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Charge transfer between O ions and helium
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The charge-transfer processe¥(t3°,°D°,?P% +He— O(°P) +He" have been investigated by using a fully
quantal molecular-orbital close-couplif@MOCC) approach. Cross sections are presented for ion energies
from 0.5 to 10 keV and compared with those from recent experiments and semiclassical theory. Good agree-
ment is found between the QMOCC results and the measurements. Particular attention is given to addressing
the metastable component of the experimental ion beams. We further argue that the so-called “suppressed
electron-capture effect” for metastable ions proposed by Wolfetial. is not a viable mechanism to explain
their measurements. However, the current QMOCC calculations were found to reproduce neither the ground-
state nor metastable-state cross sections predicted by the semiclassical method.
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Charge transfer has been recognized to be an importakeV O" by He atoms at angles between 0.2° and 6.3° in the
atomic process in laboratory and astronomical plasmas fdaboratory frame, and then integral cross sections were de-
many decades. Diagnostics of plasma temperature and defived from these measurements. The experimental results
sity and inference of atomic abundances in stars, the solahowed that the metastable state cross sections are of the
system, and the interstellar medium may depend on the agame order of magnitude as those for the ground state. This
curacy of charge-transfer cross sections. A number of thea-gnclusion differs from that of Kimurat al. [3].
retical methods and experimental techniques have been de- | an effort to resolve these discrepancies, we investigate
veloped to investigate charge-transfer processes for varimgharge transfer for G*°,2D°,2P% and He collisions by
systems. Good agreement between experiment and theo@éing a fully quantal molecular-orbital close-coupling

Pearisb(izg otgtm?f]? f&rol\”/nv:\r/]grlosnéetec;g ?gge'r?tng:OleeriCmUI;mSgIS(QMOCC) approach. As it is expected that the contribution
» €910, ' P from electron capture into excited states of O is small, we

and theoretical studies on charge transfer for . :
0*(*,2D°, 2P% and He collisions arrivedgat very discrepant only consider charge-transfer processes into the ground state,
conclusions.

Kusakabeet al.[2] showed that the total cross section for 0*(*3*,2D° 2P% + He— O(®P) + He' - AE. (1)
capture from He by metastable'@D°,%P°) ions at keV en-

ergies is similar to or even greater than that for the ground- ] ] o
state 3(*“S). This conclusion was supported by Kimuea We adopted the multireference single- and double-excitation
al.'s semiclassical calculatiofg]. Kimura et al. found that ~ configuration-interactiofMRD-CI) [6] adiabatic potentials

the metastable cross sections are an order of magnitudd!d nonadiabatic radial and rotational couplings for the
OHg" system[3].

larger than those for the ground state for ion energies be . N .
tween 1 and 10 keV. However, their results clearly contra- "€ QMOCC calculations begin with the solution of the

dicted another experimefd] in which the metastable cross molecular-o_rbital close-coupling equations in the diabatic

sections were found to be too small to be measureable. Wol€Presentation

frum et al. [4] suggested that this unexpected behavior was

caused by efficient suppression of electron capture by one of 1

the metastable ions due to a competing, collisionally induced - —V?G(R) + UR)G(R) =EG(R), (2

inelastic transition into the companion metastable state. 2p

More recently, Lindsay and Stebbinffs] carried out an ex-

periment to comprehend the marked differences among thesghere 4 is the nuclear reduced mass of the ion-atom (i,

results. In their experiment, absolute differential cross secs the relative collision energy in the center-of-mass frame,

tions were measured for charge-transfer scattering of 1—f the coordinate of the relative nuclear moti@(R) is the
scattering amplitude describing relative motion of the nuclei,
andU(R) is the diabatic potential matrix obtained from the

*Electronic address: zhao@physast.uga.edu adiabatic potential and nonadiabatic coupling matrices by a
"Electronic address: stancil@physast.uga.edu unitary transformation7]. The unitary matrixW is defined
*Electronic address: buenker@uni-wuppertal.de by
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where A s the radial coupling matrix8]. From the nu- or
merical results of the close-coupling equations and 05
asymptotic expressions of the radial wave functions, Khe b
matrix may be extracted and thus the radial scattering matrix >t
Sis obtained, & L5
=t
| +iK, g o
= ——2, (4) = L
I - |KJ 8 |
2 -
The charge-tranfer cross sections from channéd channel 3 031
B is expressed in terms of the scattering matrix elements S o
= L
5 -05H
g S I
O'Ly—>ﬁ = kzag (2J + 1)|SJ iﬁa (5) Z 0.5
O —
wherek, denotes the wave number for center-of-mass mo- -
tion of the initial ion-atom channeg, is an approach prob- 05
ability factor in channek, andJ is the total angular momen- 1k
tum. . . _ls-llllIIIIIIIIIIIIIII‘IIIIIIIIIIIIIIIII||
The potentials of ten molecular states evaluated in the "0 1 2 3 4 5 6 1 8
MRD-CI method have been reported in our previous paper Internuclear distance (a.u.)

[9]. Detailed information on the potentials, such as the com- S . . .

parison of the asymptotic separated-atom energies with the FIG. 1. The nonadiabatic radial and rotational couplifeshe-

experimental and other theoretical energies, can be founfj/een quartet states, aift) and (c) between doublet states of the
, # . ) :

therein and therefore is omitted in the present work. Four o€ System as a function of internuclear distaiice

these ten electronic states’2", 3°I1, 2 "7, and 1*I1, are  than all of the available experiments. However, the data of
formed in the approach of @P) with He', the two states Kusakabeet al.[2] are smaller than the other measurements
12s* and 2% by O*(?P%) with He, the three states?\,  and our calculations below 2 keV. Lindsay and Stebb{ijs
121, and 123~ by 0*(>D° with He, and the state £~ by  suggest that the discrepancy may be a consequence of the
0*(*s") with He. All 19 radial and rotational couplings be- fact that the cross sectida small, and therefore difficult to
tween the ten states were evaluated from internuclear dign€asure, and that the energy is the lowest point at which the
tanceR=1.5-8.@y, [3]. In Fig. 1, representative coupling @pparatus is capable of operating. Below about 5 keV, our
matrix elements are illustrated as a functionRofElectron  dround-state cross sections are consistent with those of Wol-
capture into the state @P) is driven directly by the [rUm et al. [4]. However, albove 5h kththe grm:jng-sftate
1%5"-2%5~ and 1%~ 1 “IT couplings[see Fig. 12)]. The QMOCC cross sections are larger than the R€fand Ref.

strongest of all 16 doublet-state couplings is the[s] measurements. In the latter case, this is not surprising in
. ; ; . view of the fact that the differential cross sections, which are
2 I1-3 2IT with a peak at about 1.88, as displayed in Fig.

) : X integrated to obtain the total cross sections, are lacking from
1(b), corresponding to an avoided crossing between thl 2 0° to 0.1° in the experiment. From Fig. 2 of Ré6] the

and 3°I1 potentials. This coupling is expected to signifi- contribution from laboratory angles below 0.1° is not negi-
cantly contribute to electron capture for the metastable stategiple for E=5 keV. Thus their integral cross sections may be
The current cross sections for electron capture B§'8))  (nderestimated. Furthermore, it may be inferred from Kusak-
and O'(°D°,2PY) are plotted as a function of projectile en- abeet al’s measurements that capture cross sections for the
ergy in Fig. 2, together with the available experimental re-metastable states are similar to those for the ground state
sults[2,4,5]. Values at four energy points are tabulated forabove about 3 keV. This is easily understood from our
detailed comparison in Table I. Fig(& displays the theo- QMOCC calculationgsee Fig. 2a)].
retical charge-transfer cross sections along with the The QMOCC cross sections for capture by(tD° and
0*(°D% «~ O*(?°P% excitation-deexcitation cross sections O*(2P°) are plotted and compared with the measurements of
due to He collisions, while Fig. (B) displays only the Lindsay and StebbingE5] in Fig. 2(c). We reproduce the
O*(*S) ground state charge-transfer cross sections from thexperimental data, except Bt5.0 keV, by taking the ratio
current work and the semiclassical MOGSECMOCQ re-  of O*(?P°) to O*(?D°) to be 1:4 as the experiment was made
sults of Kimuraet al.[3]. The experimental results shown in with an unspecified mixture of metastable ions. The differ-
Fig. 2b) are from measurements presumed to be for purence atE=5 keV may also be due to omission of contribu-
O*(*S’) beams or beams with small metastable contaminations from 0° to 0.1° in the differential cross-section mea-
tion. The QMOCC results are shown to be in good agreesurement, as was the case for the ground state.
ment with most of the measured data. This is in relatively In Figs. 2b) and Zc) the QMOCC results are compared
stark contrast with the SCMOCC results which are smallewith the SCMOCC cross sectiofi3]. The discrepancies be-
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T T — T T T T T3 TABLE I. Comparison of cross sections between this work and

deexcitation P >°D 3 experiment fqr electron cgpturezin(;[o_ the ground-stg®and Fhe
---------------------- - metastable-mixed staté®® and ?P° in 1077 cn?. The fraction

: ratio of O'(?P% and O'(°DY) is assumed to be 1:4.

107

0" (*s) 0*(?D°,%P°)

Energy

(keV) Theory* Expt Theory* Expt
B 1.5 0.950 1.47+0.48 1.350 1.45+0.51
F 2.2 1.664 2.48+0.77 1.905 1.59+0.56
i ] 3.4 3.120 3.78+0.91 2.309 2.14+0.75
s - 5.0 5.046 2.78+0.57 3.616 1.47+0.51

10° #This work.

®indsay and Stebbings].

T IIIIIII
U')'..,..
a
S)
Q .
A
1 1t IIIIII

§ .............. (b)

; 1+ translation factordETF9, but the neglect of ETFs should
z - not result in an error larger than about 50% in the concerned
energy region. The differences between the SCMOCC and
QMOCC remain to be explained.

Returning to Fig. 2a), the QMOCC calculations show
that electron capture from the ground and metastable states is
dominated by théP? state below 3 keV; the cross sections
for capture for the'S” and 2D? increase with increasing en-
ergy and the importance of capture for these two states be-
comes comparable with that from the® above about 3 keV.

It is interesting, therefore, to compare the QMOCC calcula-
tions with the measured results for the mixed ground and
metastable states by Kusakadteal.[2]. In Fig. 2d) we plot
various assumed mixing ratios for the ground and metastable
ions using the QMOCC results. It is clear that the mixed
beam results of Kusakalst al. can be reproduced at 0.7 and
1.5 keV if the beam is assumed to contain about 3%
but with nearly any fraction of the other two states. At 3 keV,
this constraint is relaxed as all of the QMOCC cross sections
Energy (keV) are similar, but a significarfD® fraction is implied. Further-
more, we also plot in Fig. @) the measurements from Ref.

FIG. 2. Cross sections for'Qollisions with He(a) The current  [4] which are claimed to be for a pure*dS(J) beam. How-
QMOCC charge-transfer results for the grouisiand’D®and®P®  ever, due to the fact that all of the QMOCC cross sections
metastable states. Also shown are the metastable excitation and dggyve similar magnitude over the measured energy range, the
excitation cross sectiongb) Ground-state charge transfer. Experi- \niolfrum et al. results are consistent with any level of meta-
ment:(O) Kusakabeet al. [2]; (©), Kusakabeet al, mostly ground  giaple mixing up to about 80%. Above about 5 keV, however,
state but .small metastable 'contaminat[dﬂt (O) Wolfrum et al. there is a tendency towards a significéﬁto contribution
[4]; (®) Lindsay and Stebbingfb]. Theory: (—) QMOCC; () \hich can explain the discrepancy noted for Figh)2We
SCMOCC. (© Met"’.‘Stable'State charge transfer, EXpe”mé‘). therefore find, similar to the conclusions of Kimwatal.[3],
Lindsay and Stebbing]. Theory: QMOCC and SCMOCC as in- that the reported measurements of Wolfratral. correspond

dicated; (—) QMOCC with 80% CG(°D%+20%0 (°PY%. (d) . h
Mixed-state charge transfer. Experimefit) Kusakabest al; (C) to a beam of mixed composition. Further, the metastable

Wolfrum et al. Theory: QMOCC with indicated<’: 2D°: 2P° ratios. fraction is Iik_ely to be larger than 20%, a value larger than
the 10% estimate of Ref3] due to our smaller metastable

tween the two approaches vary from a factor of a few tocross sections. Further evidence comes from thé) and
more than one order of magnitude. This is surprising as th®©*(*P°) appearance potential measurements of Hughes and
two approaches are expected to give consistent results at ifiiernan[11] which found values of 26.5 and 28.3 eV, respec-
termediate energiesee, e.g.[10]). We emphasize that the tively, for electron collisions with water. The ion beam in
potentials and couplings should not be responsible for th&ef.[4] was obtained with 30-eV electrons.

differences, because we used flanepotential and coupling Finally, the QMOCC calculations do not support the so-
data obtained with the MRD-CI method. It should be men-called suppressed electron-capture mechanism proposed by
tioned that the QMOCC calculations do not include electronWolfrum et al. [4]. They found that when the electron beam
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energy was increased above 40 eV, the measured electrooretical and measured results. The QMOCC calculations are
capture cross section became unexpectedly smaller. Thegund to be in good agreement with the measurements when
suggested that either the metastable cross sections were siak issue of metastable contamination is taken into account.
or that the competing process of collisional excitation waswe argue that the so-called suppressed electron-capture
suppressing electron capture. We find that they are incorreghechanism is not valid. However, the current QMOCC cal-
on both accounts. Figurgd@ shows that the metastable and cylations were found to reproduce neither the ground-state
ground-state cross sections are of the same magnitude. Fifor metastable-state cross sections predicted by the semiclas-
ther, the excitation cross sections, also displayed in K&, 2 gjcal method. The discrepancy between the QMOCC and
are not significantly larger and excitation results only in agcpocc results varies from a factor of a few to more than

Cetrib i 0/2p0 (ati
redistribution of thez_D /P ratio. _ one order of magnitude. It remains to be explained.
In order to explain the differences among various results

of experiment and theory, we have investigated charge trans- L.B.Z. and P.C.S. acknowledge support from NASA
fer for O and He collisions using a fully quantal molecular- Grant No. NAG5-11453. R.J.B., H.P.L., and P.F. acknowl-
orbital close-coupling approach. The cross sections for capedge financial support from the Deutsche Forschungsge-
ture from the ground-state*0fS°) ions and metastable-state meinschaft Grant No. Bu 450/7-3 and the Fonds der Chemis-
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