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Absolute differential and integral cross sections for charge transfer of keV O1 with N2

B. G. Lindsay, R. L. Merrill, H. C. Straub, K. A. Smith, and R. F. Stebbings
Department of Space Physics and Astronomy, Department of Physics, and Rice Quantum Institute, Rice University,

6100 Main Street, Houston, Texas 77005-1892
~Received 29 August 1997!

We report measurements of the absolute differential cross sections for charge transfer scattering of 0.5-,
0.85-, 1.5-, 2.8-, and 5-keV O1 by N2 at scattering angles between 0.04° and 3.1° in the laboratory frame.
Cross sections for both O1(4S) ground-state and O1(2D,2P) metastable projectiles are presented. The ground-
state cross section is much smaller than that for the metastable state and the influence of the electronic state of
the projectile on the angular distribution of the scattered neutrals is also very significant. The estimated total
cross sections are compared with previous measurements.@S1050-2947~98!08401-7#

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

Charge transfer of O1 with N2 has been of interest from
fundamental atomic physics point of view for a number
years. This is because the cross section is known to dep
markedly on the initial electronic state of the oxygen i
@1–5#. The explanation normally given for this is that th
O1(2D) metastable excited state is essentially in ene
resonance with the N2

1(A 2Pu) state and the cross section
therefore large but there is approximately 2 eV between
O1(4S) ground-state energy and that of the nearest N2

1 state
(X 2Sg

1) and that cross section is therefore much smal
The O1(2P) metastable excited state is also near reson
with N2

1 @6#.
Charge transfer of oxygen ions with N2 is likewise impor-

tant in the field of aeronomy@7,8#. O1 is the dominant ion in
the F region of the atmosphere and both metastable spe
have been detected there. Satellite measurements have
observed keV O1 ions precipitating into the earth’s atmo
sphere during periods of geomagnetic activity@9#. The en-
ergy carried by these ions can be quite large and can sig
cantly influence the behavior of the upper atmosphere.
detailed behavior of the precipitating O1 flux depends criti-
cally on the magnitude of the various charge changing cr
sections. Efforts to model the effect of this precipitation
the atmosphere have been hampered by a lack of acc
experimental data, causing modelers to rely on theoret
predictions@10–15#. The angular distribution of the scattere
neutral charge transfer products, which influences how
the precipitating fluxes may penetrate into the atmosph
@7# and is required to understand this process quantitativ
has so far not even been addressed theoretically.

Despite the study which charge exchange of O1 with N2
has received there is still doubt as to the magnitude of
cross sections. The uncertainties quoted by several of
early investigators were significant and the various meas
ments are not always in adequate agreement. There has
been no previous work on the relationship of the differen
cross section~DCS! for this reaction to the electronic state
the projectile. From theoretical considerations the D
ought to have a strong dependence on the projectiles’ de
of excitation. This paper reports measurements of the dif
571050-2947/98/57~1!/331~7!/$15.00
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ential and integral cross sections for both ground-state a
metastable O1 and, where possible, the total charge e
change cross sections have also been determined. These
cross sections are compared to those available in the lite
ture.

There are two low-lying metastable excited states of O1,
2D and 2P, with lifetimes of approximately 3.6 h and 5 s
respectively@16#. In early studies it has often been stated th
the observed metastable ions are O1(2D) @2,3,17#. However,
recently it has been shown@18# that not only are both meta-
stable ions readily produced by electron impact ionization
O2 ~as used in this work! but that the charge exchange cros
sections for these species with N2 are similar at projectile
energies of 15 eV or so@6# and presumably are even closer
the energies employed here. While all the observations m
during this investigation are consistent with only one me
stable component, which would presumably be O1(2D),
given the recent findings of Lavolle´e and Henri@6#, it is
likely that the techniques used in this study would not
sufficiently sensitive to differentiate between the two met
stable species. Therefore, without further evidence, the m
stable ions used for this study are identified as some
known mix of O1(2D) and O1(2P).

APPARATUS AND EXPERIMENTAL METHOD

A schematic of the scattering apparatus is shown in Fig
Positive ions emerging from a low-pressure plasma-type
source containing oxygen are accelerated to the desired
ergy and focused by an electrostatic lens. The ions are t

FIG. 1. Schematic of the apparatus.
331 © 1998 The American Physical Society
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332 57LINDSAY, MERRILL, STRAUB, SMITH, AND STEBBINGS
mass selected by a pair of 60° sector magnets and the1

beam passes through a ‘‘filter cell,’’ containing N2, and a
collimating aperture before traversing the target cell. T
collimating aperture together with the entrance aperture
the target cell defines the angular divergence of the
beam. The filter cell is configured in such a manner that
fast neutral O atoms which are generated by charge exch
with the filter cell gas cannot enter the target cell. Both
filter cell pressure and the target cell pressure are monito
using capacitance diaphragm gauges. A position-sens
detector~PSD! on the beam axis 26 cm beyond the target c
is used to monitor both the primary ion beam and the f
neutral collision products. When making cross-section m
surements the pressure in the target cell is chosen to en
single collision conditions and the differential cross sect
for charge exchange is then given by

ds~u!

dV
5

DS~u!

SnlDV
, ~1!

whereS is the primary ion beam flux,DS(u) is the neutral
flux scattered at angleu into a solid angleDV, n is the target
number density, andl is the target cell length.DS(u) is
determined by applying a transverse electric field to defl
the O1 beam after it passes through the target cell ther
allowing only the neutral collision products to impact th
PSD. To measure the ion beam flux~typically a few thou-
sand particles per second! this field is momentarily removed
The resulting flux of ions and neutrals is equal toS, the flux
of ions entering the target cell. As the PSD has only a limi
acceptance angle, the few neutrals which are scattere
large angles do not impact it, however, as only a small fr
tion of the incident ion beam undergoes charge exchange
only a small fraction of the resulting neutrals are scattere
large angles their effect is generally negligible. The P
output is therefore a measure ofS because, as discussed b
low, the ions and neutrals are detected with the same
ciency. During this measurement, the ion beam is raste
over a 0.530.5 cm square on the detector to ensure that
detection efficiency is not impaired by saturation effects t
occur when only a few microchannels are impacted by
intense highly collimated ion beam@19#. As indicated in Eq.
~1!, cross-section determination involves measurement of
ratio of the fluxes of the primary ions and neutral produc
Previous studies in this laboratory@20,21# have shown that
the ion and neutral detection efficiencies are identical wit
the experimental uncertainties at 5 keV while at 1.5 and
keV they are the same to within 5% and 10%, respectiv
In this work, therefore, we takeDS/S as equal to the ratio o
the neutral signal to ion signal recorded by the PSD.

Since the target species are not oriented in any way,
product scattering pattern is symmetric about the beam a
The origin of the coordinate system for analysis of the sc
tering is identified with the ‘‘center of mass’’ of the distr
bution and the detector area is partitioned into a set of ri
concentric with this origin. The angular displacement of ea
ring and the solid angle it subtends at the target cell
established by the geometry of the apparatus. Effects du
scattering by residual gas and apertures are removed b
appropriate background subtraction. A more detailed
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scription of the apparatus and the analysis method has b
given in a previous publication@22#.

CROSS-SECTION DETERMINATION

A number of studies have been completed in this labo
tory involving various target gases and cross sections
tained by use of Eq.~1! have been reported. In the prese
investigation this approach has been modified in order
the individual cross sections for the ground-state and m
stable ions may be obtained. The determination of state
lected cross sections is generally quite difficult and the te
niques employed range from the conceptually straig
forward beam attenuation method developed by Stebbin
Turner, and Rutherford@1# and Turner, Rutherford, and
Compton@17# to more elaborate contemporary methods su
as the triple-quadrupole double-octopole technique of
et al. @23#. The technique employed here has evolved fro
that originally developed by Stebbings, Turner, and Ruth
ford @1#, which has been described in detail by Turner, R
therford, and Compton@17#. The basis of this technique is a
follows. A beam of identical particles is attenuated in pa
ing through a gas according to the simple attenuation law

I 5I 0e2nls, ~2!

whereI is the beam intensity,I 0 is the initial intensity of the
beam,s is the cross sections for removal of a particle fro
the beam,l is the length through which the beam passes, a
n is the number density of the gas. A beam containing t
different components will likewise be attenuated accord
to

I 5I 1e2nls11I 2e2nls2, ~3!

whereI 1 and I 2 are the initial intensities of components~1!
and ~2! and s1 and s2 are their cross sections for remov
from the beam. In circumstances wheres1 ands2 are suffi-
ciently different it is possible, by determining the attenuati
of the beam as a function ofn, to obtain the fraction of ions
initially in each state and the separate cross sections. Fur
more, it is also possible to preferentially remove those p
ticles having the larger cross section from the beam.

It was observed by Stebbings, Turner, and Rutherford@1#
that the attenuation of a beam of O1 ions in passing through
a target of O2 or N2 could indeed be expressed as the sum
two exponentials as in Eq.~3! thereby giving clear evidence
of the presence of two different components in the ion bea
They concluded that the O1 beam was comprised of bot
ground-state and long lived metastable ions. Although th
was some attenuation of the beam as a consequence of e
collisions, charge exchange was the predominant mechan
by which ions were removed from the beam. Analysis of t
attenuation curve permitted evaluation of the fraction of io
initially in each state and the separate cross sections.
observations of Stebbings, Turner, and Rutherford@1# sug-
gested that the metastable component comprised2D ions
alone and subsequent researchers have often agreed wit
interpretation. However, as has been noted in the introd
tory section of this paper, if O1(2D) and O1(2P) ions
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57 333ABSOLUTE DIFFERENTIAL AND INTEGRAL CROSS . . .
should have similar charge exchange cross sections then
would be essentially indistinguishable.

In the present work the O1(4S) cross section was ob
tained by increasing the N2 pressure in the filter cell unti
almost all of the O1(2D,2P) ions had been converted t
neutrals by charge exchange and the emerging O1 beam
therefore consisted essentially of ground-state ions. N2 was
then admitted to the target cell and the cross section for
beam was measured using the techniques outlined ea
The operating conditions necessary to obtain a ground-s
ion beam were determined by plotting the effective cro
section @i.e., the charge transfer cross section for the
beam containing some admixture of O1(4S) and O1(2D,2P)
with an N2 target# as a function of the filter cell pressure a
shown in Fig. 2. With no gas in the filter cell the measur
effective cross section is approximately 10 Å2; as the N2
pressure in the filter cell is increased, it falls rapidly a
finally converges to the ground-state cross section. It is e
mated that for the data shown in the figure, at pressu
greater than 6 mtorr, more than 99% of the O1 ions emerg-
ing from the filter cell were in the ground state.

FIG. 3. A typical attenuation curve for 1.5-keV O1 projectiles
incident on N2. The solid line is a two-component exponential fit
the data. Note that they axis is logarithmic.

FIG. 2. Effective integral O1-N2 charge transfer cross section
a function of filter cell pressure. The data shown are for 1.5-keV1

projectiles and the filter gas used was N2.
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The O1(2D,2P) cross section was determined by evac
ating the filter cell, then measuring the effective cross sec
for the mixed composition beam, determining the fraction
ions in the ground state, and subtracting the contribut
these ground-state ions would have made to the total sca
ing signal. Normally the effective cross-section measurem
and two fraction measurements were made within less t

FIG. 4. Absolute differential cross sections for charge trans
scattering of O1(4S) by N2 ~hollow circles! and O1(2D,2P) by N2

~filled circles! at the projectile energies indicated.
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TABLE I. Laboratory frame differential charge transfer cross sections for O1(4S)-N2 collisions, where
E is the projectile energy and the numbers in square brackets represent powers of 10.

Laboratory angleu ds(u)/dV (Å 2 sr21)
~deg! E50.5 keV E50.85 keV E51.5 keV E52.8 keV E55 keV

0.044 1.72@4# 2.63@4# 2.57@4# 1.55@5# 5.50@5#

0.087 8.99@3# 9.57@3# 1.28@4# 4.61@4# 8.72@4#

0.131 4.00@3# 4.24@3# 7.01@3# 1.90@4# 2.82@4#

0.175 2.08@3# 2.55@3# 4.37@3# 1.08@4# 1.45@4#

0.218 1.93@3# 1.77@3# 3.08@3# 7.23@3# 9.18@3#

0.262 1.12@3# 1.43@3# 2.48@3# 4.92@3# 6.28@3#

0.306 1.16@3# 8.71@2# 1.96@3# 3.46@3# 4.53@3#

0.360 7.89@2# 7.53@2# 1.50@3# 2.66@3# 2.91@3#

0.426 5.22@2# 5.76@2# 1.22@3# 2.03@3# 2.04@3#

0.491 3.71@2# 5.48@2# 1.04@3# 1.50@3# 1.41@3#

0.557 3.09@2# 4.37@2# 8.57@2# 1.18@3# 1.01@3#

0.622 2.07@2# 3.66@2# 7.30@2# 9.23@2# 8.71@2#

0.688 2.52@2# 3.34@2# 6.05@2# 7.40@2# 6.41@2#

0.753 1.54@2# 3.20@2# 5.76@2# 5.70@2# 5.10@2#

0.819 1.04@2# 3.04@2# 5.29@2# 4.24@2# 4.35@2#

0.884 1.88@2# 3.08@2# 4.59@2# 3.82@2# 3.88@2#

0.950 2.30@2# 2.54@2# 4.22@2# 3.11@2# 3.28@2#

1.02 1.16@2# 2.38@2# 3.65@2# 2.74@2# 2.58@2#

1.08 9.85@1# 2.20@2# 3.26@2# 2.36@2# 2.24@2#

1.15 1.42@2# 2.07@2# 2.96@2# 2.10@2# 1.98@2#

1.21 1.21@2# 2.20@2# 2.48@2# 1.95@2# 1.69@2#

1.28 5.94@1# 1.60@2# 2.11@2# 1.68@2# 1.64@2#

1.47 9.34@1# 1.77@2# 1.55@2# 1.28@2# 1.24@2#

1.80 9.06@1# 1.25@2# 1.00@2# 8.50@1# 8.46@1#

2.13 8.96@1# 8.57@1# 6.49@1# 5.94@1# 6.96@1#

2.46 6.45@1# 6.15@1# 5.35@1# 4.40@1# 5.17@1#

2.78 7.20@1# 4.06@1# 4.08@1# 3.53@1# 3.63@1#

3.11 3.00@1# 3.55@1# 2.92@1#
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an hour. The fraction of ions in the ground state was initia
measured using the attenuation technique of Stebbi
Turner, and Rutherford@1#, however, because of ion bea
instability, this proved both time consuming and difficu
Therefore a modified version of this technique was dev
oped which is much less sensitive to beam instability a
which inherently yields more precise data than the origin
This approach again entails an attenuation curve meas
ment, however, the ion beam flux entering the target ce
now monitored as the attenuation curve data are being
quired. The attenuation curve is obtained by varying the2
pressure in the target cell rather than that in the filter c
which remained evacuated during the measurement.
permits ions and neutrals which pass through the target
to be detected on the PSD. The attenuation of the ion be
by charge exchange, as it passed through the target ce
determined by observing the sum of the ion and neutral
nals, which is a measure of the incident ion flux, then
flecting the ions and observing the neutral signal alone.
flux of transmitted ions is then the difference of these t
values. During attenuation measurements the ‘‘ion plus n
tral’’ signal and the neutral signal are both sampled ev
two seconds. A typical attenuation curve is shown in Fig
The fitting equation assumes that the beam consists of
ions in the ground state and one metastable state. The e
s,

l-
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lent fits obtained tend to confirm this two-component ana
sis. If, however, both metastable ions have similar cross s
tions as has been postulated earlier then equally good
would be found. In contrast to the O1-N2 case it was found
that the attenuation of a ground-state He1 beam by He gave
an excellent single exponential fit.

Extensive testing was performed to establish the accur
of the modified attenuation technique and the cross sect
derived by employing it. The new technique gave groun
state fractions that were in agreement with the traditio
attenuation method to within63% at 5 keV,68% at 1.5
keV, and69% at 0.5 keV. Furthermore, the measured in
gral metastable-state charge exchange cross section, wh
almost directly dependent on the measured metastable
tion, was found to be the same to within 5% when the me
stable fraction in the primary beam was varied from 20%
40% by deliberately changing the source conditions. Integ
cross-section measurements made at different times w
also found to be at least as consistent.

RESULTS AND DISCUSSION

The DCS’s for charge transfer of O1(4S) and O1(2D,2P)
with N2 at 0.5, 0.85, 1.5, 2.8, and 5 keV are shown in Fig
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TABLE II. Laboratory frame differential charge transfer cross sections for O1(2D,2P)-N2 collisions,
whereE is the projectile energy and the numbers in square brackets represent powers of ten.

Laboratory angleu ds(u)/dV (Å 2 sr21)
~deg! E50.5 keV E50.85 keV E51.5 keV E52.8 keV E55 keV

0.044 1.24@6# 1.73@6# 1.74@6# 2.14@6# 1.89@6#

0.087 4.57@5# 4.48@5# 5.97@5# 3.72@5# 2.30@5#

0.131 1.75@5# 1.55@5# 2.09@5# 1.09@5# 6.50@4#

0.175 8.30@4# 7.76@4# 9.36@4# 5.05@4# 3.15@4#

0.218 4.54@4# 4.11@4# 4.92@4# 2.54@4# 1.77@4#

0.262 2.96@4# 2.88@4# 2.93@4# 1.61@4# 1.13@4#

0.306 2.03@4# 1.91@4# 1.91@4# 1.01@4# 8.64@3#

0.360 1.46@4# 1.34@4# 1.25@4# 6.24@3# 5.43@3#

0.426 1.03@4# 8.82@3# 7.74@3# 4.00@3# 3.15@3#

0.491 7.68@3# 5.90@3# 5.27@3# 2.88@3# 1.91@3#

0.557 5.55@3# 4.37@3# 3.74@3# 2.13@3# 1.53@3#

0.622 4.28@3# 3.37@3# 2.44@3# 1.53@3# 9.11@2#

0.688 3.08@3# 2.51@3# 2.09@3# 1.14@3# 7.72@2#

0.753 2.48@3# 1.98@3# 1.55@3# 8.40@2# 5.62@2#

0.819 2.27@3# 1.52@3# 1.13@3# 7.48@2# 4.87@2#

0.884 1.60@3# 1.17@3# 1.01@3# 5.97@2# 3.72@2#

0.950 1.23@3# 9.92@2# 7.72@2# 4.62@2# 3.87@2#

1.02 1.30@3# 9.20@2# 6.48@2# 4.12@2# 3.29@2#

1.08 1.10@3# 8.08@2# 5.05@2# 3.33@2# 2.60@2#

1.15 8.90@2# 6.99@2# 4.97@2# 3.84@2# 2.24@2#

1.21 7.62@2# 3.92@2# 4.16@2# 2.86@2# 1.96@2#

1.28 7.80@2# 4.94@2# 3.31@2# 2.25@2# 1.53@2#

1.47 4.73@2# 2.80@2# 2.73@2# 1.69@2# 1.07@2#

1.80 2.75@2# 2.00@2# 1.58@2# 1.07@2# 6.39@1#

2.13 1.68@2# 1.16@2# 1.17@2# 9.53@1# 6.42@1#

2.46 1.32@2# 7.75@1# 7.75@1# 7.16@1# 5.56@1#

2.78 7.61@1# 8.74@1# 5.67@1# 4.64@1# 4.27@1#

3.11 6.45@1# 4.84@1# 4.16@1#
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and tabulated in Tables I and II. The vertical error bars in
figure represent the statistical error only. The horizontal e
bars arise from the finite primary beam size and the ‘‘rin
width used for analysis and are thus primarily an indicat
of the angular resolution of the measurement. The DCS’s
0.5- and 5-keV projectiles at the most extreme scatter
angle are absent due to count rate and background prob
at the limits of the working range of the apparatus. All of t
metastable cross sections are very forward peaked, as w
be expected for a near resonant process; the ground-
cross sections, however, are not only much smaller in m
nitude but also show a very different angular dependen
This is most obvious at small angles. The ground- a
metastable-state small angle differential cross sections at
keV impact energy differ by almost two orders of magnitud
As the impact energy is increased, the ground-state c
section becomes much closer to the metastable cross se
both in form and magnitude. This is due to the fact th
charge exchange with the ground state is relatively unlik
at low impact energy, because the approximately 2 eV tha
required for the ground-state reaction to proceed must c
from the kinetic energy of the incident ion, but as the kine
energy is increased, this 2 eV becomes a smaller fractio
the impacting ions’ kinetic energy and is thus more eas
accessible. Another way of understanding the behavio
e
r
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uld
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these differential cross sections is to consider that in orde
transfer sufficient kinetic energy to internal energy~to facili-
tate the charge exchange reaction! impacting ground-state
ions must make relatively hard collisions and they will th
scatter at relatively large angles. The DCS for ground-s
O1 will therefore tend to be spread over a larger angu
range than that for the metastables. This behavior is cle
evident from the figure. It must be noted that because of
huge disparity in magnitude between the small angle DC
for the O1(4S) and O1(2D,2P) ions and because it was no
possible to obtain a 100% pure ground-state beam the v
of the ground-state differential cross section below appro
mately 0.1° at the three lowest projectile energies sho
only be considered an upper limit. No other experimenta
theoretical data exist with which to compare these differ
tial cross sections.

A comparison with earlier measurements of the total cr
sections is made in Fig. 5, perhaps the most striking fea
of which is the large difference in magnitude of the groun
state and metastable cross sections. In the present exper
it was only possible to measure the integral cross sectio
which are given in Table III, and it was therefore necess
to perform a simple power-law extrapolation in order to o
tain an estimate of the total cross sections. As the metast
cross sections are so forward peaked the integral cr
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TABLE III. Absolute O1-N2 charge transfer cross sections. The angular range for the integral
sections is 0°–3.3°.

Projectile energy~keV!

Absolute integral cross section (Å2) Absolute total cross section (Å2)

O1(4S) O1(2D,2P) O1(4S) O1(2D,2P)

0.50 1.260.2 19.763.6 21.964.0
0.85 1.560.3 20.163.6 2.312.0,20.8 21.163.8
1.5 1.860.2 21.263.4 3.061.1 21.963.5
2.8 3.160.3 18.561.8 5.061.9 21.363.4
5.0 5.760.9 15.962.5 8.662.9 16.262.6
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section values presented here are very close to the total cr
sections, the maximum difference being only about 15%
This is, however, not the case for the integral ground-sta
data where a significant fraction of the neutral products d
not impact the PSD. It is difficult to quantify the overall
accuracy of the ground-state extrapolation and therefore t
uncertainties shown in the figure are somewhat conservati
It was not possible to obtain any meaningful estimate of th
total ground-state cross section at 0.5 keV using this extrap
lation technique.

The data presented in Fig. 5 were obtained by a variety
experimental methods. The experiments fall into two broa
classes; those in which the cross section is determined fro
measurements of the slow product ions and those in whi
the fast neutral products are detected. In principle these t
approaches lead to the same result. Stebbings, Turner,
Rutherford@1#, Rutherford and Vroom@2#, Flesch and Ng
@24# and Li et al. @23# all observed the slow product ions.
The fast neutral products were detected by Moran and W
cox @3#, Hoffman, Miller, and Lockwood@5#, and the present
study. Flesch and Ng@24# and Li et al. @23# were able to
determine the cross section for production of N2

1 and that
for N1, i.e., the cross section for dissociative charge e
change, and their data have therefore been presented as
sum of these two cross sections.

The various studies can also be distinguished by the p
ticular technique used to obtain the state specific cross s
tion. For the case of ground-state O1 ions four separate
methods have been employed. Moran and Wilcox@3# and

FIG. 5. Absolute O1-N2 total charge transfer cross sections.
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Hoffman, Miller, and Lockwood@5# utilized a controlled
electron impact ion source to produce a pure O1(4S) ground-
state beam, Flesch and Ng@24# produced their ground-stat
ions by dissociative photoionization of O2, Li et al. @23# used
a combination of dissociative charge transfer and rf octop
ion trap, and in this study the ground-state ion beam w
obtained by filtering out the metastable component from
mixed-state beam. The metastable-state work has relied
one of three general methods, Stebbings, Turner, and R
erford@1#, Moran and Wilcox@3#, and the present study mea
sured the cross section for a mixed-state ion beam and
used the fractional abundance of ground-state and metas
ions in that beam to determine the cross section for the m
stable component. Rutherford and Vroom@2# prepared their
O1 ions by dissociative charge exchange and determined
abundance of O1(2D) ions based on the observation th
O1(2D) has a small cross section for formation of NO1. The
most recent metastable measurement, that of Liet al. @23#,
also used dissociative charge exchange but in combina
with a technique based on the rf octopole ion trap.

The present ground-state total cross sections are in ex
lent agreement with those of Hoffman, Miller, and Loc
wood @5# whose stated uncertainty is610%, and also with a
simple extrapolation of the measurements of Flesch and
@24# and Li et al. @23# whose absolute uncertainties a
<20% and<25%, respectively. The ground-state data
Moran and Wilcox@3#, which has an uncertainty similar t
that of Hoffman, Miller, and Lockwood@5#, lie significantly
lower than the present total cross sections. It is notewor
that recent measurements of the charge transfer cross se
for O1(4S) with H2 by other investigators also lie highe
than the relevant Moran and Wilcox@3# data@25,26#.

The present O1(2D,2P) total cross section is somewha
lower than that of the other investigators. It is, howev
rather difficult to compare the various data sets as it is
clear exactly what the uncertainties are in much of the ear
data. Stebbings, Turner, and Rutherford@1# state that their
data are good to better than a factor of 2; Rutherford a
Vroom @2# do not state explicitly how accurate they belie
their data to be, however, as their apparatus was substan
the same as that used by Stebbings, Turner, and Ruthe
@1# it seems reasonable to assume an uncertainty of sim
magnitude. Moran and Wilcox@3# state that the absolute e
ror 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. They do not, however, state the accuracy
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the ground- and metastable-state fractions used in their w
which are crucial to the determination of the metastable cr
section. However, as Turner, Rutherford, and Compton@17#,
from whom Moran and Wilcox@3# derived their ground-and
metastable-state fractions, clearly state that the fract
which they quote in their publication strictly apply only t
the experimental configuration used in that work, it see
clear that there must be a considerable degree of uncert
associated with the procedure used by Moran and Wil
@3#. In support of this argument, we found during this expe
ment that the measured metastable fraction depended m
edly on the conditions under which the ion source was op
ated.

The recent low-energy O1(2D) data of Liet al. @23# have
a smaller absolute uncertainty than the older measurem
<25%. The data which are shown in the figure supersed
previous measurement by Flesch and Ng@27#. These data are
in agreement with the work of Stebbings, Turner, and Ru
erford @1# and Rutherford and Vroom@2# to within their un-
certainties. The data of Liet al. @23# can also be directly
compared to that of Lavolle´e and Henri@6# ~not shown!, who
used an approach derived from the threshold photoelect
photoion coincidence technique. The work of Lavolle´e and
Henri @6# is in agreement with the Liet al. @23# study as to
the absolute O1(2D) cross section, which Lavolle´e and
Henri estimate to be approximately 25 Å2 at these energies
However, Lavolle´e and Henri@6# found the ratio of the
O1(2P) cross section to that for O1(2D) to be 0.6 at ener-
gies between 8 and 20 eV whereas Liet al. @23# found that
the O1(2P) cross section was larger than that for O1(2D)
~Fig. 5!. Consequently, it is probably premature to assu
eo
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that the low-energy metastable cross sections are know
much better than the factor of 2 of the older measureme

In summary, the present data for both O1(4S) and
O1(2D,2P) agree with the older measurements to within t
uncertainties of those data†except for the O1(4S) data of
Moran and Wilcox@3#‡ and are not inconsistent with th
more recent low-energy studies. Given the uncertainty tha
still associated with the values of these cross sections the
evidently further work to be done on this problem.

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 N2 at scattering angles between 0.04° a
3.1° in the laboratory frame have been determined. T
ground-state cross section is very much smaller than tha
the metastable state and the effect of different electro
states of the projectile on the angular distribution of the sc
tered neutrals is very significant. These results are both
fundamental interest and have potential application in
field of aeronomy. The most reliable previous total cro
section measurements are in good agreement with thos
ported here. Future work will involve making similar me
surements for O2 and H2 targets.
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