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Using an electronic-state close-coupling method, we treated the electron capture and excitation processes of
O" ions both in ground state '0*S) and metastable states"@D) and O"(?P) in collisions with the H
molecule. In the ground-state projectile energy region considdrech 50 eV/amu to 10 keV/amuthe
experimental data vary by orders of magnitude: our results smoothly connect to the data by Flesch&nd Ng
Chem. Phys.94, 2372 (1991)] and Xuet al. [J. Phys. B23, 1235(1990] at low energy and agree with
Phaneutt al.[Phys. Rev. A17, 534(1978)] in the high-energy region. The present values differ from Sieglaff
et al. [Phys. Rev. A59, 3538(1999] and Nuttet al. [J. Phys. B12, L157 (1979)], especially in the energy
region below 1 keV/amu. We provide the first calculated state-resolved cross sections of electron capture and
target-projectile electronic excitations for thé(@8,2D,2P)-H, collision system.
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I. INTRODUCTION state ion beam with a defined"®S) abundance ratio, while

A survey of the literature on the measuret(£%)-H, total Li et al. [10] employed the dissociative charge transfer in

charge transfer cross sections, as published since the 1976%"i5i0nS of Né& and Hé with O,. By using rf octopole ion

. . . _ o 2
until 2002, raises an interesting question on the origin of th%ép(ztgﬂon'['qg(;’ml‘:t al. obtained state-specific'0*D) and

orders of magnitude discrepancy which still persists in the .

experimental gdat@l—lii. Thg coI)I/ision of O“(“g) ground- In the case of the Q') on, thefe are two charge-transfer_
ste ons wih s been measurd many mes Tris s nof 05801, 118 52, Wik 1S b on oo reery
only because the resulting charge-transfer process is kno M .such as in the experiments of )lélesh and Mea-

to be important in astronompl4-1§, fusion sciencq17], suréments by Xuet aIp [1], Irvine and Latim[::]?below
and chemistryf18], but especially since resolving the above 55 eV/amu [3], and Moran and Wilcox4] fall in this data

discrepancy remains a challenge in both experiment anset. The second set of measurements is characterized by sub-

theory. ) X g
stantially larger cross sections for collision energy above

Several experimental techniques were employed to meg:- .
sure the O(*S)-H, total charge-transfer cross section as clas{i!LO eV/amu, as represented in the data by Nl [11].

. ; . . . .~ Higher cross-section magnitudes, in the range fromt®
4 m m -
Sf'f'ed. b)_/ thg O("S) production mechanism. F”?t’ d|ssou-a 10715 cn?, were found in recent measurements by Siegaff
tive ionization of CO molecules by electron impact with

- . I. [5], Kusakabeet al. [6—8], and older data by Hoffmaet
collision energy below the _rnetastable production threshol I. [9]. An important feature in these data is a pronounced
was used by Moran and .W”COM]’ Kusaka_beet al. [6-8], dip in the total charge-transfer cross section at the projectile
and Hoffmanet al. [9]. Sieglaff et al. [5] filtered out the energy~100 eV/amu
metastable @(ZD)_and o (ZP.) lons from a mixture con- In the case of the b(zP) and O7(°D) ions, the experi-
taining the O(“S) ions by using charge-transfer collisions mental results vary to much less extent. The total charge-
with N,. Flesh and Nd2] and Irvine and Latimef3] pro-

duced 4 ions by the di ative Dhotoi transfer cross sections flatten at about'¥@n? approxi-
duced ground-state 0'S) ions by the dissociative photoion- el from 10? to 10* eV/amu, with discrepancies of a
ization of O,. Finally, Xu et al. [1] and Nuttet al. [11] used

k Ll . factor of 2. Li et al. measured low-energy charge-transfer
beam attenuation curves to distinguish th&4S) data.

i cross sections separately for thé"(3P) and O (°D) ions
In the charge-transfer cross-section measurements Qfgjow 6 eV/amu, while the other data at higher energies
metastable &J(?D,2P) ions, Xu et al. [1] relied on the at- correspond to an O(2D, 2P) mixture.
tenuation curve method and Sieglaffal. [5] used a mixed- From a theorist’s point of view, this system is challenging
since there has been no rigorous calculation of tHeH®
collision process available. An accurate initio treatment is
*Corresponding author. FAX:81-242-37-2734. Electronic ad- hecessary to treat the collision intermedid,0)" water
dress: lukas@u-aizu.ac.jp molecular ion, which governs the details of electron capture
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FIG. 1. (H,0)* adiabatic potential curvega) y=/2 (°A;, %A, °By, ?By), (b) y=0 (3%, 237, 211, 2A). The assignment of asymptotic
states to O and O is indicated in Table II. Vertical scale labels are the saméafaand (b).

and excitation processes. Further, the theory of ion-moleculéETF) in order to impose the correct scattering boundary
collision processes is important for its applications in ionconditions.
source production, plasma physics, the chemistry of interstel- The H,O* potential energy curves and coupling elements
lar clouds, and astronon20]. For instance, water vapor is in doublet and quartet states are computed with high accu-
abundant in comets, and its absorption of ultraviolet radiaracy for more than 1500 collision geometries, then a 10 000—
tion yields excited guasimolecular,8* ions in cometary point two-dimensiona(2D) grid is used to obtain the cross
tails (other frequent constituents are also carbon monoxidsections. This represents in total an extensive computation of
and cyanogen ionsThese emit light, dissociate, and interact more than 2 months in CPU time. Section IIl contains our
with other ions from the solar winf20]. results; we discuss the capture state-resolved charge transfer
In fusion, undesirable §0" ions are often created during by O*(*S), 0™ (?P), and O™ (?D) ions, electronic excitations,
primary plasma heating by neutral atofi24]. Their forma-  and the discrepancies seen in th&13) experiments. The
tion occurs as follows. First, the ion source produces nofinal remarks in Sec. IV conclude the paper. Atomic units are
only the protons, but also Hand H; ions, which are all used throughout.
accelerated. Then, due to possible leaks in water-cooled ac-
celeration grids or in systems with oxygen impurities in gas-
eous neutralizers, J0* ions are formed. Their final dissocia-
tion in the neutralizer yields hydrogen atoms at fractions of In this section,(1) ab initio quantum chemical treatment
the extraction energy, which decreases the efficiency off the three-center molecular ion arf@d) electronic-state
plasma heating. In order to describe these complex phenongiose-coupling methods are reviewed.
ena in detail, cross sections of all relevant processes need to
be determined.
In this paper, we have theoretically studied the dynamics
of electron capture and target-projectile excitation and deex- The potential surfaces for the,#D" system(cf. Fig. 1
citation processes in collisions of @?P) and O"(?D) with and Ref[22]) were obtained for a variety of electronic states
H,. The effects of metastable impurities on the experimentain ?Aq, ?A, 2By, 2By, “A,, and*B; molecular symmetries by
O*(*S) charge-transfer cross section are also addressed. VW initio configuration interactioCl) calculations in multi-
explore the distribution of final electron-capture states basefeference single- and double-excitation spaces, by using the
on the collision parameters. In Sec. Il, the theoretical metho®RD-CI series of program$23-2§. For the hydrogen at-
is reviewed: first thab initio calculations of molecular states 0ms, a Gaussia(6s3p2d1f) basis contracted tp4s3p2d1f]
by the multireference single- and double-excitation spacés used, while d12s6p3d2f) basis contracted tibs4p3d2f]
configuration interactiofMRD-CI) method, then the colli- was employed for the oxygen atom. Dunning’s basis sets for
sion dynamics by the electronic-state close-coupfB§CGQ H and O atoms are of the cc-pVQZ ty[je7]. The OH
method. In the ESCC method, the electronic states of thewolecular Rydberg states are described by using additional
collision intermediate, the $©* molecular ion, are used as diffuse (2s2p2d) sets of functions centered on the oxygen
an expansion basis for the electronic wave functions augatom [28]. The number of configurations in the multirefer-
mented with the atomic-type electron translation factorence single- and double-excitation space varies with the

Il. THEORETICAL FRAMEWORK

A. Electronic states of the HO* molecule
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TABLE I. (OH,)* molecular states coupled to the ground state  TABLE Il. Assignment of(OH,)* molecular states correspond-
O™ (*9). ing to O(?D) and O(?P) and their charge-transfer stat@sr-
dered by increasing asymptotic energy from left to right; cf. Fig. 1

State  3P(*B;) 3P(*A,  4S(“B;)  5S(“A,)  39(“A,)

+ + * + + 7: 77/2a

R—o  O/H,  O/H, OHL3I) O/H; O/H; 2, o) o) ol o'¢P)  ols
’A op) 0O'(D) 0O'(*D) O('D)

symmetry of the electronic states, not exceeding 500 000 fofB1 OC°P)  O'(D) O(D)  O'(*P)

the selection threshold 2201077 a.u. used in the present cal- B> OCP) 0O'(*D) O('D) O'(°P)

culation. The effect of all unselected configurations isy=0

checked by using the perturbative energy extrapolation pro2s * o('D) O*(?P) 0o(19

cedure[26]. The resulting highly correlated wave functions 2y - 0GP)  0O*(?D)

are used to obtain nonadiabatic coupling matrix elements, 0*(2D)  O('D)

[29]. The origin of electronic coordinates is placed at the . .
molecular cegnter of mass for all geometries. F\)Ne have use(ZJH OoCP) 0*(*D) o(D) o'CP)
atomic-type electron translation factor correctiofi3d], %0" is assigned to the Jiground state; O is assigned to various
which are equivalent to the dipole coupling in the asymptoticH,™ nonequilibrium states.
region. This type of ETF cannot be optimal since it ignores
the molecular effect of the Jmolecule. Nevertheless, it re- 2. Figure 3 shows analogous diabatic potential curves and
covers the correct asymptotic behavior by removing the spugiabatic couplinggdoubletA, symmetry withy=/2). It is
rious constant terms, and hence it should provide a reasoRtearly demonstrated in Figs. 2 and 3 that the diabatic cou-
able base for dynamical argument. plings are very smooth as compared to the sharp derivative
The potential surfaces are computed as a function of thgsrms in adiabatic basis.
distanceR between the O nucleus and the center of mass of For v=0, the mixing molecular states at&) threeX*
the H, target molecule, while holding the latter’s bond length states @'S), O(*D), and O"(?P), (2) two X~ states @°P)
|r] fixed at its equilibrium value. The internuclear separationand O™ (?D), (3) four II states @°P), O(*D), O**(?D), and
is r=1.4 a.u., at which the electronic ground-state energy0**(P), and(4) two A states @'D) and O™(?D). Finally,
reaches its minimum value and the vibrational wave functionve computed they=/4 potential energy surfaces for the
has a peak. Similar potential surfaces were obtained for |owest C, symmetry and discuss the effects of the collision
=1.6 a.u. in order to estimate the effects of target vibrationgingles in Sec. Ill G.
and out-of-the-equilibrium geometries. This is discussed |n the following, the adiabatic electronic basis is trans-
more in detailﬁin Sec. lll F. The surfaces are projected on théormed and the close-coupling method is applied.
planesy= 2 (R,F)=const, fory=0, /4, w/2. The results
for the doublet state¢r=1.4 a.u.y=0,7/2) are shown in o . .
Fig. 1. B. Collision dynamics by the close-coupling method
Let us note that the phase factors of electronic eigenfunc- The scattering dynamics for ion-diatomic collisions was
tions ¢; are arbitrary in each point of space, which oftenformulated quantum mechanically in the review article by
results in random signs of the coupling ter@s When com-  Sidis, based on the electronic state expansion of the total
puting the full coupling matrix, we consistently track and fix wave function and applied extensively since tfigtj. Using
the incorrect coupling signs@; either by replacing$i—  sudden approximation for target vibrations and rotations and
—¢; or ¢j——¢;. This procedure is unique as long i%j|  the eikonal approach, the stationary Schrodinger equation
does not vanish. Zero values ¢€;| appear near sharp can be reduced to sets of first-order differential equations for
avoided crossings, where we decide the correct coupling sigglectronic-state amplitudes at fixed geometries as explained
by fitting to Fano profiles. If there still remains an ambiguity, pelow. Only collisions in the energy region above
+C;; is determined by the sign of electronic overlaps50 eV/amu are considered here.
(¢i(R)| ¢i(R+A)) and(¢(R)| ¢;(R+A)). Finally, the sign of Following Ref.[31], we assume that the collision time is
small coupling values in the asymptotic region typically doesmuch shorter than the characteristic rotation time of the tar-
not oscillate and the magnitude monotonically decreasegjet molecule, which is already satisfied for energy above
Further details concerning the present theoretical method, ir8.1 eV/amu, and thus the rotational state of thget mol-
cluding calculation of nonadiabatic coupling matrix elementsecule may not change during the collision. The method de-
[24,26, can be found in earlier worlR9]. scribed by Sidig31] further requires the centrifugal-sudden
The nonadiabatic couplings between th&43) ground  condition—i.e., the relative radial motion of the ion and mol-
state and the other states in Table | are published in[R8f.  ecule to be much faster than their angular relative motion.
In Fig. 1, the metastable and charge transfer potential curveslthough this allows for additional simplifications in the
are plotted foxa) the ?A,, 2A,, °B,, and?B, symmetries with  coupled equations, it cannot be satisfied in the present energy
y=m/2 and for(b) the?>~, 2%, 2[1, andA molecular sym-  region. Moreover, since such condition impliecamplete
metry manifolds withy=0. These states are summarized inneglect of rotational couplings, the formalism in RE31]
Table 1l and their representative couplings are shown in Figdoes not recover the ion-atom cagked] in the limit r=0
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because all angular coupling components are missed. Thisuous averaging index corresponding to &symptoticcol-
drawback is overcome by extending the approach below. lision orientation. In the present case, the major orientation

Coriolis couplings for the ion-molecular system include y=7/2 is y diabatic because the target is homonuclear, the
rotation of the target molecule, rotation along Rexis, and  casey=0 has a zero weight, and thedependence of poten-
their mixing terms. As the collision energy is very high rela- tials and couplings in all representations is generally weaker
tive to 0.1 eV, both the rotation of the target molecule andtor 5 compared taR as shown in Sec. IIl.

the mixed terms of Coriolis c_ouplings can be neglected. I channels included in the present calculation are? Qi
this way, we also recover the ion-atom formalism in the Very= 1240, 4By, 2A,, 2A,, 2By, 2B, y=mwl4: A A" y=0:

limit T:O’ when the angular and radial cqmponents of theE*,E',H,A). All nonvanishing radial and angular couplings
coupling cor_npletely separate and become independent of ”}f?e included, with the exception of terms proportional to ro-
parametety in all representations. tation along thex-component. As noted above and shown in

In particular, here we adopt the fixed approximation, . . . .
same%s in the article by Sicﬁsrl)] which (i?sﬂb;sped ofil) the previous studieg§22,31,32, the role of target rotations is
: negligible. Restricting ourselves to energies about

diabatic representation, in which dy vanishes, and@2) the L . )

angular momentum decoupling schelgéscussed in detail E>50 eV/amu,_ the target V|brat|enal mot|on_ IS SIOW
in Ref. [32] and references therginUnlike from Ref.[31], 9”09_9*‘; and, mternu_clea_r separatlen can be_ f_|xed_ at |_ts
the relative angular motion of the impact ion and the targeequmbrlum value. Rovibrational spacing is negligible in this

molecule is not ignored. The parameterepresents a con- €Nergy range, and transitions are driven especially by the
nonadiabatic couplings among the electronic states. In order

-75.1 _ to assess the vibrational time scales, the classical period of
Diabatic couplings [ H, nuclear motion is evaluated t®,~ 320 a.u. forv=0,

- 14 while the projectile passes through the region of strong cou-
P-4 pling (length ~0.3 a.u) within T.=7 a.u. at the lowest col-
lision energyE=50 eV/amu, or faster for higher energy.
Also the H, vibrational spacing at the lowest-energy levels is
about AE,=0.02 a.u., corresponding to a quantum time
PR scaleTo=1/AE,=50 a.u.—i.e., sufficiently higher than the
O-H} distance [a.u] collision times.

-75.3

-75.4 -

Energy [a.u.]

-75.5 The coupled equations for nuclear wave functiénéR)
are solved in the diabatic basiE;d)(R):En, Unn,(R)F:’,‘),
-75.61 . : . . : : whereU(R) is a unitary matrix of the adiabatic-to-diabatic
2 3 4 5 6 7 8 transform. In the diabatic representation, the electronic ma-
O-H3 distance [a.u] trix elements ofg/ JR vanish; the adiabatic potential matrix

V@ (R) transforms a®'?(R)=U(R)V@(R)U"XR). Using the

FIG. 3. Representative diabatic potentidts y=/2) and their ~ €ikonal epproach, we define a collision coordinater (R?
couplings (the insel. Label numbers increase with increasing —b?)? with b=(1+1/2)/k to solve the further-reduced sys-
asymptotic energy of the electronic state. tem of first-order differential equation22]:
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FIG. 4. SC-ESCC method: initial channel probability?®, 90° case. Collision energy is 2 keV; projectile initial state corresponds to
O*"(?D). The local probability is shown vs the parametersR, and coordinates e (—(R5—b?)2, (R5-b?)2). (a) 3D surface(b) Contour
plot: white color corresponds to the initial*GD) channel; grey to black color indicates increasing charge transfer probability. The
converged values are located on the parabolic curve in the right half of this figure. Stueckelberg oscillations can be seen along this border,
asb changes.

avoided crossings changes and produces the oscillations of

p(zg,b) with b, which is clearly seen in Fig.(8).

[. d _Va(®
IdZ v

]fﬁ(z; Y =2 oo fAz ). (1)

Herev =k/ 1, R=R(z,b), andu,/(R) denotes both the state- Il SCATTERING DYNAMICS AND CROSS SECTIONS

to-state coupling components. Equatidn should be solved
for ze (- ,) with fg,(—oc):énn,. The cross section fon
—n’ processes is obtained with formal integration ober

In this section, state-resolved cross sections f6(*€)
electron capture obtained with the SC-ESCC method are cal-
culated for the energy rangd0—1d)eV/amu(Fig. 5). Next,
the state-resolved cross sections obtained here for processes
involving O™ (?D) and O™ (?P) ions and for an efficient elec-
tronic excitation of the B molecule by G(*S) ion are given
in Fig. 6. The effect of target ground-state vibrational motion
is assessed in Fig. 7 at=1.6 a.u., where the probability
density reaches half of its maximum value. Figure 8 com-
pares the angle-fixed cross sections ferm/4 andy=/2.

PTotal charge-transfer cross-section results are compared to
the available experimental data in Fig. 9 for th&(€®) ion

oo (E; ) = 277f b| O ~ Sgnr(E; y)|2db,
0

and averaging ovey with the weight siny. This summarizes
the semiclassical treatme(BC-ESCQ. Let us note at this
point that an analogous formulation of the semiclassical a
proach has been developed by Ere¢al. [33]. We solve Eq.
(1) numerically in the interval-zy,zy) with zy=(R3—b?)'/?
and Ry=15. All couplings vanish foR>R,. An equidistant

spatial step of X102 a.u. is applied ta at the coupling
peak regions and also toe (0,15. Converged amplitudes
f8(zo; y) for the initial conditionf®(-zy; )=, vield S,
State-resolved cross sections are obtained by usin¢REd —
quantal algorithm can be found in R¢84]. 5

The SC-ESCC method is illustrated in Figay Solutions g [
of Eq. (1) for the nuclear wave function in the initial channel g . laa) o saxe”
p(z,b)=|F2(z; y==12)|? are plotted as a function afandb ® 107 F 7 (1) O°(SyM, - O(PYH, ('A)
for a fixed collision energy. The parabolic border of the sur- 8 i i (1b)  O'(SyH, - o(PIH,' (B,
face corresponds to the end pointg,#z,=(Rs-b?)Y% each ~ © [ s g; g.?:m:gggx',
line b=const is a single solution of E¢L), initially equal to 107 __(2) 4 @ o.(.s)m’_o(,sw’.
1 at —z,. The probability is distributed to other channelszas E(3) - - - -
changes through a sequence of avoided crossings, befor 10°

reaching a converged value gton the right. This effect is
not linear andp(z;b) is not a monotonous function af.

Multiplying the converged probabilityp(z,,b) with b and
integrating overb yields the cross section for the fixed en- jon (y=/2) for charge transfer to GP) (1), O(®S) (2), and Q39

ergy. As b changes, the phase accumulated between the).
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FIG. 6. State-resolved cross sections for processes involvitigDQ?P,*S) ions: (a) Charge-transfer cross sections fof' (D) at
=7/2. Curve 9 corresponds to the total'@¥D) charge transfer(b) Charge-transfer cross sections fot"GP) at y=u/2. Curve 7
corresponds to the total '0?P) charge transfer(c) Charge-transfer cross sectiar{y) for O**(?D) at y=0. Curve 5 is the total for
O(*D,3P). (d) Charge-transfer cross sectiofiy) for O**(?P) at y=0. Curve 5 is the total for GD,S,3P). () O*(*S) charge transfer on
electronically excited B{°IT) (curves 1-4and H, excitation by G(*S) impact(curve 5. (f) O**(?D)/O**(?P) transitions aty=/2 (curves
1-4) and y=0 (curve 5.

and in Fig. 10 for the metastable'@’D) and O (?P) ions, tively broad for the case dB;. The other significant charge-
respectively. The orientation effects are briefly discussed. transfer channels BS) and Q°S) are weakly coupled, and
the corresponding cross sections are one to two orders of
magnitude lower in the whole energy range considered. All
cross sections in Fig. 5 are calculated for the perpendicular
The calculated electron capture cross sections for grounddrientation y=7/2. The difference of the GP) amplitude
state O from ground-state kKl are shown in Fig. 5. The o(y=0) (weight of which is 0, not shown in Fig.)5rom
dominant process is the capture to th€’®) final state in  o(y=/2) is about 15% within the energy range
A, and “B; symmetries, the cross section of which flattens1—-10 keV/amu, buir(y=0) decreases much more rapidly
in the energy rangé50—300 eV/amu, before growing to below 1 keV/amu, already by two orders of magnitude at
the maximum at around 2 keV/amu. Nonadiabatic coupling$0 eV/amu. Therefore we consider the 90° cross sections
for the Q®P) final state are found to be the strongest: local-(for oriented collisions as a reasonable approximation and
ized around smalR~0.7 a.u. for the quartetA, and rela- an upper bound for the randomly oriented tdrget. Apply-

A. Electron capture by O*(*S)
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FIG. 8. (a) (H,0)* states inCg symmetry fory=/4 doublets.
Solid lines: A’ states. Dashed line#y” states. Labels are ordered
with the energy of adiabatic potentialé) O*(?D) capture cross-
section amplitudes for different collision angles. Solid lines:
=/2. Dashed linesy=m/4.

FIG. 7. (H,0)* doublet states foy=m/2: (a) %A, potential en-
ergy curves. Solid lines: equilibrium Hdistance. Dashed lines:
[HH|=1.6 a.u.(b) O*(°D) — O('D) ?A, partial cross section. Solid
lines: equilibrium H distance. Dashed linefiH| =1.6 a.u.

ing a three-point trapezoidal rule to angle averaging suffice
to estimate the order of the total electron capture fronbi
the O'(*9) ion in the energy region considered.

Also typically obtained with the classical trajectory Monte
Carlo method.

C. Electron capture by O**(?P)

Electron-capture cross sections to(*D), O(*S), and
The metastable O states, as compared to the'(é5) O(®P) states are shown in Fig.(l§ for y=/2, while the
ground state, show an interestinglependence of the calcu- ¢ase ofy=0 is plotted in Fig. €). There is a substantial
lated state-resolved cross sections. Figufa) @ives the d|ffe_rence_b_etween these two cases: fe10, a deep cross-
electron-capture cross sections t¢'D), O(1S), and G3P) section minimum appears for elec_tron capture (30D for
for y=/2 in various molecular-state symmetries. Cross sec->' Symmetry; also the cross section for electron capture to
tions for y=0 are shown in Fig. @). The total cross section O(*9) rapidly increases with the collision energy, while the
a(y=0) at low energy decreases faster thafy==/2) due  Cross section for electron capture tq'D) decreases. The
to weaker coupling terms. Also the cross section peaks tengfoss-section dip does not appear for=/2 for any O state
to be more pronounced fop=0 in the keV/amu collision and any molecular symmetry. TWQJ' molecular potential
energy region. No significant local minimum for the electron€nergy curves corresponding t6’C’P) and Q'D) states are
capture to any final state of the oxygen atom appears eithéruasidegeneratef. Fig. 1, y=0) with the Demkov type of
for y=0 andy=7/2. The general cross-section decrease agoupling [35 near R=5 a.u. Then the electron capture to
very high energies is a physical feature which naturally apO('D) occurs efficiently at low energy, while the capture
pears in the basis expansion over electronic states of theross section to G@S) is small due to the energy gap. As the
molecular ion. Rapid cross-section decrease in this region isollision energy increases, this gap becomes less significant,

B. Electron capture by O*"(2D)
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Transitions between molecular states corresponding to
T e T . O*"(°D) and O"(?P) occur through the sequence of two
) . e avoided crossings with the molecular state corresponding to
L ‘oo an O'D) molecular state, at abouR=2.4 a.u. andR
5 > . x =3.2 a.u., with the location depending on the molecular-state
E *HS; . o symmetry. This can be clearly seen in Figs. 1 and .2235
a . 4 (y=m/2). Transitions through other channels contribute es-
8 s ’ S 0'(*s) +H, pecially at higher energies. Sta_te—r_esolved projectile gxcita-
107 F tion cross sections are shown in Figf)efor y=/2 (solid
i L Iint;:s) and y=0 (dotted ling. Transitions to the hi*gher-lying
S aeate O*"(?P) state enhance the electron capture by (éD), as
ol the processes discussed separately above are intertwined in
10 10 10 10 10 this energy region.
Energy [eV/amu]
FIG. 9. O'(*S) total charge-transfer cross-section experiments: F. Effects of target vibrations
solid circle: Kusakabet al. (2007 [8]. Open circle: Kusakabet al. d he eff f | le vibrati .
(1990 [6]. Solid square: Sieglafét al. (1999 [5]. +: Irvine and In order to asses the effect of target molecule vibrations in

Latimer (1991 [3]. Open down triangle: Xet al. (1990 [1]. Open  the Semiclassical energy region above 50 eV/amu, we have
square: Hoffmaret al. (1982 [9]. Solid diamond: Nutet al.(1979 ~ computed the potential energy surfaces fferl.6 a.u. The
[11]. Solid triangle: Phaneudt al. (1978 [12]. X: Lockwoodet al. ~ results in Fig. 7a) show that the potential energy curves
(1978 [13]. Open triangle: Moran and Wilcogl979 [4]. Dashed ~ depend rather smoothly on the H-H parametric bond length
line: Olson formula[19]. Solid line: present ESCC calculation. r. A uniform vertical shift of all states resulting from differ-
entr does not change the SC-ESCC probabilities, even if it is

and the probability for electron-capture transitions over a2/S0 R dependent, since this effect can be absorbed in the

broad range oR increases amplitude phases. Although the sharp coupling terms are
' much more sensitive to changimg in the high-energy re-
D. H, target excited states gime the transition amplitudes correspond to generalized

, Fourier integrals of the coupling terms over the entire coor-
Moleculasr states corresponding to the charge-transfefjinate space, which considerably diminishes thdepen-
states @°S, °S)-H; are close in energy to the molecular state jence |n this case, the cross sections do not vary with

of O*(*9)-H,(°IT) (cf. Ref.[22]), which facilitates the target onsiderably, and averaging over the initial vibrational wave
excitation. Also electron capture from the excited fol-  fynction yields only a multiplicative factor which is close to
ecule can be studied in this molecular-state manifold. For thg This is well demonstrated by the partial cross section in
sake of completeness, the calculated cross sectio*ns affy. 7(b) for the potential curves in Fig.(d).
shown in Fig. 6e) (solid lines, state-resolved capture oB, H | et us note at this point that vibronic couplings due to the
dotted line, target excitatignThe cross section for jexci-  r motion were not included in the above reasoning, which
tation to the’II state by O(*S) impact is mostly about one  may possibly result in substantial cross-section differences
order of magnitude lower than the major electron-capturgyelow 50 eV/amu.
cross sections but cannot be neglected in the high-energy
region.

G. Dependence on collision angles

+* 2 +* 2 .
E. 07 (*D)«> 0" (°P) transitions The multidimensional electron-capture collision problem

Further processes competing with the electron transfer iis approximated by a set of coupled multichannel equations
O*-H, collisions are projectile excitation and deexcitation. for each fixed angle. Within this framework we investigate

FIG. 10. O"(®D,?P) total charge-transfer
cross sections: Circle: Sieglaét al. (1999 [5].
Square: Xuet al. (1990 [1]. Diamond: Liet al.
[10] (open: 2D, solid ?P). Down triangle: Pha-
neufet al. (1978 [12]. Triangle Moran and Wil-
cox (1979 [4]. SC-ESCC calculation: O(?D)

A 90° (1), O*(®D) 0° (2), O™ (?P) 90° (3),
(3)0"(P) 90 deg (4) O'(P) 0 deg 3 1 O”(EZP) 0° (4). Solid lines:y=/2. Dotted lines:
-18 y=U.

10 ) T |

10 10 10° 100
Energy [eV/amu]

-15

10

Cross section [cm?]

il
o
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the cross-section dependence on the angie the eikonal y==/2, dashed lines correspond #6=-0, and the &'(°D)
approximation. In addition to/=0 (zero weight in the inte- and O"(?P) states are distinguished. Interestingly, there is a
gral cross sectignand y=/2 (maximum weight in the in-  cross section dip for the T(?P) capture magnitude at=0,
tegral cross sectign we have included the case=w/4  which is due especially t&* molecular states. The'Q?P)
(H,0" in Cs symmetry. The A’ and A” doublet states are incoming channel is quasidegenerate with tHam) capture
plotted in Fig. &a). It follows from the comparison between state[cf. Fig. 1(b)], and the capture cross section to this state
the two caseg=7/2 andy=m/4 in Fig. 8b) that the cap-  decreases with energy. Since the other charge-transfer state
ture cross section does not dependjoim a simple manner. 0(19) is endothermic, the capture cross section t8SDfor

With increasing energy the dependence generally weakens. 2s + increases with energy. The combination of these two
In the energy region considered here, the cross-section difstects results in the dip of curve 4 in Fig. 10.

ferences for variouy do not affect the order of the averaged  one order of magnitude difference in the”(D) and
cross-section magnitude. However, large differences Mayy+ (2p) capture cross sections, measured betal. [10] in

grise in Fhe Iowef—energ_y region, which can be of particu_larthe very-low-energy region about FoeV/amu, is beyond

|ntere§t n th‘_a oriented ion-molecule coII_|s_|ons and prowdethe validity of the present treatment, as the assumptions of

more insight into the charge-transfer collision dynamics. sudden approximation break down and also the details of the
3D potential energy surface become more important.

H. Comparison with experiments

Most of the experimental data available fof-8, colli- IV. CONCLUSION
sions include, to our knowledge, differential and total
charge-transfer cross sections, unresolved with respect to the The principal results of this paper are the state-resolved
final electron-capture state and target-projectile collision ori£ross sections for electron capture and target-projectile elec-
entation. Yet at least the 90° collisions may be measured itfonic excitation in collisions of O*S,?D,?P) ions with the
principle, and new data are expected to appear in the nedt, molecule, obtained by the electronic-state close-coupling
future. Measurements of state-resolved cross sections in vafiethod. We have found an interestingdependence in the
ous orientations should reveal new details of collision dy-Cross section for electron capture by’GP)—namely, the
namics, as there is a stronger dependence on the collisigixistence of a pronounced dip 0. The three angles con-
energy and angle. sidered arey=0, y=m/4, and v= 2. Itis sh(_)wn that the

First, we summarize the total charge-transfer cross-sectiofl€ctron capture by @‘S) dominantly occurs in GP) and
results for O(4S) in collisions with H,. In Fig. 9, various thatno cross-section dip could be found in the®, O(°9),
experimental data for this process measured over the yeaf&'d acs) charge-transfer states. In the keV/amu energy re-
are shown. The low-energy cross-section magnitude and tHéon: _electronlc excitations of target and projectile have a
existence of a cross section dip at about 100 eV/amu ha/&agnitude comparat;le to the *elzectron capture. Total capture
been in question. Previously, only the semiempirical Olsorf 0SS sections for O(*D)and O"(°P) are in agreement with

formula[19] (dashed linpwas used as an estimate. Our gc.the experimental data available for the unknown mixture of
ESCC calculation is shown as the solid line In. the low-these two metastable ions. The present cross sections, both

energy region, we find good agreement with the measurd€solved and total, are considered to be useful for various

o . : YR
ment of Nuttet al. [11], the cross-section dip measured in applications. A systematic theoretical study ofQi" de

. s d i qf ) b ending on the chargg and cross-section calculations ex-
SOmE experiments does not appear, and for eNergies aboyg, jeq tg the very-low-energy region are desirable for a bet-

1 keV/amu there is a general agreement between the expegs; \ngerstanding of interstellar matter processes.
ment and theory. We have discussed th&“©) case in a

recent papef22]. Most of the experimental difficulties are
due to the uncertain production rate of @etastable impu-
rities in the ion beam, which was studied by Kusakabal.
[6,8] and in previous work of Kimurat al. [36].
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