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Absolute differential and total cross sections for charge transfer of & with H,
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Absolute differential cross sectiof®CS’s) are reported for charge-transfer scattering of 0.5-, 0.85-, 1.5-,
2.8-, and 5.0-keV O ions by H, molecules at angles between 0.04° and 5.4° in the laboratory frame. Cross
sections for O(*S) ground state and Q?D,?P) 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, thé(¢8) total cross section is found to be approximately six times smaller
than that for 3(°D,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.[S1050-29479)00205-X

PACS numbgs): 34.70+e, 34.50.Lf

INTRODUCTION in order to model the Jovian atmosphere effectively accurate
cross-section data are needed.

Despite the increasing sophistication of experimental Differential cross-sectiofDCS) and total cross-section .
techniques, the accurate determination of state-selectgfeasurements are4reported here for charge-tzransfer scattering
charge-transfer cross sections has remained a challengi® ground-state O(*S) and metastable G°D,*P) oxygen
task. The charge-transfer reaction of @ith H, is similar to ~ 10ns with H,. As was the case for the reaction of @ith N,
that of O" with N, [1] in that the ground state Oion has [1], simple theoretical considerations indicate that the DCS's
only nonresonant channels available, whereas reactions wififlould have a strong dependence on the projectiles’ state of
the metastable ion are essentially resonant. Charge trans%?‘c't,at'on' The total cross sections .reported he_re are for pro-
of O*(4S) ground-state ions with kis approximately 1.8 eV uction of fast neutral O atoms. Neither the ultimate state of
endothermic and the charge-transfer cross section for thi@ie reactants, nor whether the slow product ions are ot

process would therefore be expected to be smaller than thaf ! IS asgfessed. It should be_ n(_)ted that both metasta_lble
for O*(?D,2P) metastable ions and to fall significantly with states of O may be produced within the ion source used in

q . el While th ilabl : the present study. Since it is not possible, using the tech-
ecreasing projectie energy. e the avaiia eexperlmen-iques employed here, to differentiate between them, the

tal data _conflrm these g_eneral trends, a I!terature SUTVEY Qhetastable cross sections reported here pertain to an unspeci-
the published cross sections for theT reaction ofv@ith H, fied mixture of O'(2D) and O"(?P).
shows marked disagreements both in the absolute values and
in the energy dependences of the measured ground-state
cross sections. The primary purpose of the present work is to
attempt to resolve some of these ambiguities. The apparatus and the experimental method have both
Charge-transfer reactions have long been recognized dmen described in detail previoudl§,7]. The apparatus is
playing key roles in many diverse environments. Atomicshown in Fig. 1. Either @or CO is admit-ted to a magneti-
oxygen is an abundant impurity in tokamak edge plasmagzally confined plasma ion sourédons are extracted from
second in importance only to carbf?]. In these hydrogen the source through a small aperture, accelerated, and focused
plasmas the temperature is low enough, and the particle def? form a beam of the desired energy. Two confocal 60°
sities are high enough, to permit significant rates of chargeSector magnets are used to select ions of the desired mass to
transfer collisions between oxygen ions and hydrogen molcharge ratio. lons passing through a pair of laser drilled ap-
ecules which lead to undesirable plasma cooling. Knowledg&rtures, separated by 23 cm, form a beam with an angular
of the relevant cross sections is therefore necessary in ordéfvergence of approximately 0.03°. The first aperture, 100
to understand the detailed behavior of these plasma deviceg™ in diameter, forms the exit of the filter cell. The second
Charge transfer of Owith H, is also important to the aer- aperture, 2Qum in Q|ameter, forms the entrance to the target
onomy of Jupiter. Evidence for energetic particle precipita-cell whose length is approximately 1 mm. A 20n aper-
tion into Jupiter's upper atmosphere was initially providedture forms the exit of the target cell. A position-sensitive
by the Voyager 1 and Voyager 2 spaceci&i4]. Subse-
guent observations have indicated that the precipitating au-
roral particles may be oxygen and sulfur ions from the 1o 1o, was originally used as a source gas, but to avoid the possibil-
plasma torug[5, 6], and references thergirOne of the most ity of producing Q2" ions the source gas was changed to CO. The
important processes by which these ions interact with theneasured cross sections were found to be independent of source gas
neutral atmosphere is charge transfer with H apd3}, and  used.

APPARATUS AND EXPERIMENTAL METHOD
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FIG. 1. Schematic of the apparatus.

detector(PSD [8] normally located 26 cm beyond the target
cell serves to measure the flux of ions passing through the
target cell and to measure the flux and positions of impact of
product neutral O atoms. A pair of deflection plates located
between the target cell and the PSD is used to deflect the ion
beam when required.

In order to measure the differential charge-transfer cross
section, H is admitted to the target cell and the angles of
scatter of the neutral O atoms, formed by charge transfer of
the primary O ions, are determined from their positions of
impact on the PSD. Unscattered primary @ns are nor-
mally deflected from the PSD but are allowed to impact the
PSD periodically to assess the primary beam flux. These
measurements, together with the target number density and
target length, are sufficient to determine the DCS. The O
beam, as it emerges from the ion source, consists of both
ground-state and metastable-state components. Cross sec-
tions for both components of the ion beam are obtained by
utilizing the fact that 3(*S) ground-state ions have a much
lower charge-transfer cross section with than O (?D,?P)
metastable ions. During the measurement of the ground-state
cross section, the filter cell is filled with several mtorr of N
The emerging O beam then consists essentially of only
ground-state ions as practically all of the incident
O*(®D,?P) ions are converted to neutralfl]. The
O"(?D,?P) cross section is determined by evacuating the
filter cell, measuring the effective cross section for the mixed
composition beam, determining the fraction of ions in the
ground state, and subtracting the contribution these ground
state ions have made to the total scattering signal. The effec-
tive cross-section measurement and two fraction measure-
ments are generally made within a period of less than 1 h.
The fraction of ions in the ground and excited states is mea-
sured using a modified version of the attenuation technique
originally developed by Stebbings, Turner, and Rutherford
[9]. As noted in a previous publication, only two components
are readily identifiable from these attenuation curves, a
ground-state component and a metastable excited-state com-
ponent.

With the PSD located 26 cm from the target cell, it is only
possible to measure cross sections for scattering out to ap-
proximately 3°. For many of the processes previously stud-
ied, this was not a significant limitation as almost all the
neutrals were scattered into angles less than this and the in-
tegral cross sections obtained were thus, to a very good ap-
proximation, equal to the total cross sections. Indeed, from
inspection of the metastable state DCS’s shown in Fig. 2 it is
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apparent that only a small fraction of the scattered neutrals, FIG. 2. Absolute differential cross sections for charge-transfer
estimated to be less than 8%, fail to impact the PSD. Hencescattering of O(*S) by H, (hollow circleg and O"(?D,?P) by H,
within the uncertainties reported, the metastable state intgfilled circles at the projectile energies indicated.
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TABLE I. Laboratory frame differential charge-transfer cross sections fdf*§)-H, collisions, whereE is the projectile energy and the
numbers in square brackets represent powers of ten.

dgg) (A%sr )
Laboratory angled
(deg E=0.5 keV E=0.85 keV E=15 keV E=2.8 keV E=5 keV
0.045 1.994] 2.334] 3.734] 1.045] 3.265]
0.090 1.3p4] 1.314] 1.474] 2.094] 3.774]
0.135 8.503] 8.443] 5.673] 5.5(03] 1.4404]
0.180 6.583] 4.533] 3.133] 3.493] 5.873]
0.225 5.083] 2.343] 2.143] 2.793] 4.443]
0.270 3.703] 1.843] 1.533] 1.773] 3.033]
0.315 2.553] 1.593] 1.333] 1.373] 1.743]
0.371 1.643] 1.133] 1.043] 1.273] 1.343]
0.438 1.173] 9.142] 7.832] 8.742] 9.392]
0.506 9.182] 8.242] 6.712] 6.512] 6.492]
0.573 7.312] 7.112] 6.002] 5.442] 5.292]
0.641 8.072] 5.992] 5.092] 4.642] 4.362]
0.708 6.212] 5.392] 4.372] 3.892] 3.6722]
0.776 6.002] 5.442] 3.942] 3.412] 3.192]
0.843 4.562] 4.642] 3.612] 3.132] 2.672]
0.911 4.112] 3.942] 2.942] 2.732] 2.392]
0.978 4.682] 3.692] 2.692] 2.5q2] 1.992]
1.05 4.202] 3.5(02] 2.592] 2.292] 1.742]
1.11 3.742] 3.802] 2.492] 2.092] 1.532]
1.18 3.782] 3.142] 2.392] 1.992] 1.472]
1.25 3.462] 2.792] 2.112] 1.842] 1.272]
1.32 3.082] 2.612] 1.912] 1.642] 1.152]
1.52 2.7%2] 2.472] 1.732] 1.342] 9.3711]
1.85 2.252] 1.892] 1.392] 9.171] 6.591]
2.19 1.812] 1.492] 1.142] 6.191] 4.991]
2.53 1.492] 1.192] 9.491] 5.21] 3.671]
2.87 1.342] 1.142] 7.4q1] 4.291] 3.371]
3.20 1.072] 8.241] 6.891] 3.241] 2.671]
3.27 8.871] 8.241] 6.101] 3.741] 2.571]
3.68 8.711] 6.611] 4.691] 2.841] 1.491]
4.10 5.911] 4.141] 2.691] 1.041] 2.630]
4.52 4.911] 2.141] 9.840] 3.190] 1.540]
4.94 1.7¢1] 9.490] 4.850] 1.340] 1.170]
5.35 3.160] 1.810] 0.511] 0.641]

gral cross sections presented here are equivalent to totahd Il. The vertical error bars reflect statistical uncertainty
cross sections. This is not the case for the ground-state intenly. The horizontal error bars arise from the finite primary
gral cross section because the ground-state DCS’s are mubleam size and the angular resolution used for analysis. The
less forward peaked and a larger fraction of the neutrals argresent total cross sections together with those measured by
scattered at angles greater than 3°. However, because theather workers are shown in Figs. 3 and 4. The tabulated
atoms are eight times more massive than theafget mol- values appear in Table Ill. The uncertainties in the reported
ecules, the maximum possible laboratory frame scatterinéOt&“ cross sections due to counting statistics, measurement
angle is only 7.2°. Therefore, to measure ground-state totdlf target number density and of target length are generally
cross sections the PSD was moved as close as possible to ffidite small(=3%). The uncertainties in the total cross sec-
target cell and a larger target cell exit aperture was used. ThHé&ens due to the uncertainty in the ratio of the ion to neutral

angular acceptance of the apparatus was then such that éigtection efficiencie410,11] and the repeatability of the
sentially all fast O atoms were detected. measurements are significantly larger. The overall uncer-

tainty in the O°(*S) cross sections includes a component
based upon estimates of the level of contamination of the
O*(*S) oxygen ion beam by metastable ions. The overall
In Fig. 2 the DCS's for charge-transfer scattering of O uncertainty in the cross sections for metastablei@s in-
ions by H, are shown. These data are tabulated in Tables tludes the uncertainty in the determination of the fraction of

RESULTS AND DISCUSSION
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TABLE Il. Laboratory frame differential charge-transfer cross sections fof?D,2P)-H, collisions, whereE is the projectile energy
and the numbers in square brackets represent powers of ten.

dgg) (A%sr )
Laboratory angled
(deg E=0.5 keV E=0.85 keV E=1.5 keV E=2.8 keV E=5 keV
0.045 9.865] 1.076] 1.316] 1.396] 1.096]
0.090 3.905] 4.195] 3.365] 2.265] 1.215]
0.135 2.05] 1.805] 1.095] 6.314] 3.144]
0.180 1.395] 7.7q4] 4.544] 2.5g4] 1.304]
0.225 8.174] 3.894] 2.374] 1.344] 8.073]
0.270 4.684] 2.214] 1.394] 7.993] 4.413]
0.315 2.5¢4] 1.444] 9.233] 5.303] 2.943]
0.371 1.594] 9.243] 6.07 3] 3.81 3] 2.243]
0.438 9.663] 5.7¢3] 3.793] 2.563] 1.513]
0.506 6.713] 4.133] 2.613] 1.873] 1.093]
0.573 4.983] 3.043] 1.993] 1.443] 8.042]
0.641 3.363] 2.373] 1.443] 1.093] 6.292]
0.708 2.673] 1.843] 1.243] 9.342] 4.442)
0.776 2.183] 1.533] 9.642] 6.542] 3.842]
0.843 2.083] 1.293] 7.792] 5.142] 3.092]
0.911 1.693] 1.1q3] 6.872] 4.792] 2.772]
0.978 1.243] 9.232] 5.292] 4.372] 2.2972]
1.05 1.083] 7.602] 5.092] 2.762] 2.042]
111 9.662] 6.002] 4.132] 2.932] 1.742]
1.18 7.142] 6.002] 3.642] 2.892] 1.492]
1.25 6.912] 5.512] 3.042] 1.942] 1.472]
1.32 6.682] 4.652] 3.042] 2.172] 1.472]
1.52 5.082] 3.692] 2.212] 1.442] 9.491]
1.85 3.682] 2.442] 1.592] 9.241] 6.801]
2.19 2.562] 1.662] 1.242] 5.191] 4.441]
2.53 2.012] 1.442) 9.441] 5.491] 4.611]
2.87 1.382] 1.042] 7.091] 2.691] 2.971]
3.20 1.552] 9.871] 7.291] 2.991] 2.491]
metastable oxygen ions in the beam. with scattering of O ions by N, [1], grazing angle collisions

In each frame of Fig. 2, the DCS for charge-transfer scatof ground-state ions, in which little kinetic energy is lost by
tering of ground-state Oions is compared to that for meta- the projectile, are much less likely to result in charge transfer
stable O ions at the indicated projectile energy. The DCSthan those involving metastable ions because the ground-
for scattering of metastable oxygen ions is, in all cases, muchtate reaction has a significant energy defect, whereas the
greater at small angles than that for ground-state ions. Agmetastable reaction is essentially resonant. As one might ex-
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FIG. 3. Absolute O(S)-H, total charge-transfer cross sec- FIG. 4. Absolute G(?D,2P)-H, total charge-transfer cross sec-

tions. tions.
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TABLE Ill. Absolute O*-H, charge-transfer cross sections. The et al.[19], used dissociative charge exchange in combination
O*(*S) data are total cross sections. The(€D,P) cross sections  with a technique based on the rf octopole ion trap. Phaneuf,
are integral over 0°-3.4°. Meyer, and McKnight[14] did not use any type of state
selection but, at the higher energies these investigators stud-
ied, the internal energy of the 'Oions should have only a

Cross section (A)

Projectile energykeV) o' (*s) O'(*D.°P) very slight effect on the total cross section.
0.50 3.9:0.5 21.6-3.5 It can be seen from Fig. 4 that the metastable cross-
0.85 3.1+0.3 17.4-2.0 section data of Moran and Wilcd4 3] and Xu, Thomas, and
1.5 2.4-0.2 14.8-1.5 Moran[21] are not in good agreement with the present data.
2.8 2.3+0.2 12.5-1.3 It should, however, be borne in mind that the Moran and
5.0 3.5-0.5 8.0r1.1 Wilcox [13] data are probably subject to a large degree of

uncertainty. Moran and Wilcok13] state that the absolute
error associated with their cross sections is approximately
pect, the disparity between these DCS’s is most evident at 7% due to uncertainties in the absolute determination of
0.5 keV impact energy, and becomes systematically less prahe target gas concentration and the assessment of their neu-
nounced as the impact energy is increased. It can also beemal beam flux. However, they do not state the accuracy of
seen from Fig. 2 that the ground-state DCS’s fall sharply athe ground- and metastable-state fractions used in their work,
angles beyond a few degrees, consistent with the maximumwhich are crucial to the determination of the metastable cross
possible laboratory scattering angle of 7.2°. A similar effectsection. As Turner, Rutherford, and Comptf22], from
has been observed previously in this laboratory for the cas@hom Moran and Wilcox[13] derived their ground- and
of direct scattering of O by K[12]. No other experimental metastable-state fractions, indicate that the fractions which
or theoretical data were found with which to compare thethey quote strictly apply only to the experimental configura-
differential cross sections reported here. tion used in that work, it seems clear that there must be a
A comparison with earlier measurements of the total crosgonsiderable degree of uncertainty associated with the Moran
sections is made in Figs. 3 and 4. The experiments fall intand Wilcox data[13]. The data of Phaneuf, Meyer, and
three broad classes; those in which the cross section is detévicKnight [14] and the data of Liet al. [19], in which the
mined from measurements of the fast neutral prodik3s-  electronic state of the oxygen ions was well specified, are not
16], those in which the slow product ions are detedtEfi-  inconsistent with the data presented here. Given the difficul-
19], and those in which cross sections are obtained byies in separating the effects of ground-state ions from those
measuring attenuation curves for the fast ion b¢am?21]. of metastable ions and in ascertaining precisely which meta-
Clearly, whenever a projectile ion is neutralized in a chargestable species are present, the agreement between the various
transfer collision a secondary ion results. Measurements aheasurements of the cross section for the metastable ions
fast neutrals or of slow secondary ions should thus yieldnay be viewed as tolerable although further work is needed
identical values of the charge-transfer cross section. Meao completely resolve the factor of 2 discrepancies which
surements of beam attenuation, however, may be compliremain.
cated by the fact that collisions other than charge transfer For the ground-state ions the situation is obviously far
may result in beam attenuation, and care must be taken tess satisfactory than that for the metastable ions. In fact
ensure that the measured attenuation is due solely to chargeore than an order of magnitude difference exists between
transfer processes. the various measurements at energies below a few hundred
The various studies can also be distinguished by the paeV. The present ground-state cross sections are in excellent
ticular technique used to obtain the state-specific cross seagreement with those of Kusakakeal. [16]. The data of
tion. For the case of ground-state®Qons, five separate Nutt, McCullough, and Gilbody20] share the same energy
methods have been employed. Moran and Wilts, Hoff- dependence as the present results and those of Kusakabe
man, Miller, and Lockwood15], and Kusakabet al. [16] et al.[16] but lie somewhat higher. During the present inves-
utilized controlled electron impact ion sources to producetigation it was observed that accurate determination of the
pure O (*S) ground-state beams. Flesch and Nd] and  ground-state cross section using an attenuation technique
Irvine and Latimei{ 18] produced their ground-state ions by similar to that employed by Nutt, McCullough, and Gilbody
dissociative photoionization of O Li etal. [19] used a [20] was extremely difficult because direct scattering con-
method which combined dissociative charge transfer with artributed significantly to the observed attenuation. The agree-
rf octopole ion trap. Nutt, McCullough, and Gilbodg0] ment with Xu, Thomas, and Mordr21], Irvine and Latimer
and Xu, Thomas, and Mord21] relied on attenuation curve [18], and Flesch and NfL7] is poor. The ground-state data
data alone, while in the present study the ground-state ionf Moran and Wilcox[13] lie significantly lower than the
beam was obtained by filtering out the metastable componemiresent cross sections and those of all other investigators. A
from a mixed state beam. For the case of metastable state Gimilar situation exists with respect to the Moran and Wilcox
ions, three general methods have been employed. Moran ah@i3] measurements of the charge-exchange cross section of
Wilcox [13] and the present study measured the cross sectio@* with N, [1].
for a mixed state ion beam and then used the fractional abun- It appears likely that the explanation for much of the dis-
dance of ground-state and metastable ions in that beam twrepancy between these ground-state measurements is to be
determine the cross section for the metastable componerfound in the differential cross-section data in Fig. 2, which
Xu, Thomas, and Mora21] used the attenuation curve show that, for O(*S) projectiles, a high percentage of the
method. The most recent metastable measurement, that of fast neutral products are scattered through appreciable
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angles. It follows from simple kinematics that in such colli- transfer. This analogy may not be entirely justified as the

sions the slow product ions must receive significant energylarge ionization potential of He makes dissociative charge-

Consider the case of an incoming 500 eV(¢8) ion. Based transfer channels much more accessible than in the present

upon the DCS data presented here, it is estimated that 50%ase.

of the “slow” H,* product ions must have energy in excess

_of 3.4 eV and 25% of th_e H product ior_13 must h_ave_energy CONCLUSION

in excess of 9.5 eV. This is a vastly different situation from

that normally encountered in which the product ions formed The absolute differential cross sections for charge-transfer

in charge-transfer collisions have near thermal energiescattering of 0.5-, 0.85-, 1.5-, 2.8-, and 5-keV (&S) and

Even in these, more typical, cases the total collection an®*(?D,?P) by H, have been determined. Below about 5

mass analysis of product ions present formidable experimerkeV the ground-state cross section is much smaller than that

tal difficulties; when the ions to be detected and mass ander the metastable state and the effect of electronic excitation

lyzed have energies of several eV, the potential for incomof the projectile on the angular distribution of the scattered

plete collection, and thus underestimation of the crosseutrals is very significant. These results are of fundamental

section, is immense. Such considerations may explain thimterest and have potential application in the area of tokamak

low cross sections observed by Irvine and Latifi3], Fle-  plasmas and planetary aeronomy. The literature values for

sch and Nd17], and Liet al.[19]. The results of Xu, Tho- the ground-state total cross section are widely scattered. The

mas, and Moraf21] and Moran and WilcoX13] are obvi- ground-state data presented here are in excellent agreement

ously not influenced by these arguments and an alternativeith the data of Kusakabet al. [16], and an explanation,

explanation is needed. based on the kinematics of the collision, is provided to ex-
An intriguing aspect of the ©(*S) total cross section is plain the discrepancy between these measurements and those

the undulation clearly evident over the energy range of thef some of the other investigators.

present study. This behavior was first observed by Nutt,
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