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Charge transfer in keV O*(*S,?D,2P)-He collisions
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Absolute differential cross sectio®CSS are reported for charge-transfer scatteringlof5)-keV O" (*S)
ground-state and Q(?D,%P) metastable-state ions by helium atoms at angles between 0.2° and 6.3° in the
laboratory frame. Estimated ground-state and metastable-state total cross sections are derived from these
measurements. The present ground-state cross sections agree satisfactorily with previous measurements for
energies above 2 keV and the metastable-state cross sections are consistent with the mixed-state data of
Kusakabeet al. [J. Phys. Soc. Japa®9, 1987 (1990]. The large differences between the ground- and
metastable-state cross sections predicted by theory are not observed.
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[. INTRODUCTION and Kimuraet al. [1] calculate metastable cross sections
which are much greater than appears compatible with even
The ubiquity of charge-transfer reactions in natural andhe data of Kusakabet al. [7].

man-made plasmas is well known and these reactions are of Differential cross-sectiofiDCS) measurements and esti-

enormous importance. Kimue al.[1] have pointed out the mated total cross sections are reported here for scattering of

particular significance of O-He charge transfer, and the re- O"(*S) ground-state, and Q?D,?P) metastable oxygen

verse reaction, in environments as diverse as supernovae, tlans with He. Since it is not possible, using the techniques

upper atmosphere, and controlled fusion plasfi#ds The  employed here, to differentiate between them, the two meta-

basic physics of the charge-transfer process is understood fetable cross sections reported pertain to an unspecified mix-

simpler cases, but most of the more complex reactions, sudre of O"(°D) and O (?P). A greater level of control over

as that considered here, while not less significant, are verthe metastable populations is certainly desirable, but as only

poorly comprehended. The challenges presented to expelualitative metastable observations have been reported pre-

mentalists by these complex systems often result in larggiously these measurements represent a significant advance.

disparities between the results of different workers, which

ensure that even when theories are developed they cannot be

tested with any degree of sensitivity. Il. APPARATUS AND EXPERIMENTAL METHOD

Perhaps the single most formidable obstacle to obtaining

accurate cross section measurements fop@jectiles is the

fact that O ions may be present in both tH& ground-state

and in one of two long-lived metastable statgkand that in

The apparatus, shown in Fig. 1, and the experimental
method have both been described in detail previo(idly
CO is admitted to a magnetically confined plasma ion

collisions with atoms and molecules the behavior of the O Source. lons are extracted from the source through a small

ions in these various states differs, occasionally markedly sgpe_rtu(;e, accelerated, a:cnd flocuosed to form a beam of (tjhe
[4]. Another issue relevant to GHe studies is that the cross desired energy. Two confocal 60°-sector magnets are used to

sections are very small and measurements are therefore m glect %ons O.f thfel deswctie(_j”n:jass-to-char?e ratlot.) lons par?smg
prone to experimental errors. For theé ®le system the fol- through a pair of laser drilled apertures form a beam with an

lowing reactions, with corresponding asymptotic energy de@ngular divergence 0f-0.03°. The collimated O beam
fects, are most probab|&]: passes through a short target cell and then impacts a position-

sensitive detectofPSD), located 13 cm beyond the target
O*(*S)+ He—O(3P) + He" — 10.96 eV, (1) cell. The PSD serves to measure the flux of ions pa'_s,_sing
through the target cell and to measure the flux and positions

O*(2D,2P) + He—O(3P) + He" — (7.64 €V,5.94 eV, of impact of product neutral O atoms. An electric field estab-

)

Pertinent measurements have been performed by Jor-

Filter cell

D Target cell

gensenet al. [6], Kusakabeet al. [7], and Wolfrum, Sch- _|/

weinzer, and Wintef5]. Kimura et al. [1] have also calcu- Ton source E-::‘.‘.:‘.'.'.:::::-_::-_:::::-.:|||

lated cross sections for ‘@*S) ground-state ions and for Deflection _M

ions in both metastable states. When these studies are com- magnets Collimatifg

pared, it becomes apparent that there are primarily two out- apertures Deflection

standing issues: Kusakale¢ al. [7] find that the metastable Plates

cross section is similar to or even greater than that for the To capacitance Position-sensitive
. . . phragm gauge detector

ground-state, but Wolfrum, Schweinzer, and Wirte} find

that it is much smaller than the ground-state cross section; FIG. 1. Schematic of the apparatus.

1050-2947/2003/62)/02271%5)/$20.00 67 022715-1 ©2003 The American Physical Society



B. G. LINDSAY AND R. F. STEBBINGS

lished between 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, He 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 it
periodically to assess the primary beam flux. These measure-
ments, together with the target number density and target
length are sufficient to determine the DCS. Thé keam, as
it emerges from the ion source, comprises both(t3)
ground-state and Q?D,2P) metastable ions. Cross sections
for the different components of the ion beam are obtained by
taking advantage of the fact that"¢*S) ground-state ions
have a much smaller charge-transfer cross section wjth N
than O'(°D,%P) metastable ions. In order to measure the
ground-state cross section the filter cell is filled with several
millitorr of N,. The emerging O beam then consists essen-
tially of only ground-state ions as practically all of the inci-
dent O"(°D,2P) ions are converted to neutral species, which
because of the apparatus geometry do not enter the target cell
[4]. The O'(?D,?P) cross section is then determined by
evacuating the filter cell, measuring the effective cross sec-
tion for the mixed composition beam, and subtracting the
contribution these ground-state ions have made to the total
scattering signal. The metastable analysis also requires
knowledge of the fraction of ions in the ground and excited
states, which is usually measured during the course of the
experiment. However, due to the technical constraints of this
study it was not possible to carry out the determinaiion
situ. Instead, fraction measurements obtained earlier under
similar ion source conditions were utilized. As fraction mea-
surements have been performed many times and found to
correlate reasonably well with a given set of ion source con-
ditions, this deviation from normal procedure was adopted. It
is also worth noting that the fraction measurements have
been used solely to determine the fraction of excited-state
O* ions in the beam, rather than the cross sections them-
selves, and any error resulting from their use in this context
should be smaller than the quoted uncertainties in the data
presented here.

Due to the finite angular range subtended by the detector
in this type of experimental arrangement, it is not possible to
collect all of the fast O atom products; the fraction that es-
capes detection is, however, typically quite small and the
measured cross sections are essentially equivalent to total
cross sections. In the present experiment, because the projec-
tiles are four times more massive than the target atoms, the
maximum possible laboratory scattering angle is only 14°.
Given that the maximum possible detection angle is 6° or so,
and that the scattering is not found to be sharply forward
peaked, it is therefore clear that a significant fraction of the
fast O atoms is not detected. The fraction that escapes detec-

0°

10°

10!
do(0)/dQ

(10" cm’sr ")

10°

107
10?

1
do(8)/dQ 10

(10 %cm’sr )

10°

107

10*

10!
do(8)/dQ

(10 cm’s 1Y)

10°

10

10°

1
do(6)y/dQ
(10 bem’s 1Y)

10°

107

10°

1
do(8)/dQ
(10" %cm?s 1Y)

10°

10"

PHYSICAL REVIEW A67, 022715 (2003

i

N E=5keV
e 5
: - ;
C ﬂ:%o% ]
3 n,
C + S ]
3 #ﬁ&ﬁ E
i L L L1 111l I 1 L 1 11l I_
? T T L I T T LU E
C E=34%keV -
E =g 3
E —o- +4-o 3
= ﬂ:+'+ * e, 7
L ~+ o, N
- AN -
g ™o E
C “3:" o ]
[ L L L1 1111 I 1 L L1 111 I_
E T T L I T T LU E
C E=22%keV 1
E -
C _+"'+'+ + * ]

T ||||||I| T ||||||I| T ||Il||||

Lk

vl vl v ndb

0.1

1
Laboratory angle 6 (deg)

tion is between 11% and 29%, depending upon the collision g1 2. Absolute differential cross sections for charge-transfer
energy. Total cross sections are estimated by combining thesgattering of O ions by He at the projectile energies indicated.

fractions with the measured integral cross sect[disAt the

O"(*S) ground-state data are shown as open circles and

very lowest collision energy, however, it was not feasible too* (2D,2P) metastable data are shown as full circles.
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TABLE |. Laboratory frame differential O(*S)-He charge-transfer cross sections, whEris the pro-
jectile energy and the numbers in square brackets represent powers of 10.

do/dQ (10 ¥ cnPsrt)

Laboratory E=1 keV E=1.5 keV E=2.2 keV E=3.4 keV E=5 keV
Angle 6 (deg

0.27+0.05 9.1 6.(0] 1.97+0.691] 8.57£0.941]
0.36+0.05 1.0:0.41] 3.82£0.51] 1.25+0.042]
0.54+0.05 4.0:2.40] 7.25-0.591] 1.37£0.072]
0.78+0.12 0.2-2.640] 2.1+1.40]

0.87+0.08 9.8£1.70] 8.76:£0.391] 6.94-0.391]
1.23+0.12 5.9:2.70] 7.5£1.30]

1.28+0.08 2.04:0.171] 3.68:0.271] 2.94+0.191]
1.68+0.08 9.5:1.70] 1.63+0.141] 2.34t0.141] 1.71+0.131]
2.87+0.08 1.5-0.90] 4.8+0.40] 6.55+0.440] 7.83+-0.410] 4.84+0.330]
3.94+0.19 0.870.840] 2.7£0.50] 3.71x0.3]0] 3.25-0.290] 2.22+0.270]
6.09+0.19 0.331.0d0] 0.35-0.540] 1.11+0.370] 1.27£0.240] 0.79+0.240]

obtain a reasonable estimate of the total cross section usinggion of 0.5°—2°, and the angles at which these maxima
this approach. occur decrease with increasing impact energy. For the most
part the ground-state and metastable cross sections are fairly
similar and no dramatic variation in magnitude comparable
The DCSs for charge-transfer of @'S) and O (2D 2P) to that in O"-N, [4] and (_T—Hz [_8] collisions is seen. There
e however, some obvious differences between them, par-

with He are shown in Fig. 2 and selected values are tabulat larlv in the locati f th : 2 keV. No oth
in Tables | and Il. Besides the statistical uncertainties showﬁICu arly in the focation of the maxima near 2 kev. No other

on the graphs there are additional systematic uncertainties GXPerimental or theoretical data were found with which to
+15% and-* 25% in the absolute magnitudes of the ground-compare these DCSs. . _ .

state and metastable-state DCSs, respectively. The angular The present total cross sections and their associated un-
uncertainties arise from the finite primary beam size and th&ertainties are tabulated in Table Ill. The uncertainties in the
angular resolution used for analysis. It can be seen that tHground-state cross sections are primarily due to the uncer-
DCSs are not forward peaked, in sharp contrast to other diftainty in the ratio of the ion to neutral detection efficiencies
ferential cross-section measurements, which we have rdé9] and the repeatability of the measurements. The overall
ported. This observation is consistent with the fact that theincertainty in the metastable cross sections includes an ad-
O"-He charge-transfer process is extremely nonresonant; iditional component to account for the determination of the
fact, it is, to our knowledge, the most nonresonant reactionmetastable fraction in the ion beam.

for which high-resolution DCSs have been obtained. The Both ground-state and metastable cross sections are quite
DCSs do, however, exhibit clear maxima at angles in thesmall, which is consonant with the large energy defects in-

IIl. RESULTS AND DISCUSSION

TABLE II. Laboratory frame differential O(°D,?P)-He charge-transfer cross sections, whEris the
projectile energy and the numbers in square brackets represent powers of 10.

do/dQ (107 cnP sr )
Laboratory E=1 keV E=1.5 keV E=2.2 keV E=3.4 keV E=5.0 keV
Angle 6 (deg

0.27+0.05 5.47-1.201] 5.54+1.331] 1.03+0.142]
0.36+0.05 2.94-0.831] 4.03+0.991] 1.72+0.142]
0.54+0.05 2.16-0.471] 9.95+0.871] 9.93+1.0q1]
0.78+0.12 1.66:0.271] 1.07£0.201]

0.87+0.08 5.24-0.391] 6.25-0.441] 4.12+0.411]
1.23+0.12 1.6:2.0] 2.41+0.201]

1.28+0.08 2.06:0.2711] 2.59+0.21] 1.60+0.241]
1.68+0.08 1.27-0.141] 1.39+0.211] 1.10+0.171] 6.39+1.450]
2.87+0.08 3.14:0.890] 4.14+0.640] 4.12+0.590] 4.52+0.490] 2.01+0.4Q0]
3.94+0.19 2.27-0.770] 1.10+0.440] 1.03+0.390] 2.48+0.330] 1.36+0.240]
6.09+0.19 1.12-0.940] 1.28+0.530] 0.93+0.470] 0.88+0.310] 0.46+0.270]
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TABLE lIl. Absolute O"-He charge-transfer cross sections. The angular range for the integral cross
sections is 0°—-6.3°.

Projectile Integral cross section (18 cn?) Estimated total cross section (1§ cn?)
Energy keV as) O"(?D,?P) 0" (*s) 0*(°D,?P)
1.0 0.44-0.07 1.14:0.28
1.5 1.04:0.16 1.16£0.29 1.470.48 1.45-0.51
2.2 1.810.27 1.410.35 2.48-0.77 1.59-0.56
3.4 3.070.46 1.76:0.43 3.78:0.91 2.14-0.75
5.0 2.3%£0.36 1.26£0.32 2.78-0.57 1.47+0.51

volved in the O -He collision system. However, the concept above 2 keV or so, from which it may be concluded that the
of energy defects cannot easily explain why the ground-statgetastable cross section is similar to the ground-state cross
cross section is greater than that for the metastable ions b&ection at these energies. They also found the mixed-state
cause the ground-state reaction is associated with a larg€foss section to be greater than the ground-state cross section
energy defect than the metastable reacfBgs.(1) and(2)] at lower energies, indicating that the metastable cross section
and might therefore be expected to have a smaller cross sel6-significantly larger than the ground-state cross section be-
tion than that for the metastable ions. This is most definiteljjow 2 keV. By contrast, Wolfrum, Schweinzer, and Winter
not borne out by the experiment and clearly indicates thé5] found the metastable cross section, in t2e-6)-keV
limitations of using the asymptotic energy defects in thisrange, to be so much smaller than the ground-state cross
way. Consideration of the DCSs, however, does suggests $gction that they were unable to measure it and they then
reasonable physical explanation as to why the simple energgostulated the idea of suppressed electron capture in
defect model should break down for"éHe even though it O'(°D,?P)-He collisions to explain their observations. The
has been quite successful in more than a few other instancégialitative observations of Kusakabeal. [ 7] firmly support
[4,8,10. From the DCSs it can be seen that, on average, theur findings that the metastable cross section is of similar
O atoms are scattered at large angles indicating a very inti-

mate collision. This is, of course, consistent with the require—( 100
ment that significant kinetic energy be made available to the
collision partners for this very endothermic charge-transfer
reaction to take place. Under such conditions, the interactior
clearly cannot be approximated by the glancing collision
model often adopted and, in this case, the asymptotic ener
gies thus cease to have an obvious direct correlation with the
collision event.

The three prior experimental studigs—7] and the calcu-
lation by Kimuraet al. [1] are compared to the present data
in Fig. 3. Of these the earliest is that of Jorgenseal. [6]
who report cross sections in tl{80—400-keV range. These 001
workers did not use any type of state selection but at suct ! 10
high energies internal energy effects should be minimal anc Energy tkeV)
their data are shown for comparison on both ground- andw)
metastable-state plots. Consideration of the ground-state dal
[Fig. 3(@] reveals that, although there is considerable scatte! '
between the measurements, they are all consistent with eac 00 -
other above 2 keV. The present data and those of Kusakab

T

||||I1TI'|

Present O*(*S) data
Jorgensen et al. [6]
Kusakabe et al. [ 7]
Wolfrum et al. [5]
—— Kimura et al. [1]

Cross section (10"7 cm?)
T 1 |||I'I'I'|

0.1

T |||||I'I'|

1000

T oo

et al. [7] seem to deviate from one another below 2 keV,
especially when the 1-keV integral val@&able Ill) is con-
sidered. This is perhaps not too surprising given that the
cross section in this region is very small and that these are
the lowest energies at which either apparatus is capable ¢
operating.

The metastable measurements are shown in Fim).&hd
the present data are again seen to be in accord with those ¢
Jorgensenret al. [6]. While there are no other metastable

measurements available, qualitative observations have been

reported by Kusakabet al. [7] and Wolfrum, Schweinzer,

Cross section (107 cm?)

0.1

T |||||IIT|

T |||||I'I'| TT ||||I'I'I'|
\

B Present O*(°D, *P) data
Jorgensen et al. [6]

----- Kimura et al. [1]10%(D)
“Kimura et al. [1] O*(*P)

10

Energy (keV)

FIG. 3. O'-He total charge-transfer cross section&@)
and Winter[5]. Kusakabeet al. [7] found the mixed-state O"(*S)-He and (b) O*(?D,?P)-He. Note that only the lowest-
cross section to be similar to the ground-state cross secticgnergy measurement of Jorgensgral. [6] is shown.
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magnitude to the ground-state cross section. Furthermore, IV. CONCLUSION
Kimura et al. [11] have suggested a plausible explanation as
to why Wolfrum, Schweinzer, and Wintgi5] found the Absolute differential cross sectiof®CS9 are reported
metastable cross section to be much smaller than it actualligr charge-transfer scattering (f—5)-keV O" ions by He at
IS. _ _ _ _ angles between 0.2° and 6.3° in the laboratory frame. Esti-
The calculations of Kimureet al. [1], obtained using a mated total charge-transfer cross sections are derived from
semiclassical molecular representation, are seen to undergfese measurements and are compared with previously pub-
timate the ground-state cross section below a few keV by agsheq data. Cross sections for both (3S) ground-state and
much as a factor of 5. Their calculated energy dependen “(?D,2P) metastable ions are presented. The present
ﬁ:é?csteeergss rgg::l:l p\:\?hneonutnhceeg;gagf f]kl)er rgeasmirz?;e:;i_woﬁ und-state cross sections are consistent with previous ex-
€SP Y 9 ' 6E‘erimental data above 2 keV. The metastable-state cross sec-
r

sidered. Comparison of the experimental and theoretic .
metastable data is a little more problematic because Kimurgo > &€ found to be only slightly smaller than those for the

et al. [1] were able to calculate cross sections for each indiground-state over most of the energy range studied. The

vidual metastable state, whereas the experimental data pd'9€ differences between the behavior of ground- and
tain to an undetermined mix of G2D) and O' (?P) ions. metastable-state ions predlctg(_j by theory_ are not observed.
Both calculated metastable cross sections are therefore !t Should be noted that additional work is needed on these
shown and it is evident that, even if all of the metastable jong€actions. The work presented here clearly advances our un-
in our beam are assumed to be in ﬁrm State, theory over- derstanding of them but the uncertainties attributed to the
estimates the cross section by a large factor. The calculatiorata are undesirably high and furthermore the role of the
predict the O (?D) cross section to be approximately 40 different metastable states must be more fully understood.
times greater than the '@*S) cross section, whereas both

the present study and that of Kusakagbel. [7] indicate that

the two cross sections are comparable. No explanation is ACKNOWLEDGMENTS
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