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This paper reports measurements of absolute differential cross sections for the direct scattering of oxygen
atoms by He, Ne, Ar, Kr, Xe, H2 , N2 , O2 , CO, CO2 , H2O, SO2 , NH3 , CH4 , CF4 , and SF6 targets. The
measured cross sections include contributions from all elastic and inelastic processes that result in a fast neutral
oxygen atom product. Cross sections are presented for 0.5- and 1.5-keV projectile energies over the laboratory
angular range 0.2°–5°. When compared in the center-of-mass reference frame, these cross sections exhibit a
high degree of similarity in both amplitude and angular dependence. The cross sections for N2 , CO, CO2 , and
H2O are inverted using a partial-wave analysis to yield empirical interaction potentials, which can then be used
to extrapolate the measurements down to lower energies. Using these potentials, cross sections are evaluated at
0.1 keV.

PACS number~s!: 34.50.Lf, 34.20.2b

I. INTRODUCTION

Measurements of differential scattering cross sections in-
volving fast oxygen atoms are of continuing interest to both
experimentalists and theorists due to their importance in a
wide range of environments. In the earth’s atmosphere, sig-
nificant fluxes of precipitating O1 ring-current ions have
been observed from altitudes of around 200 to 1000 km dur-
ing geomagnetic storms@1–3#. With energies ranging from a
few hundred to several thousand eV, these fast ions undergo
charge transfer collisions with thermospheric atomic hydro-
gen and oxygen producing fast neutral oxygen atoms.
Through subsequent collisions including elastic scattering,
collisional excitation, and collisional ionization, these atoms
transfer their kinetic energy to the atmosphere, resulting in
local heating and optical emissions. Similarly, collisions in-
volving fast oxygen atoms play a significant role in other
environments including the important area of fusion research
@4#. While measurements of atomic oxygen scattering from a

limited number of targets have been previously reported@5#,
an extension of this work to include a wider range of targets
and extrapolation to lower collision energies is presented
here in an effort to aid researchers in the accurate modeling
of these environments.

II. APPARATUS AND EXPERIMENTAL METHOD

A schematic of the apparatus, which has been previously
described in detail@6,7#, is shown in Fig. 1. Briefly, oxygen
ions are produced through electron impact on CO2 in a mag-
netically confined plasma. Ions effusing from the ion source
are accelerated to the desired beam energy and focused by a
three element electrostatic lens. The resulting beam is mo-
mentum analyzed by a pair of bending magnets, and the
O1 component is directed through a charge-transfer cell
~CTC! where a small fraction is converted to fast neutral
oxygen atoms through charge-transfer collisions with N2 .
It has been previously argued that the neutral beam would
be composed primarily of ground-state atoms produced

FIG. 1. Schematic of the apparatus.

TABLE I. Experimental uncertainties.

Experimental quantity Uncertainty

Cross-section amplitude uncertainties
Counting statistics 3–20 %
~Primary beam!/~Scattered signal! detection
efficiency

3%

TC lengthl 2%
TC pressure~number densityn) 2%
Baratron thermal transpiration 2%

Cross-section angular uncertainties
TC to PSD distance 1%
Beam divergence 0.015°
Analysis ring width 0.035°–0.140°
PSD position encoding error 0.035°@7#

PSD linearity 2%
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through the near-resonant reaction channel O1(2D)1N2

→O(3P) N2
1(A2Pu) @8,9#; however, the direct-scattering

cross sections are found to be insensitive to the state of the
incident atoms through measurements carried out using a
mixed-state O beam produced through O1 1 Kr charge
transfer. The neutral beam is then collimated to within
0.015° divergence by two laser drilled apertures (50mm
diam.! defining the exit of the CTC and the entrance of the
target cell~TC!. Electrostatic deflection plates DP1 between
the apertures remove residual ions from the beam. A gas
target is introduced into the TC with a typical pressure of
approximately 4 mtorr, and as the target cell length is 1.6
mm only a small percentage~1–4 %! of the primary beam is

scattered. Under these thin target conditions effects due to
secondary collisions are avoided. Both primary beam atoms
and scattered atoms exiting the TC are detected with a
position-sensitive detector~PSD!. This detector, which has
been previously described in detail@10#, consists of two mi-
crochannel plates stacked in a chevron configuration
mounted above a resistive anode. When a particle strikes the
first microchannel plate a cascade of secondary electrons is
produced that is further amplified by the second plate and the
resultant charge is collected on the resistive anode. By mea-
suring the relative magnitudes of the current pulses at the
four corners of the anode, one can accurately locate the cen-
troid of this charge distribution and hence the point of impact

FIG. 2. Differential cross sections for elastic scattering of 0.5
keV O atoms by He, Ne, Ar, Kr, and Xe. The cross sections have
been multiplied by the factors indicated.

FIG. 3. Differential cross sections for elastic scattering of 0.5
keV O atoms by H2 , N2 , O2 , and CO. The cross sections have
been multiplied by the factors indicated.

FIG. 4. Differential cross sections for elastic scattering of 0.5
keV O atoms by CO2 , H2O, and SO2 . The cross sections have
been multiplied by the factors indicated.

FIG. 5. Differential cross sections for elastic scattering of 0.5
keV O atoms by NH3 , CH4 , CF4 , and SF6 . The cross sections
have been multiplied by the factors indicated.

1582 53SMITH, GAO, LINDSAY, SMITH, AND STEBBINGS



of the initiating particle. Deflection plates DP2 deflect
charged-collision products away from the detector.

III. MEASURED QUANTITIES

Under thin target conditions, the differential cross section
can be expressed as

ds~u!

dV
5

DS~u!

SotDV
, ~1!

whereSo is the primary beam flux,DS(u) is the flux scat-
tered at an angleu into the solid angleDV, and t is the
target thickness. Earlier studies in this laboratory@6# have

demonstrated that the target thickness is accurately repre-
sented by the product ofl the physical length of the cell and
n the number density of the target gas that is obtained from
a measurement of the target gas pressure using an MKS
Baratron capacitance diaphragm gauge.

The signal on the PSD is first measured with no gas in the
target cell. This measurement gives the extent of the area
impacted by the primary beam and also includes contribu-
tions originating from intrinsic detector noise and from scat-
tering by background gas and aperture edges. Target gas is
next introduced and the signal is again recorded. The primary
beam fluxSo is taken to be equal to the total number of
counts detected, while the number recorded at detector loca-
tions that lie outside the area on which the primary beam is

FIG. 6. Differential cross sections for elastic scattering of 1.5
keV O atoms by He, Ne, Ar, Kr, and Xe. The cross sections have
been multiplied by the factors indicated.

FIG. 7. Differential cross sections for elastic scattering of 1.5
keV O atoms by H2 , N2 , O2 , and CO. The cross sections have
been multiplied by the factor indicated.

FIG. 8. Differential cross sections for elastic scattering of 1.5
keV O atoms by CO2 , H2O, and SO2 . The cross sections have
been multiplied by the factors indicated.

FIG. 9. Differential cross sections for elastic scattering of 1.5
keV O atoms by NH3 , CH4 , CF4 , and SF6 . The cross sections
have been multiplied by the factors indicated.

53 1583ABSOLUTE DIFFERENTIAL CROSS SECTIONS FOR THE . . .



incident, after appropriate correction for background effects,
givesDS(u). As all of the incident particles are of the same
species and energy, and are collected on the same detector, it
is not necessary to know the absolute detection efficiency of
the PSD. It is sufficient to bias the detector so that the de-
tection efficiencies of the high-flux-density primary beam
and the relatively low-flux-density scattered signal are equal
@10#. In all cases, particle impacts on the PSD are decoded
into x and y coordinates and the appropriate elements in a
3603360 array are incremented, with each array element
corresponding to a 65365 mm area on the detector face.
Organizing the two-dimensional array into concentric rings
about the scattering center and summing the recorded events
in each ring reveals the scattering signal as a function of
scattering angleu. The uncertainty in the number of counts
at each scattering angle is primarily statistical, while factors
contributing to the angular uncertainties include the finite
width of the primary beam, the discrete nature of the analysis
rings, and inherent electronic noise in the PSD’s position
decoding electronics. These uncertainties are shown as ver-
tical and horizontal error bars in the differential cross section
results, while other factors adding uncertainty to the mea-
surements are summarized in Table I.

IV. EXPERIMENTAL RESULTS

Absolute differential cross sections~DCS’s! for the direct
scattering of atomic oxygen are shown in Figs. 2–9 and in
most cases exhibit a featureless monotonic behavior. The
values of these cross sections at selected angles are given in
Tables II and III. The corresponding integral cross sections
are listed in Table IV. A comparison with earlier O-atom
direct scattering measurements@5# shows agreement within
the stated error bars. While most of the DCS’s measured are
featureless, some structure is seen at the higher energy for
the lighter rare gas targets. In these cases it is believed that
inelastic processes leading to target and projectile excitation
give rise to the structure through interference between differ-
ent scattering amplitudes. While these same processes may
also be occurring for the heavier atomic and complex mo-
lecular targets, the structure in these cases would tend to be
much less distinct due to the large number and closer spacing
of the contributing states. A notable observation regarding
the DCS’s is their close similarity to one another in both
amplitude and angular dependence despite the wide variety
of targets, from small atoms to large complex molecules.
When the DCS’s are compared in the center-of-mass refer-

TABLE II. Laboratory-frame differential elastic-scattering cross sections for 0.5-keV O-atom collisions. The numbers in square brackets
represent powers of ten.

ds(u)

dV
(Å 2 sr21)

Laboratory angle
u ~deg! He Ne Ar Kr Xe

0.2360.04 4.1560.25 @4# 3.7060.20 @4# 4.3660.24 @4# 5.9960.25 @4# 6.0560.28 @4#

0.4960.04 7.9960.36 @3# 7.9860.36 @3# 1.0460.04 @4# 1.1060.04 @4# 1.1460.04 @4#

0.9960.04 1.4260.10 @3# 1.4560.10 @3# 2.2160.13 @3# 2.2960.13 @3# 2.6560.15 @3#

1.9860.04 3.7760.26 @2# 3.2760.25 @2# 6.4960.35 @2# 5.8360.33 @2# 6.0660.36 @2#

3.9660.04 4.2360.60 @1# 9.5160.87 @1# 1.0260.08 @2# 9.4860.74 @1# 7.7560.74 @1#

H2 N2 O2 CO

0.2360.04 4.6560.25 @4# 3.9960.22 @4# 5.3060.22 @4#

0.4960.04 8.1260.37 @3# 1.5760.05 @4# 9.5560.37 @3# 1.1060.04 @4#

0.9960.04 1.3660.10 @3# 2.9260.14 @3# 2.1560.12 @3# 2.6960.14 @3#

1.9860.04 3.0060.24 @2# 3.9260.27 @2# 6.1660.32 @2# 4.8160.29 @2#

3.9660.04 5.9060.67 @1# 4.5660.61 @1# 6.3660.68 @1# 5.9560.65 @1#

CO2 H2O SO2

0.2360.04 5.3160.23 @4# 4.0260.21 @4# 7.3460.36 @4#

0.4960.04 1.1860.42 @4# 8.6960.32 @3# 1.8060.06 @4#

0.9960.04 3.1760.15 @3# 1.7860.10 @3# 3.2560.17 @3#

1.9860.04 7.5060.37 @2# 4.8260.26 @2# 5.1060.35 @2#

3.9660.04 9.6360.80 @1# 9.6660.71 @1# 8.8160.80 @1#

NH3 CH4 CF4 SF6

0.2360.04 5.0060.35 @4# 5.1160.28 @4# 4.8560.25 @4#

0.4960.04 9.2060.51 @3# 1.2160.04 @4# 1.2860.04 @4# 1.5460.06 @4#

0.9960.04 2.1560.17 @3# 2.8160.14 @3# 3.0960.15 @3# 3.1860.17 @3#

1.9860.04 4.9060.40 @2# 6.7660.36 @2# 6.3760.34 @2# 9.7060.48 @2#

3.9660.04 1.1060.12 @2# 1.4360.09 @2# 2.2660.11 @2# 2.2760.12 @2#
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ence frame it is observed that with few exceptions, the cross
sections lie within approximately650% of a central average
cross section throughout the entire angular range studied.

V. CROSS-SECTION EXTRAPOLATIONS

The measured differential cross sections for selected tar-
gets have been used to derive empirical interaction potential-
energy curves using a single-channel Wentzel-Kramers-
Brillouin ~WKB! partial-wave method as described in
previous publications@7,11#. The derived potentials are then
used to extrapolate the cross sections to 0.1 keV~laboratory
energy!, where particle detection as well as primary beam
intensity and stability considerations make direct measure-
ments impractical with the present apparatus. For N2 , CO,
and H2O targets the analytic potential form

V1~r !5A1

e2a1r

r
1A2e

2a2r ~2!

provides an excellent fit to the measured data, while the
CO2 data require the greater flexibility of the form

V2~r !5 (
n521

2

Bne
2bnr r n. ~3!

Optimization of the potential parameters was performed
through iterative comparisons between the calculated and
measured cross sections using a nonlinear least-squares-
fitting routine, yielding the parameters listed in Table V. In
all of the cases shown in Table V a single set of parameters
was used to fit the scattering data for a given pair of reactants
at both 0.5 and 1.5 keV simultaneously. This suggests that
these processes contain negligible contributions from inelas-
tic scattering. Previous experience using this fitting tech-
nique @11# showed that as inelastic processes become more
significant at higher collision energies it is not always pos-
sible to fit data at different energies with a single potential.
An example of the quality of the fits achieved with the
present data is shown in Fig. 10.

In calculating differential cross sections from a derived
potential, only a limited region of the potential is important.
This is a consequence of the fact that the scattering behavior
is very sensitive to features of the potential near the classical
turning points, where the relative motion of the reactants is at

TABLE III. Laboratory-frame differential elastic-scattering cross sections for 1.5 keV O-atom collisions. The numbers in square brackets
represent powers of ten.

ds(u)

dV
(Å 2 sr21)

Laboratory angle
u ~deg! He Ne Ar Kr Xe

0.2360.03 2.5660.10 @4# 4.5460.12 @4# 4.7060.16 @4#

0.5160.03 4.6860.21 @3# 4.7660.24 @3# 8.1860.28 @3# 7.7860.30 @3# 7.9460.35 @3#

1.0160.03 8.0360.68 @2# 1.2560.09 @3# 2.2860.11 @3# 1.7060.10 @2# 1.4160.11 @3#

2.0260.03 8.5061.18 @1# 2.0460.27 @2# 2.0560.17 @2# 1.9960.29 @2# 2.3360.23 @2#

4.0460.03 5.4763.70 @0# 3.4460.45 @1# 3.8060.70 @1# 4.4460.63 @1#

H2 N2 O2 CO

0.2360.03 2.6560.10 @4# 5.9960.06 @4# 3.7660.12 @4# 4.7760.15 @4#

0.5160.03 3.8960.19 @3# 7.7160.13 @3# 7.8260.27 @3# 5.6560.28 @3#

1.0160.03 8.3160.68 @2# 9.7660.33 @2# 1.5360.09 @3# 1.1360.09 @3#

2.0260.03 1.7760.16 @2# 1.7660.07 @2# 1.6660.15 @2# 1.8360.19 @2#

4.0460.03 2.0460.42 @1# 3.2760.02 @1# 3.2660.46 @1# 3.7860.54 @1#

CO2 H2O SO2

0.2360.03 5.4260.16 @4# 3.2460.10 @4# 5.3660.13 @4#

0.5160.03 1.0960.04 @4# 6.4460.21 @3# 8.0260.25 @3#

1.0160.03 1.6960.12 @3# 1.4360.07 @3# 1.4060.08 @3#

2.0260.03 2.5060.23 @2# 2.1460.15 @2# 2.6060.18 @2#

4.0460.03 5.2960.61 @1# 4.4860.39 @1# 5.6860.50 @1#

NH3 CH4 CF4 SF6

0.2360.03 3.5260.16 @4# 4.4860.12 @4# 5.2660.18 @4#

0.5160.03 6.6060.35 @3# 8.5060.29 @3# 9.0460.34 @3# 1.2160.05 @4#

1.0160.03 1.4060.12 @3# 1.4660.08 @3# 2.9260.14 @3# 3.4360.19 @3#

2.0260.03 2.4760.29 @2# 3.1260.20 @2# 4.9760.30 @2# 5.6160.39 @2#

4.0460.03 5.5860.91 @1# 5.6460.51 @1# 6.3160.72 @1# 8.4860.95 @1#
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a minimum and thus the time available for action of the
forces corresponding to the potential is longest@12#. There-
fore, the pertinent region of the potential is that which in-
cludes the classical turning points of all relevant trajectories.
This region is defined by the classical turning points corre-
sponding to the smallest angle at the lowest energy and the

largest angle at the highest energy. Classically speaking, the
measurements yield no information about the potential at
internuclear separations smaller than the smallest turning
point. Therefore, great care must be taken if the derived po-
tentials are to be used to extrapolate the measured cross sec-
tions at a given energy to larger angles. Similarly it is found
that the calculated cross sections are largely insensitive to
changes in the potential at separations larger than the largest
turning point; thus, the accuracy of the derived potentials in
this region is considered both uncertain and unimportant. For
these reasons the extrapolations to 0.1 keV are performed
using the potentials only over the ranges defined by the turn-
ing points whose values are shown in Table V. The calcu-

FIG. 10. Differential cross sections for O1N2 elastic scattering.
The solid line is a fit to the experimental data using theV1(r )
potential form. The cross sections have been multiplied by the fac-
tors indicated.

TABLE V. Interaction potential parameters. The range over
which each potential is valid (rmin–rmax) is defined by the classical
turning points as discussed in the text.

Screened Coulomb plus
exponential form: V1(r )5A1

e2a1r

r
1A2e

2a2r

Parameter O1N2 O1CO O1H2O

A1 ~eV Å) 1.433107 7.563107 5.0431012

a1(Å
21) 10.69 13.52 16.49

A2 ~eV! 256 403 1.683104

a2(Å
21) 2.357 2.728 4.169

Valid range:
rmin–rmax(Å) 1.19–2.38 1.08–2.24 1.56–2.42

Modified Cerperley and
Partridge form: V2(r )5 (

n521

2

Bne
2bnr r n

Parameter O1 CO2

B21 ~eV Å) 8.213105

b21(Å
21) 7.785

B0 ~eV! 21.353104

b0(Å
21) 4.335

B1 ~eV Å21) 4.953103

b1,2(Å
21) 3.939

B2 ~eV Å22) 1.463103

Valid range:
rmin–rmax(Å) 1.19–2.58

TABLE IV. Integral direct-scattering cross sections.

O ~0.5 keV! O ~1.5 keV!
Target Angular range~deg! Cross section (Å2) Angular range~deg! Cross section (Å2)

He 0.20–6.27 10.4 0.20–4.04 5.6
Ne 0.20–6.27 10.7 0.20–2.48 6.3
Ar 0.20–6.27 15.1 0.20–6.16 10.8
Kr 0.20–6.27 16.2 0.20–6.12 10.1
Xe 0.20–6.27 16.2 0.20–6.16 10.3
H2 0.20–6.27 11.1 0.20–4.88 6.0
N2 0.20–6.27 15.5 0.20–6.13 10.1
O2 0.20–6.27 14.2 0.20–6.16 9.6
CO 0.20–6.27 14.6 0.20–6.16 9.1
CO2 0.20–6.27 17.9 0.20–6.16 12.9
H2O 0.20–6.27 12.2 0.20–6.16 8.8
SO2 0.20–6.27 19.8 0.20–6.16 11.6
NH3 0.20–6.27 13.6 0.20–6.16 9.2
CH4 0.20–6.27 17.9 0.20–6.16 11.9
CF4 0.20–6.27 19.8 0.20–6.16 15.3
SF6 0.20–6.27 22.8 0.20–6.16 18.3

1586 53SMITH, GAO, LINDSAY, SMITH, AND STEBBINGS



lated differential cross sections for N2 , CO, CO2, and
H2O targets are shown in Fig. 11.

An interesting observation made during this analysis was
the nonuniqueness of the potentials as described by Newton
@13#. Using theV1 potential form, fits to the N2, CO, and
H2O measurements reveal from two to three distinctly dif-
ferent potentials for each target, each yielding nearly indis-
tinguishable calculated cross sections at all three of the en-
ergies studied. Although it is possible that, for each target,
more such potentials may exist than those that were found,
efforts to find a large family of such potential curves, either
continuous or discrete, were unsuccessful. In these efforts,
the potentials being refined invariably converged to one of
the potentials already found. It is reasonable then to consider
the potentials found as corresponding to several distinct local
minima in the fourfold parameter space of the fit. Recall that
although the idealized single-channel scattering calculations
performed here seem to mandate a unique physical potential,
the potentials actually used are empirical rather than physical
and are presumed to represent contributions from many con-
tributing molecular states and target orientations.

Since the measurements used to extrapolate to lower en-
ergy may include contributions from inelastic processes, it is
necessary to investigate the accuracy of the calculated cross
sections. A good indicator of this accuracy is a comparison in
reduced coordinatest5Eu and r5u sin(u)ds/dV as de-
scribed by Smith, Marchi, and Dedrick@14#, a method which

has been used extensively in the past for analyzing collision
cross sections. In these coordinates it can be shown that if the
collision energy is much larger than the interaction energy
between the particles and if the scattering is from a single,
repulsive potential, then for each value oft there is a unique
value ofr. Thus data taken at different energies but plotted
in t,r coordinates should fall on a single curve. However, as
this approach is based on an approximation to a series ex-
pansion, at some point ast increases the approximation will
no longer be valid and data taken at different energies will
inevitably diverge. A comparison between the measured and
the calculated cross sections in reduced coordinates for the
targets studied is presented in Fig. 12 and shows excellent
agreement at smallt values. At largert values, the expected
divergence seen in the 0.1 keV data corresponds to labora-
tory scattering angles as large as 10°–15°. This favorable
comparison, along with the lack of difficulty in fitting
multiple-energy data with single sets of parameters, suggests
that contributions to the cross sections from inelastic pro-
cesses are not significant for collisions of O atoms with the
four targets studied here.
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