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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 Dby N, at scattering angles between 0.04° and 3.1° in the laboratory frame.
Cross sections for both @*S) ground-state and @?D,?P) 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 measurenj&1850-29478)08401-7

PACS numbd(s): 34.70+e€, 34.50.Lf

INTRODUCTION ential and integral cross sections for both ground-state and
metastable O and, where possible, the total charge ex-
Charge transfer of Owith N, has been of interest from a change cross sections have also been determined. These total

fundamental atomic physics point of view for a number ofCross sections are compared to those available in the litera-
years. This is because the cross section is known to deperidre- _ _
markedly on the initial electronic state of the oxygen ion _There are two low-lying metastable excited states of O
[1-5]. The explanation normally given for this is that the “D and “P, with lifetimes of approximately 3.6 h and 5 s,
O'(?D) metastable excited state is essentially in energ)yespectlvel)[m]. In early s.tudles it has often been stated that
resonance with the N (A 2I1,) state and the cross section is th€ observed metastable ions are(€D) [2,3,17. However,
therefore large but there is approximately 2 eV between th&8cently it has been showag] that not only are both meta-

0*(*S) ground-state energy and that of the nearest Mate stable ions readily produced by electron impact ionization of

(X 22;) and that cross section is therefore much smaIIer.o2 (as used in this wokbut that the charge exchange cross

2 : . Sections for these species with, ldre similar at projectile
Thtﬁ SE [Pﬁ)] metastable excited state is also near resonar@nergies of 15 eV or @] and presumably are even closer at
Wi 2 .

] ) ) o the energies employed here. While all the observations made
Charge transfer of oxygen ions with, % likewise impor-  qyring this investigation are consistent with only one meta-
tant in the field of aeronomiy7,8]. O" is the dominantionin  gigple component, which would presumably bé (&),
the F region of the atmosphere and both metastable specinven the recent findings of Lavobeand Henri[6], it is
have been detected there. Satellite measurements have alg@ly that the techniques used in this study would not be
observed keV O ions precipitating into the earth’s atmo- sufficiently sensitive to differentiate between the two meta-
sphere during periods of geomagnetic actii®y. The en-  stable species. Therefore, without further evidence, the meta-
ergy carried by these ions can be quite large and can signifstable ions used for this study are identified as some un-
cantly influence the behavior of the upper atmosphere. Thknown mix of O"(?D) and O"(?P).
detailed behavior of the precipitating*@lux depends criti-
cally on the magnitude of the various charge changing cross
sections. Efforts to model the effect of this precipitation on
the atmosphere have been hampered by a lack of accurate A schematic of the scattering apparatus is shown in Fig. 1.
experimental data, causing modelers to rely on theoreticaPositive ions emerging from a low-pressure plasma-type ion
predictiond 10—15. The angular distribution of the scattered source containing oxygen are accelerated to the desired en-
neutral charge transfer products, which influences how faergy and focused by an electrostatic lens. The ions are then
the precipitating fluxes may penetrate into the atmosphere
[7] and is required to understand this process quantitatively

APPARATUS AND EXPERIMENTAL METHOD

has so far not even been addressed theoretically. Filter cell Target cell
Despite the study which charge exchange 6f @ith N,

has received there is still doubt as to the magnitude of th / |_|/ ___________

cross sections. The uncertainties quoted by several of th Ion source /L R :"I

early investigators were significant and the various measure Deflection /:!jj \

ments are not always in adequate agreement. There has a magnets . \

been no previous work on the relationship of the differential (;gleliﬁ,‘f;“g Deflection

cross sectiofiDCS) for this reaction to the electronic state of To capiitance plates Position-sensitive

the projectile. From theoretical considerations the DCS diaphragm gauge

ought to have a strong dependence on the projectiles’ degree

of excitation. This paper reports measurements of the differ- FIG. 1. Schematic of the apparatus.
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mass selected by a pair of 60° sector magnets and the oscription of the apparatus and the analysis method has been
beam passes through a “filter cell,” containing,Nand a  given in a previous publicatiof22].

collimating aperture before traversing the target cell. This

collimating aperture together with the eentrance aperture of CROSS-SECTION DETERMINATION

the target cell defines the angular divergence of the ion

beam. The filter cell is configured in such a manner that the A number of studies have been completed in this labora-
fast neutral O atoms which are generated by charge exchanggry involving various target gases and cross sections ob-
with the filter cell gas cannot enter the target cell. Both thetained by use of Eq(l) have been reported. In the present
filter cell pressure and the target cell pressure are monitoreidivestigation this approach has been modified in order that
using capacitance diaphragm gauges. A position-sensitivihe individual cross sections for the ground-state and meta-
detector(PSD) on the beam axis 26 cm beyond the target cellstable ions may be obtained. The determination of state se-
is used to monitor both the primary ion beam and the fastected cross sections is generally quite difficult and the tech-
neutral collision products. When making cross-section meaniques employed range from the conceptually straight-
surements the pressure in the target cell is chosen to ensui@ward beam attenuation method developed by Stebbings,
single collision conditions and the differential cross sectionTurner, and Rutherford1] and Turner, Rutherford, and

for charge exchange is then given by Compton[17] to more elaborate contemporary methods such
as the triple-quadrupole double-octopole technique of Li

do(6) AS(6) et al. [23]. The techniqgue employed here has evolved from

N (1)  that originally developed by Stebbings, Turner, and Ruther-

do SniAQ ford [1], which has been described in detail by Turner, Ru-

therford, and Comptofil7]. The basis of this technique is as
whereS is the primary ion beam ﬂuxAS( 0) is the neutral follows. A beam of identical partides is attenuated in pass-
flux scattered at angl@into a solid angle\Q, n is the target  ing through a gas according to the simple attenuation law
number density, and is the target cell lengthAS(6) is
determined by applying a transverse electric field to deflect I=lge ", (2
the O" beam after it passes through the target cell thereby

allowing only the neutr_al collision pro_ducts to impact the yhere| is the beam intensityly is the initial intensity of the
PSD. To measure the ion beam flitypically a few thou-  peam s the cross sections for removal of a particle from
sand particles per secontis field is momentarily removed. o beaml is the length through which the beam passes, and
The resulting flux of ions and neutrals is equalSothe flux 1 is the number density of the gas. A beam containing two

of ions entering the target cell. As the PSD has only a limitedyiterent components will likewise be attenuated according
acceptance angle, the few neutrals which are scattered

large angles do not impact it, however, as only a small frac-
tion of the incident ion beam undergoes charge exchange and
only a small fraction of the resulting neutrals are scattered at
large angles their effect is generally negligible. The PSD
output is therefore a measure $because, as discussed be-wherel; andl, are the initial intensities of componertts)
low, the ions and neutrals are detected with the same effand(2) and o; and o, are their cross sections for removal
ciency. During this measurement, the ion beam is rasterefiom the beam. In circumstances whergando, are suffi-
over a 0.5 0.5 cm square on the detector to ensure that theiently different it is possible, by determining the attenuation
detection efficiency is not impaired by saturation effects thabf the beam as a function of, to obtain the fraction of ions
occur when only a few microchannels are impacted by arnitially in each state and the separate cross sections. Further-
intense highly collimated ion beafi9]. As indicated in Eq. more, it is also possible to preferentially remove those par-
(1), cross-section determination involves measurement of thécles having the larger cross section from the beam.
ratio of the fluxes of the primary ions and neutral products. It was observed by Stebbings, Turner, and Rutherfaid
Previous studies in this laboratofg0,21 have shown that that the attenuation of a beam of @ns in passing through
the ion and neutral detection efficiencies are identical withira target of Q or N, could indeed be expressed as the sum of
the experimental uncertainties at 5 keV while at 1.5 and 0.5wo exponentials as in E@3) thereby giving clear evidence
keV they are the same to within 5% and 10%, respectivelyof the presence of two different components in the ion beam.
In this work, therefore, we tak&S/S as equal to the ratio of They concluded that the Obeam was comprised of both
the neutral signal to ion signal recorded by the PSD. ground-state and long lived metastable ions. Although there
Since the target species are not oriented in any way, the#as some attenuation of the beam as a consequence of elastic
product scattering pattern is symmetric about the beam axisollisions, charge exchange was the predominant mechanism
The origin of the coordinate system for analysis of the scatby which ions were removed from the beam. Analysis of the
tering is identified with the “center of mass” of the distri- attenuation curve permitted evaluation of the fraction of ions
bution and the detector area is partitioned into a set of ring#itially in each state and the separate cross sections. The
concentric with this origin. The angular displacement of eactpbservations of Stebbings, Turner, and Rutherfdrdsug-
ring and the solid angle it subtends at the target cell argested that the metastable component compri@dions
established by the geometry of the apparatus. Effects due mlone and subsequent researchers have often agreed with this
scattering by residual gas and apertures are removed by amterpretation. However, as has been noted in the introduc-
appropriate background subtraction. A more detailed detory section of this paper, if @?D) and O'(?P) ions

I =1, "1t e "7, 3
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Effective cross section (A%)

Filter cell pressure (mtorr)

FIG. 2. Effective integral O-N, charge transfer cross section as
a function of filter cell pressure. The data shown are for 1.5-kéV O
projectiles and the filter gas used wags N

should have similar charge exchange cross sections then they
would be essentially indistinguishable.

In the present work the Q*S) cross section was ob-
tained by increasing the Noressure in the filter cell until
almost all of the O(?D,?P) ions had been converted to
neutrals by charge exchange and the emergirigl®am
therefore consisted essentially of ground-state ionswhis
then admitted to the target cell and the cross section for this
beam was measured using the techniques outlined earlier.
The operating conditions necessary to obtain a ground-state
ion beam were determined by plotting the effective cross
section[i.e., the charge transfer cross section for the ion
beam containing some admixture of (3S) and O (?D,?P)
with an N, targef as a function of the filter cell pressure as
shown in Fig. 2. With no gas in the filter cell the measured
effective cross section is approximately 18;Aas the N
pressure in the filter cell is increased, it falls rapidly and
finally converges to the ground-state cross section. It is esti-
mated that for the data shown in the figure, at pressures
greater than 6 mtorr, more than 99% of thé @ns emerg-
ing from the filter cell were in the ground state.
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FIG. 4. Absolute differential cross sections for charge transfer
scattering of O(*S) by N, (hollow circles and O'(?D,?P) by N,
(filled circles at the projectile energies indicated.

The O'(°D,?P) cross section was determined by evacu-
ating the filter cell, then measuring the effective cross section
for the mixed composition beam, determining the fraction of

ions in the ground state, and subtracting the contribution

FIG. 3. A typical attenuation curve for 1.5-keV*Qprojectiles

these ground-state ions would have made to the total scatter-

incident on N. The solid line is a two-component exponential fit to ing signal. Normally the effective cross-section measurement

the data. Note that the axis is logarithmic.

and two fraction measurements were made within less than



334 LINDSAY, MERRILL, STRAUB, SMITH, AND STEBBINGS 57

TABLE I. Laboratory frame differential charge transfer cross sections fof*8)-N, collisions, where
E is the projectile energy and the numbers in square brackets represent powers of 10.

Laboratory angled do(6)/dQ (A2 srh

(deg E=0.5keV E=0.85 keV E=1.5keV E=2.8 keV E=5keV
0.044 1.794] 2.694] 2.574] 1.595] 5.505]
0.087 8.963] 9.573] 1.264] 4.614] 8.744]
0.131 4.008] 4.243] 7.013] 1.904] 2.874]
0.175 2.083] 2.553] 4.373] 1.044] 1.494]
0.218 1.983] 1.773] 3.043] 7.293] 9.143]
0.262 1.193] 1.493] 2.443] 4.993] 6.243]
0.306 1.163] 8.712] 1.943] 3.443] 4.533]
0.360 7.802] 7.592] 1.5G3] 2.663] 2.913]
0.426 5.202] 5.762] 1.293] 2.033] 2.043]
0.491 3.712] 5.4§2] 1.043] 1.503] 1.413]
0.557 3.002] 4.372] 8.572] 1.143] 1.013]
0.622 2.072] 3.642] 7.3702] 9.232] 8.712]
0.688 2.5p2] 3.342] 6.092] 7.402] 6.412]
0.753 1.502] 3.242] 5.7q2] 5.7q2] 5.102]
0.819 1.042] 3.042] 5.292] 4.242] 4.392]
0.884 1.862] 3.042] 4.592] 3.842] 3.842]
0.950 2.302] 2.542] 4.242] 3.112] 3.242]
1.02 1.162] 2.392] 3.692] 2.742] 2.542]
1.08 9.851] 2.242] 3.262] 2.342] 2.242]
1.15 1.4392] 2.012] 2.942] 2.172] 1.942]
1.21 1.212] 2.242] 2.442] 1.992] 1.692]
1.28 5.941] 1.602] 2.112] 1.642] 1.642]
1.47 9.341] 1.772] 1.592] 1.242] 1.242]
1.80 9.061] 1.292] 1.042] 8.501] 8.461]
2.13 8.961] 8.571] 6.491] 5.941] 6.961]
2.46 6.451] 6.191] 5.391] 4.4q1] 5.171]
2.78 7.201] 4.061] 4.041] 3.591] 3.691]
3.11 3.001] 3.591] 2.971]

an hour. The fraction of ions in the ground state was initiallylent fits obtained tend to confirm this two-component analy-
measured using the attenuation technique of Stebbingsjs. If, however, both metastable ions have similar cross sec-
Turner, and Rutherfordll], however, because of ion beam tions as has been postulated earlier then equally good fits
instability, this proved both time consuming and difficult. would be found. In contrast to the'@N, case it was found
Therefore a modified version of this technique was develthat the attenuation of a ground-state'Hseam by He gave
oped which is much less sensitive to beam instability andan excellent single exponential fit.

which inherently yields more precise data than the original. Extensive testing was performed to establish the accuracy
This approach again entails an attenuation curve measuref the modified attenuation technique and the cross sections
ment, however, the ion beam flux entering the target cell iglerived by employing it. The new technique gave ground-
now monitored as the attenuation curve data are being astate fractions that were in agreement with the traditional
quired. The attenuation curve is obtained by varying the N attenuation method to withit=3% at 5 keV,*8% at 1.5
pressure in the target cell rather than that in the filter cellkeV, and+=9% at 0.5 keV. Furthermore, the measured inte-
which remained evacuated during the measurement. Thigral metastable-state charge exchange cross section, which is
permits ions and neutrals which pass through the target cedlmost directly dependent on the measured metastable frac-
to be detected on the PSD. The attenuation of the ion beantipn, was found to be the same to within 5% when the meta-
by charge exchange, as it passed through the target cell sgable fraction in the primary beam was varied from 20% to
determined by observing the sum of the ion and neutral sig40% by deliberately changing the source conditions. Integral
nals, which is a measure of the incident ion flux, then decross-section measurements made at different times were
flecting the ions and observing the neutral signal alone. Thelso found to be at least as consistent.

flux of transmitted ions is then the difference of these two

values. During attenuation measurements the “ion plus neu-

tral” signal and the neutral signal are both sampled every RESULTS AND DISCUSSION

two seconds. A typical attenuation curve is shown in Fig. 3.

The fitting equation assumes that the beam consists of only The DCS'’s for charge transfer of @*S) and O'(?D,?P)

ions in the ground state and one metastable state. The exce¥th N, at 0.5, 0.85, 1.5, 2.8, and 5 keV are shown in Fig. 4
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TABLE |I. Laboratory frame differential charge transfer cross sections f6¢20,%P)-N, collisions,
whereE is the projectile energy and the numbers in square brackets represent powers of ten.

Laboratory angled do(6)/dQ (A2 srh

(deg E=0.5keV E=0.85 keV E=1.5keV E=2.8 keV E=5keV
0.044 1.246] 1.796] 1.746] 2.146] 1.896]
0.087 4.575] 4.445] 5.975] 3.745] 2.305]
0.131 1.765] 1.595] 2.095] 1.095] 6.504]
0.175 8.304] 7.744] 9.344] 5.094] 3.194]
0.218 4.584] 4.114] 4.974] 2.544] 1.774]
0.262 2.9p4] 2.844] 2.994] 1.614] 1.194]
0.306 2.084] 1.914] 1.914] 1.014] 8.643]
0.360 1.464] 1.344] 1.254] 6.243] 5.493]
0.426 1.084] 8.843] 7.743] 4.0q43] 3.193]
0.491 7.683] 5.903] 5.273] 2.843] 1.913]
0.557 5.563] 4.373] 3.743] 2.193] 1.543]
0.622 4.283] 3.373] 2.443] 1.533] 9.112]
0.688 3.083] 2.513] 2.093] 1.143] 7.792]
0.753 2.483] 1.993] 1.593] 8.402] 5.642]
0.819 2.273] 1.573] 1.133] 7.442] 4.812]
0.884 1.603] 1.173] 1.013] 5.972] 3.742]
0.950 1.283] 9.992] 7.742] 4.642] 3.872]
1.02 1.303] 9.242] 6.442] 4.192] 3.292]
1.08 1.103] 8.042] 5.092] 3.392] 2.642]
1.15 8.902] 6.992] 4.972] 3.842] 2.242]
1.21 7.692] 3.942] 4.142] 2.842] 1.942]
1.28 7.802] 4.942] 3.312] 2.292] 1.532]
1.47 4.782] 2.802] 2.792] 1.692] 1.072]
1.80 2.752] 2.0q2] 1.5¢2] 1.072] 6.391]
2.13 1.682] 1.162] 1.172] 9.591] 6.471]
2.46 1.392] 7.791] 7.791] 7.141] 5.5q1]
2.78 7.611] 8.741] 5.671] 4.641] 4.271]
3.11 6.4%1] 4.841] 4.141]

and tabulated in Tables | and Il. The vertical error bars in thehese differential cross sections is to consider that in order to
figure represent the statistical error only. The horizontal errotransfer sufficient kinetic energy to internal enefty facili-

bars arise from the finite primary beam size and the “ring” tate the charge exchange reacjiompacting ground-state
width used for analysis and are thus primarily an indicationions must make relatively hard collisions and they will thus
of the angular resolution of the measurement. The DCS'’s foscatter at relatively large angles. The DCS for ground-state
0.5- and 5-keV projectiles at the most extreme scatteringd* will therefore tend to be spread over a larger angular
angle are absent due to count rate and background problemsnge than that for the metastables. This behavior is clearly
at the limits of the working range of the apparatus. All of the evident from the figure. It must be noted that because of the
metastable cross sections are very forward peaked, as wouktdige disparity in magnitude between the small angle DCS's
be expected for a near resonant process; the ground-stéta the O"(*S) and O (?D,?P) ions and because it was not
cross sections, however, are not only much smaller in magpossible to obtain a 100% pure ground-state beam the value
nitude but also show a very different angular dependenceof the ground-state differential cross section below approxi-
This is most obvious at small angles. The ground- andnately 0.1° at the three lowest projectile energies should
metastable-state small angle differential cross sections at 0.6nly be considered an upper limit. No other experimental or
keV impact energy differ by almost two orders of magnitude.theoretical data exist with which to compare these differen-
As the impact energy is increased, the ground-state crosfal cross sections.

section becomes much closer to the metastable cross section, A comparison with earlier measurements of the total cross
both in form and magnitude. This is due to the fact thatsections is made in Fig. 5, perhaps the most striking feature
charge exchange with the ground state is relatively unlikelyof which is the large difference in magnitude of the ground-
at low impact energy, because the approximately 2 eV that istate and metastable cross sections. In the present experiment
required for the ground-state reaction to proceed must comie was only possible to measure the integral cross sections,
from the kinetic energy of the incident ion, but as the kineticwhich are given in Table Ill, and it was therefore necessary
energy is increased, this 2 eV becomes a smaller fraction ab perform a simple power-law extrapolation in order to ob-
the impacting ions’ kinetic energy and is thus more easilytain an estimate of the total cross sections. As the metastable
accessible. Another way of understanding the behavior ofross sections are so forward peaked the integral cross-
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TABLE lIl. Absolute O"-N, charge transfer cross sections. The angular range for the integral cross
sections is 0°-3.3°.

Absolute integral cross section ¢f Absolute total cross section @
Projectile energykeV) o (4s) 0*(°D,?P) o*(4s) 0*(°D,?P)
0.50 1.2£0.2 19.7+3.6 21.9-4.0
0.85 1.5£0.3 20.x+3.6 2.3+2.0-0.8 21.1+3.8
15 1.8-0.2 21.2£t3.4 3.0:1.1 21.9£3.5
2.8 3.1+0.3 18.5-1.8 5.0:1.9 21.3t3.4
5.0 5.7+0.9 15.9:2.5 8.6-2.9 16.2-2.6

section values presented here are very close to the total crobl®ffman, Miller, and Lockwood[5] utilized a controlled
sections, the maximum difference being only about 15%electron impact ion source to produce a purg¥$) ground-
This is, however, not the case for the integral ground-statetate beam, Flesch and NIg4] produced their ground-state
data where a significant fraction of the neutral products dqons by dissociative photoionization of,CLi et al.[23] used

not impact the PSD. It is difficult to quantify the overall 3 combination of dissociative charge transfer and rf octopole
accuracy of the ground-state extrapolation and therefore thgn trap, and in this study the ground-state ion beam was
uncertainties shown in the figure are somewhat conservativgyained by filtering out the metastable component from a
It was not possible to obtain any meaningful estimate of thgyjxed-state beam. The metastable-state work has relied on
total ground-state cross section at 0.5 keV using this extrapQne of three general methods, Stebbings, Turner, and Ruth-

lation technique. -
N . . rford[1], Moran and WilcoX 3], and the present study mea-
The data presented in Fig. 5 were obtained by a variety ?gured the cross section for a mixed-state ion beam and then

experimental methods. The experiments fall into two broa .
) . . Lo . used the fractional abundance of ground-state and metastable
classes; those in which the cross section is determined from~ . . .
ns in that beam to determine the cross section for the meta-

measurements of the slow product ions and those in whiclf

the fast neutral products are detected. In principle these tv\/8table component. Rutherford and Vro#] prepared their

approaches lead to the same result. Stebbings, Turner, afi 10nS by dissoc;ativg charge exchange and determined the
Rutherford[1], Rutherford and Vroonj2], Flesch and Ng abugdance of O(*D) ions based on the observation that
[24] and Li et al. [23] all observed the slow product ions. O (D) has a small cross section for formation of NOrhe

The fast neutral products were detected by Moran and Wilmost recent metastable measurement, that aétlal. [23],
cox[3], Hoffman, Miller, and Lockwood5], and the present also used dissociative charge exchange but in combination
study. Flesch and N@24] and Li et al. [23] were able to  with a technique based on the rf octopole ion trap.
determine the cross section for production of Nand that The present ground-state total cross sections are in excel-
for N*, i.e., the cross section for dissociative charge exdent agreement with those of Hoffman, Miller, and Lock-
change, and their data have therefore been presented as thieod[5] whose stated uncertainty is10%, and also with a
sum of these two cross sections. simple extrapolation of the measurements of Flesch and Ng

The various studies can also be distinguished by the paf24] and Li et al. [23] whose absolute uncertainties are
ticular technique used to obtain the state specific cross sees20% and<25%, respectively. The ground-state data of
tion. For the case of ground-state"Qons four separate Moran and Wilcox[3], which has an uncertainty similar to
methods have been employed. Moran and Wilg8kand  that of Hoffman, Miller, and Lockwood5], lie significantly
lower than the present total cross sections. It is noteworthy
that recent measurements of the charge transfer cross section
for O"(*S) with H, by other investigators also lie higher
than the relevant Moran and Wilcd8] data[25,26).

The present O(°D,?P) total cross section is somewhat
lower than that of the other investigators. It is, however,
rather difficult to compare the various data sets as it is un-
clear exactly what the uncertainties are in much of the earlier

v o7 L data. Stebbings, Turner, and Rutherfddd state that their
1Y o o 00 Metastable State data are good to better than a factor of 2; Rutherford and
v Ground State Vroom [2] do not state explicitly how accurate they believe

their data to be, however, as their apparatus was substantially
Hoffman et a. 5] Moran and Wieo 5 the same as that used by Stebbings, Turner, and Rutherford
O, otmamet 4 [1] it seems reasonable to assume an uncertainty of similar
coovd v vl vl s magnitude. Moran and Wilcop3] state that the absolute er-
01 ! 10 10 ror associated with their cross sections is approximately
0" energy (keV) +7% due to uncertainties in the absolute determination of
the target gas concentration and the assessment of their neu-
FIG. 5. Absolute O-N, total charge transfer cross sections.  tral beam flux. They do not, however, state the accuracy of
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the ground- and metastable-state fractions used in their worthat the low-energy metastable cross sections are known to
which are crucial to the determination of the metastable crosswuch better than the factor of 2 of the older measurements.
section. However, as Turner, Rutherford, and Compiaf, In summary, the present data for both™(@S) and
from whom Moran and WilcoX3] derived their ground-and O*(2D,2P) agree with the older measurements to within the
metastable-state fractions, clearly state that the fractionsncertainties of those daf@xcept for the O(*S) data of
which they quote in their publication strictly apply only to Moran and Wilcox[3]] and are not inconsistent with the
the experimental configuration used in that work, it seemsnore recent low-energy studies. Given the uncertainty that is
clear that there must be a considerable degree of uncertaingyill associated with the values of these cross sections there is
associated with the procedure used by Moran and Wilcoxvidently further work to be done on this problem.
[3]. In support of this argument, we found during this experi-
ment that the measured metastable fraction depended mark- CONCLUSION
edly on the conditions under which the ion source was oper-
ated.

The recent low-energy Q?D) data of Liet al.[23] have
a smaller absolute uncertainty than the older measuremen
<25%. The data which are shown in the figure supersede
previous measurement by Flesch and[®d]. These data are
in agreement with the work of Stebbings, Turner, and Rut
erford[1] and Rutherford and Vroonf2] to within their un-
certainties. The data of Lét al. [23] can also be directly
compared to that of Lavoleeand Henr[6] (not shown, who
used an approach derived from the threshold photoelectro
photoion coincidence technique. The work of Lavellend
Henri [6] is in agreement with the Lét al. [23] study as to
the absolute O(?D) cross section, which Lavoke and
Henri estimate to be approximately 2% At these energies.
However, Lavolle and Henri[6] found the ratio of the
O"(?P) cross section to that for QD) to be 0.6 at ener- We gratefully acknowledge support by the Atmospheric
gies between 8 and 20 eV whereasetial. [23] found that  Sciences Section of the National Science Foundation, the
the O"(?P) cross section was larger than that fof (3D) National Aeronautics and Space Administration, and the
(Fig. 5. Consequently, it is probably premature to assumeRobert A. Welch Foundation.

The absolute differential cross sections for charge transfer
scattering of 0.5-, 0.85-, 1.5-, 2.8-, and 5-keV (@#S) and

*(D,%P) by N, at scattering angles between 0.04° and
[g'l" in the laboratory frame have been determined. The
ground-state cross section is very much smaller than that for
pihe metastable state and the effect of different electronic
states of the projectile on the angular distribution of the scat-
tered neutrals is very significant. These results are both of
fundamental interest and have potential application in the
r{i_eld of aeronomy. The most reliable previous total cross-
section measurements are in good agreement with those re-
ported here. Future work will involve making similar mea-
surements for @and H, targets.
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