results within the experimental error, however, the
oscillations are still present. Due to the high computational
cost in increasing the grid fromDa=Db=45° to, e.g.,Da
=Db=20° where we will have 164 target orientations, we
consider that more than nine grid points is unnecessary and
that for some systems even a three points grid produces ac-
ceptable results[2].

Diffraction slit effect

In order to provide an explanation of the slit effect, we
refer to Fig. 7 where we plot the deflection function for ori-
entation(90,0). Here the two trajectories at impact param-
etersb1 andb2 are scattered with the same scattering angle,
thus arriving at the same point in the detector. The trajectory
b1 is scattered from inside the molecular bond whileb2 is
scattered from the outside of the molecule.

The de Broglie wavelength of the projectile isl
=2p" /p, wherep is the projectile momentum. Constructive
interference from these two source points requiresnl=sb2

c

−b1
cdsinuc, whereuc is the scattering angle where there is a

maximum(constructive interference) in the differential cross
section. Similarly, for destructive interferencesn+1/2dl
=sb2

d−b1
ddsinud. From the symmetry of the collision around

the atom atD /2=1.1711 a.u.(half the bond length) we note
that b2−b1.2bc. In order to find an analytical relation be-
tween the constructive and destructive scattering angles and
the projectile velocity, we need an analytical form for the
deflection function. Assuming, for simplicity, that the scatter-

FIG. 6. Absolute direct differential cross section for protons
colliding with molecular oxygen for the projectile energy of
10.0 keV for a three point orientational grid and a nine point orien-
tational grid. The solid line is the result for the nine point grid. The
dashed line is the three point orientational grid. Also we present the
three individual contributions of the three point grid(note the scaled
factor to avoid overlapping of the lines).

FIG. 7. Deflection function for H+ colliding with O2 at an en-
ergy of 10.0 keV and target orientation(90,0). The impact param-
eterb1 lies within the molecular bond and the impact parameterb2

is outside, both producing the same scattering angleu. Thus the
scattering from the O atom siting at 1.1711 a.u.(half the bond
length) can be seen as a diffracting slit.
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ing is Coulombic, thenbsud=Z1Z2e
2/2Ep cotsu /2d. There-

fore

l

2
= 2fbcsucdsinsucd − bdsuddsinsuddg s2d

=
Z1Z2e

2

Ep
fcos2suc/2d − cos2sud/2dg s3d

or, in terms of the projectile velocity,

v = Z1Z2v0fcos2suc/2d − cos2sud/2dg, s4d

where v0=e2/" is the Bohr velocity. For small scattering
anglessu,10°d, we can approximate Eq.(4) by

v = Z1Z2v0suc
2 − ud

2d. s5d

Thus the higher the projectile velocity, the more separated
are the minima and the maxima(destructive and constructive
interference) of the differential cross section. In a logarith-
mic plot, as is the usual case for the differential cross section,
we have thatu→eu, thus

Du .
v

2Z1Z2v0uc
, s6d

whereDu is the linear difference between the two construc-
tive and destructive angles. From this, we note that, in the
neighborhood ofuc and for a given projectile energy,Du is
almost constant, which is the behavior observed in Fig. 5.
Also, the difference gets smaller for larger scattering angles
and/or for a higher charge projectile or target. Note that for
small scattering angles, the glory angle effect starts to domi-
nate and the oscillations disappear for all the target orienta-
tions, as expected.

Although this analysis is obtained within the assumption
of Coulombic scattering, the general trend is explained. That
is, interference effects due to a slit effect produced by the
diatomic molecule and the constant difference in phase for
the constructive and destructive phase on a log scale plot of
the differential cross section are reproduced. Of course, in
the results presented in Fig. 5, the Schiff approximation has
taken into account the interference from the theoretical de-
flection function obtained by the END approach. Further-
more, the effect just discussed is independent of the semi-
classical model used to describe the differential cross
section, since Eqs.(2)–(6) are just based on pure quantum
wave interference. Also, when the result of each orientation
is averaged over all the target orientations, the slit effects
disappear, as is observed in our experimental results.

C. Charge exchange probability

As described in Sec. II C, we obtain the electron exchange
probability by using the results of the Mulliken population
analysis. To understand the behavior of the electron transfer
process as a function of the projectile energy and impact
parameter, we show in Fig. 8 the probability for electron
capture for H+→O2 times the impact parameter for orienta-
tion (0,0). The area under the curve for a fixed projectile

energy is proportional to the total electron capture cross sec-
tion [see Sec. IV E, Eq.(7)]. Furthermore, the plot shows
that the interaction region where this process occurs with the
highest probability is nearb=4 for low energies, withb
somewhat lower at largerEp.

For orientation(0,0), the large electron transfer probabil-
ity occurs in the impact parameter region 1,b,5 a.u. at
high energies, where thep-like orbitals of O2 have signifi-
cant density. As the projectile energy decreases, the range in
the impact parameter narrows, and therefore the total capture
cross section for this orientation is reduced. The probability
for electron capture resides mostly atb,3 andb,5 where
the hydrogen 1s and 2s, 2p states are in resonance with the
2pp* orbital of O2.

In Fig. 9 we present a similar plot for orientation(90,0).
In this case, since the projectile impact parameter runs over
the O2 bond length, the range for significant electron capture
goes from 0,b,6 a.u., with a large contribution from the
outer region of the molecular bond for high projectile ener-
gies.

Finally, in Fig. 10, we show the projectile electron capture
probability times the impact parameter for H+→O2 for ori-
entation (90,90). In this case, the exchange probability is
larger and with a wider range of impact parameter, since in

FIG. 8. Impact parameter times the probability for electron cap-
ture for H+→O2 for the target orientation(0,0) as a function of the
impact parameter and projectile energy.

FIG. 9. Impact parameter times the probability for electron cap-
ture for H+→O2 for the target orientation(90,0) as a function of the
impact parameter and projectile energy.
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this orientation the projectile crosses the double bond made
by the oxygenp orbitals. For low projectile energies, we note
oscillations in the charge transfer, due to resonances among
the projectile and target energy levels.

From the results of Figs. 8–10, we note that the charge
exchange probability occurs forb,10 a.u., in the so-called
close interaction region, for all the projectile energies.

D. Charge transfer differential cross section

From the previous results, we can map the impact param-
eter onto the scattering angle by means of the deflection
function. This allows us to obtain the exchange differential
cross section(see Ref.[1] for more details of the procedure).

The calculated charge transfer differential cross sections
for H+→O2 is shown in Fig. 11 for the same range of pro-
jectile energies as displayed in Fig. 5 and averaged over the
nine target orientation grid. In the same figure, we present
our experimental results(solid circles) as well as comparison
to the data from Gaoet al. [11] for the same set of projectile
energies. As mentioned before, our theoretical results are
based on the Mulliken population analysis and therefore do
not include interference effects for the probability amplitude
[1]. This is particularly observed in the low energy curves
where the effects are more striking, and for the small scat-
tering angles, where long range interactions are important.

For lower projectile energies quantum effects become im-
portant, as shown by the 0.5 keV curve. Furthermore, the
description of the electronic structure of O2 by a single de-
terminant is too restrictive at low projectile energies where
multiconfigurational effects in the electronic structure of O2
are important. This is observed particularly at small scatter-
ing angles(large impact parameters) where the long range
interaction of the electronic structure becomes important and
a more detailed description of the electronic structure is suit-
able. At high energies, where the quantum interference ef-
fects are small, the agreement between theory and experi-
ment is good. In general, the theoretical curves follow the
trend of the experimental data, giving us confidence in the
dynamical description for the electron transfer process pre-
sented here.

E. Integral cross section

By integration of the exchange differential cross section
over the scattering angle, or by mapping to the impact pa-
rameter by means of the deflection function, one obtains an
integrated charge exchange total cross section, i.e.,

sexch=E dsexch

dV
dV s7d

or

sexch=E Pexchbdbdw. s8d

Let us note that Eq.(8) does not include interference be-
tween different trajectories that result in scattering at the
same angle, since it results from the assumption of a classical
differential cross section. Thus the results of Eqs.(7) and(8)

FIG. 10. Impact parameter times the probability for electron
capture for H+→O2 for the target orientation(90,90) as a function
of the impact parameter and projectile energy.

FIG. 11. Absolute exchange differential cross section for pro-
tons colliding with molecular oxygen for projectile energies of 0.5,
1.5, 5.0, 10.0, and 25.0 keV. The solid line represents our theoret-
ical work; solid circles are our experimental results; and empty
circles those of Gaoet al. [11]. For clarity, the curves b, c, d, and e
have been multiplied by 10, 102, 103, and 104, respectively.
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would be different. This is presented in Fig. 12 where we
report our theoretical and experimental results for the case of
H+ colliding with O2. The long dashed line is the result of
Eq. (8) while the solid line is the result of Eq.(7). For com-
pleteness, we also compare with the previous experimental
measurements of Lindsayet al. [3], Stier and Barnett[34],
Stebbingset al. [5], and Koopman[13]. The uncertainties
associated with the data of Lindsayet al. [3] are ±6–11%
and those with the data of Stier and Barnett[34] are
±5–10%. In both cases, the larger uncertainty applies to the
lower energy data. The uncertainty in the data of Koopman is
±15%. The high energy measurements of Ruddet al. [35]
(not shown) are consistent with the other experiments but are
subject to significantly greater uncertainty. It is also worth
noting that the data of Stebbingset al. and that of Koopman
et al. [13] are normalized to the absolute measurements of
Stier and Barnett[34]. Our results agree with the experimen-

tal data at energies above 1.0 keV for both of our descrip-
tions. For the lower projectile energies, we see a dip in the
total charge exchange cross section for the impact parameter
description of the cross section. From the results in Figs.
8–10, we attribute this to the narrow region where thep
orbitals affect the charge exchange.

At energies below 1 keV, there is discrepancy between
our calculations and the experimental data. As mentioned
earlier, a multiconfigurational treatment of the electronic
structure for O2 is required for a better description of low
energy collisions. Work has already begun to adapt END in
this direction and it is hoped that the improved version will
ultimately resolve this discrepancy.

In the same figure we show the total electron capture by
the projectile into the 1s state, which is obtained by project-
ing the final electronic wave function on the 1s state of the
hydrogen atom. It is obvious that the projectile leaves the
collision with a high probability of finding an electron in the
1s state at low projectile energies. For higher projectile en-
ergies, high energy levels start to be populated, and the ion-
ization channel starts to open.

V. CONCLUSIONS

Characterization of the dynamics of the collision of pro-
tons with molecular oxygen is carried out experimentally and
theoretically. For the theoretical analysis we use the electron-
nuclear dynamics approach to approximate the time-
dependent Schrödinger equation. We show that by using the
Schiff approximation to include quantum interference effects
in the description of the direct differential cross section, and
by using the deflection function obtained through the dy-
namical END formalism, good agreement is obtained be-
tween theory and experiment. Good general agreement is
also obtained for the differential electron transfer cross sec-
tion, particularly at high projectile energies where the single
collision approach holds. A diffraction slit effect, which is
target orientation dependent, is found in the differential scat-
tering cross section and a theoretical explanation is given.
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