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Absolute differential and total cross sections for charge transfer of O1 with H 2

D. R. Sieglaff, B. G. Lindsay, K. A. Smith, and R. F. Stebbings
Department of Space Physics and Astronomy, Department of Physics and Rice Quantum Institute, Rice University, 6100 Main

Houston, Texas 77005-1892
~Received 19 November 1998!

Absolute differential cross sections~DCS’s! are reported for charge-transfer scattering of 0.5-, 0.85-, 1.5-,
2.8-, and 5.0-keV O1 ions by H2 molecules at angles between 0.04° and 5.4° in the laboratory frame. Cross
sections for O1(4S) ground state and O1(2D,2P) metastable ions are presented. The ground-state differential
cross section is much less forward peaked than is the metastable differential cross section. Over most of the
range of impact energies studied, the O1(4S) total cross section is found to be approximately six times smaller
than that for O1(2D,2P). Based on the DCS data reported here, a possible explanation for the large discrep-
ancies in the published ground-state total cross sections is given. The present data confirm the existence of a
minimum in the ground-state total cross section at about 2 keV, which has been observed by some other
workers.@S1050-2947~99!00205-X#

PACS number~s!: 34.70.1e, 34.50.Lf
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INTRODUCTION

Despite the increasing sophistication of experimen
techniques, the accurate determination of state-sele
charge-transfer cross sections has remained a challen
task. The charge-transfer reaction of O1 with H2 is similar to
that of O1 with N2 @1# in that the ground state O1 ion has
only nonresonant channels available, whereas reactions
the metastable ion are essentially resonant. Charge tra
of O1(4S) ground-state ions with H2 is approximately 1.8 eV
endothermic and the charge-transfer cross section for
process would therefore be expected to be smaller than
for O1(2D,2P) metastable ions and to fall significantly wit
decreasing projectile energy. While the available experim
tal data confirm these general trends, a literature surve
the published cross sections for the reaction of O1 with H2

shows marked disagreements both in the absolute values
in the energy dependences of the measured ground-
cross sections. The primary purpose of the present work
attempt to resolve some of these ambiguities.

Charge-transfer reactions have long been recognize
playing key roles in many diverse environments. Atom
oxygen is an abundant impurity in tokamak edge plasm
second in importance only to carbon@2#. In these hydrogen
plasmas the temperature is low enough, and the particle
sities are high enough, to permit significant rates of char
transfer collisions between oxygen ions and hydrogen m
ecules which lead to undesirable plasma cooling. Knowle
of the relevant cross sections is therefore necessary in o
to understand the detailed behavior of these plasma dev
Charge transfer of O1 with H2 is also important to the aer
onomy of Jupiter. Evidence for energetic particle precipi
tion into Jupiter’s upper atmosphere was initially provid
by the Voyager 1 and Voyager 2 spacecraft@3,4#. Subse-
quent observations have indicated that the precipitating
roral particles may be oxygen and sulfur ions from the
plasma torus~@5, 6#, and references therein!. One of the most
important processes by which these ions interact with
neutral atmosphere is charge transfer with H and H2 @5#, and
PRA 591050-2947/99/59~5!/3538~6!/$15.00
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in order to model the Jovian atmosphere effectively accu
cross-section data are needed.

Differential cross-section~DCS! and total cross-section
measurements are reported here for charge-transfer scatt
of ground-state O1(4S) and metastable O1(2D,2P) oxygen
ions with H2. As was the case for the reaction of O1 with N2
@1#, simple theoretical considerations indicate that the DC
should have a strong dependence on the projectiles’ sta
excitation. The total cross sections reported here are for
duction of fast neutral O atoms. Neither the ultimate state
the reactants, nor whether the slow product ions are H2

1 or
H1, is assessed. It should be noted that both metast
states of O1 may be produced within the ion source used
the present study. Since it is not possible, using the te
niques employed here, to differentiate between them,
metastable cross sections reported here pertain to an uns
fied mixture of O1(2D) and O1(2P).

APPARATUS AND EXPERIMENTAL METHOD

The apparatus and the experimental method have b
been described in detail previously@1,7#. The apparatus is
shown in Fig. 1. Either O2 or CO is admit-ted to a magneti
cally confined plasma ion source.1 Ions are extracted from
the source through a small aperture, accelerated, and foc
to form a beam of the desired energy. Two confocal 6
sector magnets are used to select ions of the desired ma
charge ratio. Ions passing through a pair of laser drilled
ertures, separated by 23 cm, form a beam with an ang
divergence of approximately 0.03°. The first aperture, 1
mm in diameter, forms the exit of the filter cell. The seco
aperture, 20mm in diameter, forms the entrance to the targ
cell whose length is approximately 1 mm. A 200mm aper-
ture forms the exit of the target cell. A position-sensiti

1O2 was originally used as a source gas, but to avoid the poss
ity of producing O2

21 ions the source gas was changed to CO. T
measured cross sections were found to be independent of sourc
used.
3538 ©1999 The American Physical Society
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PRA 59 3539ABSOLUTE DIFFERENTIAL AND TOTAL CROSS . . .
detector~PSD! @8# normally located 26 cm beyond the targ
cell serves to measure the flux of ions passing through
target cell and to measure the flux and positions of impac
product neutral O atoms. A pair of deflection plates loca
between the target cell and the PSD is used to deflect the
beam when required.

In order to measure the differential charge-transfer cr
section, H2 is admitted to the target cell and the angles
scatter of the neutral O atoms, formed by charge transfe
the primary O1 ions, are determined from their positions
impact on the PSD. Unscattered primary O1 ions are nor-
mally deflected from the PSD but are allowed to impact
PSD periodically to assess the primary beam flux. Th
measurements, together with the target number density
target length, are sufficient to determine the DCS. The1

beam, as it emerges from the ion source, consists of b
ground-state and metastable-state components. Cross
tions for both components of the ion beam are obtained
utilizing the fact that O1(4S) ground-state ions have a muc
lower charge-transfer cross section with N2 than O1(2D,2P)
metastable ions. During the measurement of the ground-s
cross section, the filter cell is filled with several mtorr of N2.
The emerging O1 beam then consists essentially of on
ground-state ions as practically all of the incide
O1(2D,2P) ions are converted to neutrals@1#. The
O1(2D,2P) cross section is determined by evacuating
filter cell, measuring the effective cross section for the mix
composition beam, determining the fraction of ions in t
ground state, and subtracting the contribution these gro
state ions have made to the total scattering signal. The e
tive cross-section measurement and two fraction meas
ments are generally made within a period of less than 1
The fraction of ions in the ground and excited states is m
sured using a modified version of the attenuation techni
originally developed by Stebbings, Turner, and Rutherf
@9#. As noted in a previous publication, only two compone
are readily identifiable from these attenuation curves
ground-state component and a metastable excited-state
ponent.

With the PSD located 26 cm from the target cell, it is on
possible to measure cross sections for scattering out to
proximately 3°. For many of the processes previously st
ied, this was not a significant limitation as almost all t
neutrals were scattered into angles less than this and th
tegral cross sections obtained were thus, to a very good
proximation, equal to the total cross sections. Indeed, fr
inspection of the metastable state DCS’s shown in Fig. 2
apparent that only a small fraction of the scattered neutr
estimated to be less than 8%, fail to impact the PSD. Hen
within the uncertainties reported, the metastable state i

FIG. 1. Schematic of the apparatus.
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FIG. 2. Absolute differential cross sections for charge-trans
scattering of O1(4S) by H2 ~hollow circles! and O1(2D,2P) by H2

~filled circles! at the projectile energies indicated.



e

3540 PRA 59SIEGLAFF, LINDSAY, SMITH, AND STEBBINGS
TABLE I. Laboratory frame differential charge-transfer cross sections for O1(4S)-H2 collisions, whereE is the projectile energy and th
numbers in square brackets represent powers of ten.

ds(u)
dV

(Å 2 sr21)

Laboratory angleu
~deg! E50.5 keV E50.85 keV E51.5 keV E52.8 keV E55 keV

0.045 1.92@4# 2.33@4# 3.73@4# 1.06@5# 3.26@5#

0.090 1.35@4# 1.31@4# 1.42@4# 2.05@4# 3.77@4#

0.135 8.52@3# 8.42@3# 5.67@3# 5.50@3# 1.40@4#

0.180 6.53@3# 4.53@3# 3.13@3# 3.49@3# 5.87@3#

0.225 5.03@3# 2.38@3# 2.18@3# 2.79@3# 4.46@3#

0.270 3.70@3# 1.86@3# 1.53@3# 1.77@3# 3.03@3#

0.315 2.55@3# 1.59@3# 1.33@3# 1.37@3# 1.78@3#

0.371 1.64@3# 1.13@3# 1.05@3# 1.22@3# 1.34@3#

0.438 1.17@3# 9.16@2# 7.83@2# 8.72@2# 9.39@2#

0.506 9.13@2# 8.24@2# 6.77@2# 6.51@2# 6.45@2#

0.573 7.31@2# 7.11@2# 6.00@2# 5.46@2# 5.29@2#

0.641 8.07@2# 5.99@2# 5.09@2# 4.68@2# 4.36@2#

0.708 6.21@2# 5.39@2# 4.32@2# 3.89@2# 3.62@2#

0.776 6.00@2# 5.46@2# 3.94@2# 3.41@2# 3.15@2#

0.843 4.59@2# 4.68@2# 3.61@2# 3.13@2# 2.62@2#

0.911 4.11@2# 3.98@2# 2.96@2# 2.73@2# 2.39@2#

0.978 4.63@2# 3.69@2# 2.69@2# 2.56@2# 1.95@2#

1.05 4.20@2# 3.50@2# 2.58@2# 2.29@2# 1.72@2#

1.11 3.74@2# 3.80@2# 2.48@2# 2.08@2# 1.53@2#

1.18 3.73@2# 3.10@2# 2.32@2# 1.92@2# 1.47@2#

1.25 3.46@2# 2.75@2# 2.11@2# 1.86@2# 1.27@2#

1.32 3.03@2# 2.67@2# 1.91@2# 1.66@2# 1.15@2#

1.52 2.75@2# 2.41@2# 1.73@2# 1.38@2# 9.37@1#

1.85 2.25@2# 1.85@2# 1.38@2# 9.17@1# 6.53@1#

2.19 1.81@2# 1.48@2# 1.14@2# 6.19@1# 4.98@1#

2.53 1.49@2# 1.12@2# 9.43@1# 5.22@1# 3.67@1#

2.87 1.34@2# 1.10@2# 7.40@1# 4.29@1# 3.32@1#

3.20 1.07@2# 8.24@1# 6.83@1# 3.28@1# 2.67@1#

3.27 8.87@1# 8.22@1# 6.10@1# 3.78@1# 2.52@1#

3.68 8.71@1# 6.61@1# 4.69@1# 2.84@1# 1.49@1#

4.10 5.91@1# 4.16@1# 2.69@1# 1.04@1# 2.63@0#

4.52 4.91@1# 2.16@1# 9.88@0# 3.19@0# 1.56@0#

4.94 1.76@1# 9.49@0# 4.85@0# 1.36@0# 1.17@0#

5.35 3.16@0# 1.81@0# 0.51@1# 0.68@1#
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gral cross sections presented here are equivalent to
cross sections. This is not the case for the ground-state
gral cross section because the ground-state DCS’s are m
less forward peaked and a larger fraction of the neutrals
scattered at angles greater than 3°. However, because t
atoms are eight times more massive than the H2 target mol-
ecules, the maximum possible laboratory frame scatte
angle is only 7.2°. Therefore, to measure ground-state t
cross sections the PSD was moved as close as possible
target cell and a larger target cell exit aperture was used.
angular acceptance of the apparatus was then such tha
sentially all fast O atoms were detected.

RESULTS AND DISCUSSION

In Fig. 2 the DCS’s for charge-transfer scattering of O1

ions by H2 are shown. These data are tabulated in Table
tal
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I

and II. The vertical error bars reflect statistical uncertain
only. The horizontal error bars arise from the finite prima
beam size and the angular resolution used for analysis.
present total cross sections together with those measure
other workers are shown in Figs. 3 and 4. The tabula
values appear in Table III. The uncertainties in the repor
total cross sections due to counting statistics, measurem
of target number density and of target length are gener
quite small~63%!. The uncertainties in the total cross se
tions due to the uncertainty in the ratio of the ion to neut
detection efficiencies@10,11# and the repeatability of the
measurements are significantly larger. The overall unc
tainty in the O1(4S) cross sections includes a compone
based upon estimates of the level of contamination of
O1(4S) oxygen ion beam by metastable ions. The over
uncertainty in the cross sections for metastable O1 ions in-
cludes the uncertainty in the determination of the fraction
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TABLE II. Laboratory frame differential charge-transfer cross sections for O1(2D,2P)-H2 collisions, whereE is the projectile energy
and the numbers in square brackets represent powers of ten.

ds(u)
dV

(Å 2 sr21)

Laboratory angleu
~deg! E50.5 keV E50.85 keV E51.5 keV E52.8 keV E55 keV

0.045 9.86@5# 1.07@6# 1.31@6# 1.39@6# 1.05@6#

0.090 3.90@5# 4.19@5# 3.36@5# 2.26@5# 1.21@5#

0.135 2.04@5# 1.80@5# 1.03@5# 6.31@4# 3.14@4#

0.180 1.32@5# 7.70@4# 4.52@4# 2.58@4# 1.30@4#

0.225 8.17@4# 3.83@4# 2.32@4# 1.34@4# 8.07@3#

0.270 4.63@4# 2.21@4# 1.39@4# 7.99@3# 4.41@3#

0.315 2.59@4# 1.46@4# 9.23@3# 5.30@3# 2.98@3#

0.371 1.52@4# 9.22@3# 6.07@3# 3.81@3# 2.20@3#

0.438 9.66@3# 5.78@3# 3.75@3# 2.56@3# 1.51@3#

0.506 6.71@3# 4.13@3# 2.61@3# 1.87@3# 1.08@3#

0.573 4.98@3# 3.04@3# 1.99@3# 1.40@3# 8.04@2#

0.641 3.35@3# 2.37@3# 1.44@3# 1.08@3# 6.29@2#

0.708 2.67@3# 1.88@3# 1.28@3# 9.36@2# 4.46@2#

0.776 2.18@3# 1.53@3# 9.62@2# 6.52@2# 3.88@2#

0.843 2.02@3# 1.25@3# 7.78@2# 5.16@2# 3.05@2#

0.911 1.62@3# 1.10@3# 6.82@2# 4.73@2# 2.77@2#

0.978 1.24@3# 9.23@2# 5.23@2# 4.37@2# 2.25@2#

1.05 1.08@3# 7.60@2# 5.05@2# 2.76@2# 2.02@2#

1.11 9.66@2# 6.00@2# 4.13@2# 2.93@2# 1.78@2#

1.18 7.14@2# 6.00@2# 3.62@2# 2.83@2# 1.49@2#

1.25 6.91@2# 5.51@2# 3.02@2# 1.96@2# 1.42@2#

1.32 6.68@2# 4.65@2# 3.06@2# 2.17@2# 1.42@2#

1.52 5.03@2# 3.65@2# 2.21@2# 1.46@2# 9.49@1#

1.85 3.68@2# 2.46@2# 1.55@2# 9.22@1# 6.80@1#

2.19 2.56@2# 1.66@2# 1.20@2# 5.15@1# 4.44@1#

2.53 2.01@2# 1.44@2# 9.44@1# 5.43@1# 4.61@1#

2.87 1.38@2# 1.00@2# 7.05@1# 2.69@1# 2.91@1#

3.20 1.55@2# 9.87@1# 7.23@1# 2.95@1# 2.45@1#
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metastable oxygen ions in the beam.
In each frame of Fig. 2, the DCS for charge-transfer sc

tering of ground-state O1 ions is compared to that for meta
stable O1 ions at the indicated projectile energy. The DC
for scattering of metastable oxygen ions is, in all cases, m
greater at small angles than that for ground-state ions.

FIG. 3. Absolute O1(4S)-H2 total charge-transfer cross se
tions.
t-

h
s

with scattering of O1 ions by N2 @1#, grazing angle collisions
of ground-state ions, in which little kinetic energy is lost b
the projectile, are much less likely to result in charge trans
than those involving metastable ions because the grou
state reaction has a significant energy defect, whereas
metastable reaction is essentially resonant. As one might

FIG. 4. Absolute O1(2D,2P)-H2 total charge-transfer cross se
tions.
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pect, the disparity between these DCS’s is most eviden
0.5 keV impact energy, and becomes systematically less
nounced as the impact energy is increased. It can also
seen from Fig. 2 that the ground-state DCS’s fall sharply
angles beyond a few degrees, consistent with the maxim
possible laboratory scattering angle of 7.2°. A similar eff
has been observed previously in this laboratory for the c
of direct scattering of O by H2 @12#. No other experimenta
or theoretical data were found with which to compare
differential cross sections reported here.

A comparison with earlier measurements of the total cr
sections is made in Figs. 3 and 4. The experiments fall
three broad classes; those in which the cross section is d
mined from measurements of the fast neutral products@13–
16#, those in which the slow product ions are detected@17–
19#, and those in which cross sections are obtained
measuring attenuation curves for the fast ion beam@20,21#.
Clearly, whenever a projectile ion is neutralized in a char
transfer collision a secondary ion results. Measurement
fast neutrals or of slow secondary ions should thus yi
identical values of the charge-transfer cross section. M
surements of beam attenuation, however, may be com
cated by the fact that collisions other than charge tran
may result in beam attenuation, and care must be take
ensure that the measured attenuation is due solely to cha
transfer processes.

The various studies can also be distinguished by the
ticular technique used to obtain the state-specific cross
tion. For the case of ground-state O1 ions, five separate
methods have been employed. Moran and Wilcox@13#, Hoff-
man, Miller, and Lockwood@15#, and Kusakabeet al. @16#
utilized controlled electron impact ion sources to produ
pure O1(4S) ground-state beams. Flesch and Ng@17# and
Irvine and Latimer@18# produced their ground-state ions b
dissociative photoionization of O2. Li et al. @19# used a
method which combined dissociative charge transfer with
rf octopole ion trap. Nutt, McCullough, and Gilbody@20#
and Xu, Thomas, and Moran@21# relied on attenuation curve
data alone, while in the present study the ground-state
beam was obtained by filtering out the metastable compo
from a mixed state beam. For the case of metastable stat1

ions, three general methods have been employed. Moran
Wilcox @13# and the present study measured the cross sec
for a mixed state ion beam and then used the fractional ab
dance of ground-state and metastable ions in that beam
determine the cross section for the metastable compon
Xu, Thomas, and Moran@21# used the attenuation curv
method. The most recent metastable measurement, that

TABLE III. Absolute O1-H2 charge-transfer cross sections. T
O1(4S) data are total cross sections. The O1(2D,2P) cross sections
are integral over 0°–3.4°.

Cross section (Å2)
Projectile energy~keV! O1(4S) O1(2D,2P)

0.50 3.960.5 21.663.5
0.85 3.160.3 17.462.0
1.5 2.460.2 14.861.5
2.8 2.360.2 12.561.3
5.0 3.560.5 8.961.1
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Li

et al. @19#, used dissociative charge exchange in combinat
with a technique based on the rf octopole ion trap. Phan
Meyer, and McKnight@14# did not use any type of stat
selection but, at the higher energies these investigators s
ied, the internal energy of the O1 ions should have only a
very slight effect on the total cross section.

It can be seen from Fig. 4 that the metastable cro
section data of Moran and Wilcox@13# and Xu, Thomas, and
Moran @21# are not in good agreement with the present da
It should, however, be borne in mind that the Moran a
Wilcox @13# data are probably subject to a large degree
uncertainty. Moran and Wilcox@13# state that the absolut
error associated with their cross sections is approxima
67% due to uncertainties in the absolute determination
the target gas concentration and the assessment of their
tral beam flux. However, they do not state the accuracy
the ground- and metastable-state fractions used in their w
which are crucial to the determination of the metastable cr
section. As Turner, Rutherford, and Compton@22#, from
whom Moran and Wilcox@13# derived their ground- and
metastable-state fractions, indicate that the fractions wh
they quote strictly apply only to the experimental configu
tion used in that work, it seems clear that there must b
considerable degree of uncertainty associated with the Mo
and Wilcox data@13#. The data of Phaneuf, Meyer, an
McKnight @14# and the data of Liet al. @19#, in which the
electronic state of the oxygen ions was well specified, are
inconsistent with the data presented here. Given the diffic
ties in separating the effects of ground-state ions from th
of metastable ions and in ascertaining precisely which m
stable species are present, the agreement between the va
measurements of the cross section for the metastable
may be viewed as tolerable although further work is nee
to completely resolve the factor of 2 discrepancies wh
remain.

For the ground-state ions the situation is obviously
less satisfactory than that for the metastable ions. In
more than an order of magnitude difference exists betw
the various measurements at energies below a few hun
eV. The present ground-state cross sections are in exce
agreement with those of Kusakabeet al. @16#. The data of
Nutt, McCullough, and Gilbody@20# share the same energ
dependence as the present results and those of Kusa
et al. @16# but lie somewhat higher. During the present inve
tigation it was observed that accurate determination of
ground-state cross section using an attenuation techn
similar to that employed by Nutt, McCullough, and Gilbod
@20# was extremely difficult because direct scattering co
tributed significantly to the observed attenuation. The agr
ment with Xu, Thomas, and Moran@21#, Irvine and Latimer
@18#, and Flesch and Ng@17# is poor. The ground-state dat
of Moran and Wilcox@13# lie significantly lower than the
present cross sections and those of all other investigator
similar situation exists with respect to the Moran and Wilc
@13# measurements of the charge-exchange cross sectio
O1 with N2 @1#.

It appears likely that the explanation for much of the d
crepancy between these ground-state measurements is
found in the differential cross-section data in Fig. 2, whi
show that, for O1(4S) projectiles, a high percentage of th
fast neutral products are scattered through appreci
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angles. It follows from simple kinematics that in such col
sions the slow product ions must receive significant ene
Consider the case of an incoming 500 eV O1(4S) ion. Based
upon the DCS data presented here, it is estimated that
of the ‘‘slow’’ H 2

1 product ions must have energy in exce
of 3.4 eV and 25% of the H2

1 product ions must have energ
in excess of 9.5 eV. This is a vastly different situation fro
that normally encountered in which the product ions form
in charge-transfer collisions have near thermal energ
Even in these, more typical, cases the total collection
mass analysis of product ions present formidable experim
tal difficulties; when the ions to be detected and mass a
lyzed have energies of several eV, the potential for inco
plete collection, and thus underestimation of the cr
section, is immense. Such considerations may explain
low cross sections observed by Irvine and Latimer@18#, Fle-
sch and Ng@17#, and Li et al. @19#. The results of Xu, Tho-
mas, and Moran@21# and Moran and Wilcox@13# are obvi-
ously not influenced by these arguments and an alterna
explanation is needed.

An intriguing aspect of the O1(4S) total cross section is
the undulation clearly evident over the energy range of
present study. This behavior was first observed by N
McCullough, and Gilbody@20# and has been corroborated b
both Kusakabeet al. @16# and the present work. It has bee
suggested by Nutt, McCullough, and Gilbody@20#, based on
an analogy with the cross section for scattering of He1 by H2
@23#, that the lower energy maximum in the ground-sta
cross section they report could be due to dissociative ch
.
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transfer. This analogy may not be entirely justified as
large ionization potential of He makes dissociative char
transfer channels much more accessible than in the pre
case.

CONCLUSION

The absolute differential cross sections for charge-tran
scattering of 0.5-, 0.85-, 1.5-, 2.8-, and 5-keV O1(4S) and
O1(2D,2P) by H2 have been determined. Below about
keV the ground-state cross section is much smaller than
for the metastable state and the effect of electronic excita
of the projectile on the angular distribution of the scatter
neutrals is very significant. These results are of fundame
interest and have potential application in the area of tokam
plasmas and planetary aeronomy. The literature values
the ground-state total cross section are widely scattered.
ground-state data presented here are in excellent agree
with the data of Kusakabeet al. @16#, and an explanation
based on the kinematics of the collision, is provided to e
plain the discrepancy between these measurements and
of some of the other investigators.

ACKNOWLEDGMENTS

We wish to thank Dr. C. J. Latimer and Dr. R. W
McCullough for several very useful discussions. This wo
was supported by the National Science Foundation~Division
of Atmospheric Sciences!.
F.

A.

F.

v.

v.

ra,

.

B

J.
@1# B. G. Lindsay, R. L. Merrill, H. C. Straub, K. A. Smith, and R
F. Stebbings, Phys. Rev. A57, 331 ~1998!.

@2# P. B. Armentrout and J. Botero, inAtomic and Molecular Pro-
cesses in Fusion Edge Plasmas, edited by R. K. Janev~Ple-
num, New York, 1995!.

@3# A. L. Broadfoot, M. J. S. Belton, P. Z. Takacs, B. R. Sand
D. E. Shemansky, J. B. Holberg, J. M. Ajello, S. K. Atreya,
M. Donahue, H. W. Moos, J. L. Bertaux, J. E. Blamont, D.
Strobel, J. C. McConnell, A. Dalgarno, R. Goody, and M.
McElroy, Science204, 979 ~1979!.

@4# B. R. Sandel, D. E. Shemansky, A. L. Broadfoot, J. L. Berta
J. E. Blamont, M. J. S. Belton, J. M. Ajello, J. B. Holberg,
K. Atreya, T. M. Donahue, H. W. Moos, D. F. Strobel, J. C
McConnell, A. Dalgarno, R. Goody, M. B. McElroy, and P. Z
Takacs, Science206, 962 ~1979!.

@5# M. Horanyi, T. E. Cravens, and J. H. Waite, J. Geophys. R
93, 7251~1988!.

@6# T. E. Cravens and G. M. Eisenhower, Icarus100, 260 ~1992!.
@7# B. G. Lindsay, D. R. Sieglaff, D. A. Schafer, C. L. Hakes, K

A. Smith, and R. F. Stebbings, Phys. Rev. A53, 212 ~1996!.
@8# R. S. Gao, P. S. Gibner, J. H. Newman, K. A. Smith, and R

Stebbings, Rev. Sci. Instrum.55, 1756~1984!.
@9# R. F. Stebbings, B. R. Turner, and J. A. Rutherford, J. G

phys. Res.71, 771 ~1966!.
,

,

s.

.

-

@10# L. K. Johnson, R. S. Gao, C. L. Hakes, K. A. Smith, and R.
Stebbings, Phys. Rev. A40, 4920~1989!.

@11# R. S. Gao, L. K. Johnson, D. A. Schafer, J. H. Newman, K.
Smith, and R. F. Stebbings, Phys. Rev. A38, 2789~1988!.

@12# G. J. Smith, R. S. Gao, B. G. Lindsay, K. A. Smith, and R.
Stebbings, Phys. Rev. A53, 1581~1996!.

@13# T. F. Moran and J. B. Wilcox, J. Chem. Phys.69, 1397~1978!.
@14# R. A. Phaneuf, F. W. Meyer, and R. H. McKnight, Phys. Re

A 17, 534 ~1978!.
@15# J. M. Hoffman, G. H. Miller, and G. J. Lockwood, Phys. Re

A 25, 1930~1982!.
@16# T. Kusakabe, Y. Mizumoto, K. Katsurayama, and H. Tawa

J. Phys. Soc. Jpn.59, 1987~1990!.
@17# G. D. Flesch and C. Y. Ng, J. Chem. Phys.94, 2372~1991!.
@18# A. D. Irvine and C. J. Latimer, J. Phys. B24, L145 ~1991!.
@19# X. Li, Y.-L. Huang, G. D. Flesch, and C. Y. Ng, J. Chem

Phys.106, 564 ~1997!.
@20# W. L. Nutt, R. W. McCullough, and H. B. Gilbody, J. Phys.

12, L157 ~1979!.
@21# Y. Xu, E. W. Thomas, and T. F. Moran, J. Phys. B23, 1235

~1990!.
@22# B. R. Turner, J. A. Rutherford, and D. M. J. Compton,

Chem. Phys.48, 1602~1968!.
@23# R. Browning, C. J. Latimer, and H. B. Gilbody, J. Phys. B2,

534 ~1969!.


