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Charge transfer of O%* ions with atomic hydrogen
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Charge transfer processes due to collisions of ground stité28?2p ?P) ions with atomic hydrogen are
investigated using the guantum-mechanical molecular-orbital close-coupliogC) method. The MOCC
calculations utilizeab initio adiabatic potentials and nonadiabatic radial and rotational coupling matrix ele-
ments obtained with the spin-coupled valence-bond approach. Total and state-selective cross sections and rate
coefficients are presented. Comparison with existing experimental and theoretical data shows our results to be
in better agreement with the measurements than the previous calculations, although problems with some of the
state-selective measurements are noted. Our calculations demonstrate that rotational coupling is not important
for the total cross section, but for state-selective cross sections, its relevance increases with energy. For the
ratios of triplet to singlet cross sections, significant departures from a statistical value are found, generally in
harmony with experiment.
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[. INTRODUCTION In order to assess the effect of the charge transfer process,
reliable rate coefficients are needed for capture into specific
The charge transfer process fine-structure levels of triplet ©(2s?2p3s) and
0O?*(2s?2p3p). The charge transfer process also populates
O**(2s%2p ?P°)+H(1s)—0*"(2s°2p3l M3 ;) +H* singlet states such as?Q(2s?2p3p P) that are not in-

(1) volved in the Bowen fluorescence mechanism, so it is nec-
_ o _ _ _ cessary to treat> ™, 33", I, and ®I1 states at the fine-
is of great significance in astrophysical environments as iktrycture level and using all relevant couplings.
can modify the intensities of lines arising from the Bowen  ag this charge transfer process is of considerable interest,
fluorescence mechanism. This fluorescence mechanism washymber of previous studies have been undertaken. An ap-
first suggested to explain the anomalous strengths of certaifyoach to this problem was made by Dalgarno and co-
emission lines of & and N observed in the spectra of orkers [7-11] using the CISD(configuration-interaction,
planetary nebulagl,2]. These anomalous line strengths havegingles, doublésmethod to compute the potential energy
also been observed in many other astrophysical enviromenig,rves. It was not possible at that time to treat all of the
including galactic x-ray source$], transient x-ray sources mpolecular states of interest. The radial couplings were com-
[4,5], and the optical counterparts of x-ray burstess uted using a variant of the Hellman-Feynman theof&in
The Bowen fluorescence mechanism involves the UVinat may provide inaccurate values. Fully quap@al0] scat-
pumping of G*(2s°2p3d °P3)—0?*(2s°2p® °P,) by @  tering calculations were used to obtain state-selective cross
He" resonance line. The process occurs due to a fortuitousections. They concluded that only thé @2s?2p3s) and
coincidence in wavelength between a‘Hemission line and O?"(2s2p3p) configurations are populated for collisional
an G absorption line. This is followed by emission to other energies ranging from thermal up to 5000 eV/u, while cap-
triplet states of ", with photons from one of the lines ture to the 3" (2s?2p3d) was found not to be important.
emitted in the triplet cascade being absorped By NThe  Later Gargauckt al. [12] used the model potential method.
O®*(2s*2p)+H charge transfer collisions that populate Although this method reproduces the asymptotic energies ex-
states such as?0(2s?2p3p 3D;) and G*(2s?2p3s 3PS)  actly, it is uncertain as to whether the smaller internuclear
modify the intensities of the & emission lines that are also separation region is treated to a similar level of accuracy.
thought to be affected by the Bowen mechanism. Data foAgain, a fully quantal treatment was used for the scattering
the charge transfer process are therefore crucial to the undegalculations. Those authors concluded that capture into the
standing and interpretation of these emission lines as well a?* (2s?2p3p 'S) and G (2s?2p3p 'D) states may be
the related R* emission lines in astrophysical enviroments. neglected as the crossings are diabatic for all practical pur-
poses. But compared with the earlier work, their results dif-
fered by as much as an order of magnitude.
*Electronic address: wangjg@physast.uga.edu Numerous experimental studies have also been per-
Electronic address: stancil@physast.uga.edu formed. Church and Holzscheit¢l3] measured the total
*Present address: Department of Chemistry, University of Edin€lectron capture rate coefficient at 50* K in a Penning
burgh, West Mains Road, Edinburgh EH9 3JJ, United Kingdom.trap. Their result is in good agreement with the calculated
Electronic address: Andrew.Turner@ed.ac.uk value of Heilet al.[9], but the measurement had a relatively
$Electronic address: dic@liv.ac.uk large error bar. Total SEGingle electron captuyeross sec-
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tions were measured from 42 to 4915 eV/u by Phartwdll.  was augmented by two diffuse, even-tempered basis func-
[14] via charge-state analysis using a pulsed laser ion sourd@®ns on oxygen, one-type function and ong-type func-
with a time-of-flight electron collision apparatus. Recently,tion. The oxygen core electrons$?) were assumed to have
Haveneret al. [15,16 improved the measurements with an little or no effect on the charge transfer process and so they
ion-atom merged-beams technique with a 99.98% purevere accommodated in appropriate orthogonal natural orbit-
ground-state H or D beam produced by passing a 6- to 9-ke¥ls taken from a state-averaged multiconfiguration self-
beam of H and D ions through the optical cavity of a consistent field calculation on triplet atomic®Q The re-
laser. They obtained the total absolute SEC cross section fenaining four valence electrons were described by fully
the energy range between 0.1 and 1000 eV/u. Their valuesptimized, singly occupied, nonorthogonal orbitals from
showed a systematic discrepancy from calculated values oveyithin a spin-coupled calculation that was designed to give
the entire energy range, especially for low energy, with thehe 33~ ground-state configuratidro?* (2s22p?) +H*, as-
theoretical cross sections being 2-3 times larger than thgmptotically]. This symmetry was chosen so as to ensure that
measurements. Relative state-selective SEC cross sectiof virtuals would not be biased to any particular molecular
were measured by Wilsoet al. [17] using translational en- symmetry under investigation. At convergence, a set or
ergy spectroscopyTES) and showed that capture into the “stack” of virtual orbitals was generated for each valence
0%"(2s?2p3s) channel dominates between 263 and 750electron. A total of 20 virtual orbitals was selected for the
eV/u, which is consistent with the calculations of GargaudSCVB expansions; the first and second stadks,..

et al. However, more recent measurements of the state~(Q?*(2s), O?*(2s’)] together contributed four virtuals,
selective SEC cross sections between 45 and 752 eV/u ko pairs of virtuals, and one pair of virtuals, while the
Beijers et al. [19] via photon emission spectroscof§ES  third and fourth stackg ¢,..~O?"(2p,.), 0?7 (2p._)]

did not reproduce the earlier results: SEC into both theogether contributed fous virtuals, two pairs ofr virtuals,
O?*(2s°2p3s) and G*(2s°2p3p) configurations was and one pair of virtuals. To improve the description of the
found to be important for energies down to around 100 eV/tentrance channels, a set of nine orthogonal natural orbitals
and capture into the O (2s?2p3p) channel dominated for (3s,3p,,3p,+,3d,,3d..,3ds;.) was imported from a

g

lower energies. In order to resolve the discrepancies amongiO-based CISD calculation on atomic

the different theories and experiments, further theoretical and Separate SCVEBnonorthogonal Qlexpansions were then
experimental investigations are required. performed for each of the four molecular symmetries, using
In this paper, charge transfer processes due to collisions @fis single set of virtuals. The SCVB configuration space for
ground-state & (2s°2p *P) ions with atomic hydrogen are each case was constructed by performing all single and
investigated using the quantum-mechanical molecular-orbitajouble vertical excitations, along with singly ionic excita-
close-coupling(MOCC) method at theL S level of resolu-  tions, that yielded configurations of the correct symmetry. A
tion. The MOCC calculations utilizab initio adiabatic po-  vertical excitation is the replacement of an occupied orbital
tentials and nonadiabatic radial and rotational coupling maby a virtual from its own stack and a singly ionic excitation
trix elements obtained with the spin-coupled valence-bongs the double occupancy of a single virtual by means of a
(SVCB) approach. Total and state-selective cross sections akingle vertical excitation along with one cross excitation. The
calculated and compared with the available theoretical angeference space consisted of the spin-coupled configuration
experimental data. Total and state-selective rate coefficienignd the dominant configuration of each excited state. The
are also presented. Section Il describes the molecular poteominant configuration for each excited state was found to
tial and coupling data utilized in the MOCC calculations, correspond directly with the appropriate asymptotic
while Sec. Il discusses the scattering calculation approachseparated-atom configuration. Additional selected excitations
Section IV presents the results of the scattering calculation the imported natural orbitals were also performed. For the
including comparisons of total and state-selective cross secs,* states, this procedure generated 562 spatial configura-
tions and rate coefficients with other theories and experitions (670 symmetry-adapted VB structuegor the *II
ments, while Sec. V briefly gives a summary of the work.states, 536 spatial configuratiofi1 symmetry adapted VB
Atomic units are used throughout unless otherwise noted. structurey, for the 33" states, 399 spatial configurations
(496 symmetry-adapted VB structufesand for the °I1
states, 410 spatial configuratiof@36 symmetry-adapted VB
structures. Additional details of the SCVB calculations are
The adiabatic potential energy curves, nonadiabatic radiajiven by Turner21].
couplings, and rotational couplings for the four symmetries A comparison of our calculated asymptotic energy sepa-
of interest ¢3*, 11, 3, and °II) were obtained using rations with experimental values and with the calculated val-
the SCVB method(see, for example, Coopest al. [20]). ues of Butleret al. [7] is shown in Table I. The maximum
This is a fully flexibleab initio technique and, as such, we deviation of the current results from the experimental energy
expect the molecular region to be described with much theeparations is in the 3" state, with an error of just 0.16
same accuracy as in the asymptotic separated-atom limit. eV; most of the other energy separations are reproduced to
We adopted a Dunning correlation-consistent basis set dfetter than 0.1 eV. In general, our asymptotic separations are
quintuple¢ quality for O-H consisting of consistently better than those of the previous study of Butler
(14s8p4d3f)/(8s4p3d) Cartesian Gaussian type orbitals et al, especially in reproducing the degeneracies between
generally contracted t¢6s5p4d3f]/[5s4p3d]. This set appropriateS ™ andIl states. All of the required degenera-

Il. ELECTRONIC STRUCTURE CALCULATIONS
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TABLE |. Asymptotic separated-atom energies for the states of OH

Molecular Asymptotic Energy (eV)

states atomic states Theory? Theory® Expt.©
133 0?*(2s%2p3s 3P+ H* —-8.01 -8.12 -8.17
1311 0?"(25%2p3s 3P+ H" —8.01 —7.99 -8.17
1137 O?"(25%2p3s PO+ H" —7.55 —7.40 —7.48
111 O?*"(2s?2p3s PO +H™ —7.54 —7.30 —7.48
201 O?*(2p* *P)+H* -6.14 —6.14
21 0?*(2s%2p3p P)+H* —5.32 —4.93 —5.26
23837 O?"(2s%2p3p D) +H* —4.83 —4.92 —4.88
31 O?"(2s?2p3p D) +H* —4.87 —4.64 —4.88
3337 O?*(2s%2p3p 39)+H* —4.30 —4.52 —4.44
213 o?*(2p* D)+ H" —4.38 —4.35
31 o?*(2p* D)+ H" —4.40 —4.35
4 311 O?*"(2s%2p3p °P)+H" —4.10 —4.10
31z O?"(2s?2p3p D) +H" —-3.35 -3.33
41 O?*(2s?2p3p D)+ H" —3.30 —3.33
413 0%*(2s?2p3p 19)+H* —2.36 —2.43
513t O?"(25%2p 2P°) +H(1s 2S) 0 0 0
43837 O?"(25%2p 2P°) +H(1s 2S) 0 0 0
511 O?"(25%2p 2P°) +H(1s 2S) 0 0 0

5 311 O?"(25?2p 2P°) +H(1s 2S) 0 0 0
&This work.

bButler et al. [7].
°NIST Atomic Spectra DatabagéO0].
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FIG. 1. The adiabati¢long dashed lingand diagonal diabati¢solid line) potential energies for the G system as a function of
internuclear distanck.
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TABLE Il. Avoided crossing distanceR, and energy separationsU(R,) for the adiabatic states of
OH®" (adiabatic labels

Molecular Final O** Ru(@0) AU V)

state state Theory? Theory® Theory? Theory®
13t _213+ 2p3s 1p° 7.54 7.6 0.647 0.968
213+ 313+ 2p* D 12.49 0.001

313t _41st 2p3p D 16.23 16.3 0.003 0.001
413t 515" 2p3p 'S 23.09 22.3 0.001 0.000
1 1-2 1 2p3s 1P° 7.73 7.6 0.870 0.968
2 M1-3'0 2p3p P 10.23 10.3 0.066 0.088
3I-4 111 2p* D 12.40 0.003

4 1-5 111 2p3p D 16.49 16.3 0.001 0.001
1357-233% 2p3s 3p° 7.18 7.1 1.078 1.117
23573357 2p3p °D 11.34 11.1 0.038 0.062
333 t_43%3* 2p3p 3s 12.76 12.2 0.012 0.020
1 %1-2 311 2p3s P° 7.27 7.1 1.077 1.177
2 °11-3 3% 2p* P 8.97 0.007

33%M-4°10 2p3p °D 11.22 11.1 0.034 0.054
4 3T1-5 °11 2p3p 3P 13.27 13.2 0.012 0.011
&This work.

bGargaudet al. [12].

cies between asymptotic states were reproduced to bettgfossings between the20(2p*)+H™ potentials and the
than 0.05 eV and the maximum deviation in the absolutq;3+(2522p)+|.|(1s) potentials (i.e., the
energies between the four entrance channels is just 0.02 ey.1y+_31s+ 311_4 1], and 231-331 avoided
The resulting adiabatic potential energy curves over th&rossingsare extremely sharp with small energy separations.

r3angeR=(2_—2_5)a0 are shown for the'x ™, 111, °3", and g g result, the nonadiabatic transition probabilities will be

I1 states in F'Q- 1. The avoided crossing dlstarﬁgsanq practically unity at all the collision energies of interest, and
the correspondT g+en1ergy segaratlckw(Rx_) are listed i poge ayoided crossings can be accurately treated as if they
Table II. For the’> ", ™11, and Il symmetries, the avoided are diabatic crossingshus excluding the g* channels from
the MOCC calculations Two other avoided crossings were

5 L@ i treated diabatically due to their sharpness: the
— 1Ty 4 1375137 avoided crossing at 23.83 (leading to the
4 § T fé_‘;,é . exclusion of the p3p S channel from the MOCC cross
b o section and the 4'I1-5 11 avoided crossing at 16.4%,
81 H X0.1 | (leading to the exclusion of thepdp D channel. None of
o | | _ the channels excluded from the MOCC calculations are
) "" thought to contribute significantly to the charge transfer cross
8 1} n . sections at the usual low collision energies of astrophysical
2 AN interest.
g O ® T Comparison of the current SCVRR, and AU(R,) is
8 8&r X0.2 | X05 T made with those obtained by Gargaeidal.[12] in Table II.
-% T \I L Differences betweeR, are less than 0.2f except for the
8 6 e 253y | T 4'3*-51%" and 3°% -4 33" avoided crossings. More
'5(3 i 33f—4;2+ | important, however, are the energy splitting&Rat For all of
4r . ;sg:iag | T the dominant capture channels, the splittings calculated with
— N-5T ; the model potential method by Gargaedal. are somewhat
2r ! 7 larger than the current results. The differences are important
'U as the electron capture cross sections are known to depend
1 :u/\_._ Y 1 1 1+ 1
0 sensitively onAU as will be shown below.

2 4 6 8 10 12 14 16 18

Internuclear distance (a.u.) The computed radial couplings between the adiabatic

stategmatrix elements o/ JR) are illustrated in Fig. 2. The
FIG. 2. Computed nonadiabatic radial couplings for the0H couplings were calculated using the central difference ap-

system as a function of internuclear distaftg@ 2" and 1; proximation with the electronic coordinate origin at the cen-

(b) 337 and °11. ter of mass. The peaks corresponding to the avoided cross-
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lecular eigenfunctions. In the adiabatic representation, tran-
sitions between channels are driven by eleméradial AR

and rotationalA?) of the vector potentiaA(Ii), whereR is

the internuclear distance vector. Since the adiabatic descrip-
tion contains first-order derivatives, it is numerically conve-

g nient to make a unitary transformati¢f,22], which is af-
o fected by the radial portion ofA(R), to a diabatic
% representation
>
8 U(R)=W(R)[V(R)~P(R) W }(R) 2
.§ where U(R) is the diabatic potential matrixy(R) is the
g diagonal adiabatic potential)/(R) is a unitary transforma-
o ‘ ] oodi . £\ L tion matrix, and the components of the rotational coupling
A O T matrix are
-0.5 .«\ /] 13):+—33H o 232+—53H — 432+—13H -
1k }f'/ e %' — = 31 s 4% 3T 1
Y —— i3S - 33 e 4T 4 ] Pmn=*——[(IFAn) (I =N+ DIYAL 0N m A n = 1)
— P e 34— 425 uR
-2 F %3 —a 35T . (3)

25 L L L L . . L
2 4 6 8 10 12 14 16 18  (gg. [25]), whereu is the reduced mas$,is the total an-
Internuclear distance (a.u.) gular momentum, andl is the component of electronic an-
gular momentum along the internuclear axis.
The electron capture cross section from initial chamnel
final channelj is given by

FIG. 3. Rotational couplings for the GH system as a function
of internuclear distancB. (a) Singlets;(b) triplets.

ings are smooth, well defined, and centered on, or near, the .

positions of the avoided crossings. The couplings between o= 2 (23+1)|S; |ZJ (4
nonadjacent states are much smaller than those between ad- ki 3

jacent states and were found to have a negligible effect on o

the form of thep-diabatic potential energy matrices. As a Where theS matrix is

consequence, they could be reset to zero for all internuclear _ a1y

separations. Using the nonadiabatic radial couplings, we Sy=[I+IK I =1K ], ®)
transformed each set of molecular data to pkaiabatic rep-
resentation by a unitary transformation to eliminate first-
order derivative$9,22]. The diagonal elements of the result-
ing p-diabatic potential energy matrices are displayed in Fig
1. All of the elements of th@-diabatic potential energy ma-
trices vary smoothly over the entire range of internuclea
separations.

Rotational couplings between the adiabatic stétestrix
elements of the fornW;|iL,|¥;)) have been computed us-
ing the Lawvdin formula[23] for matrix elements between
nonorthogonal determinants constructed from nonorthogon
spin orbitals. These couplings drive transitions betwee
states of the same spin, but of different spatial symmetry.

The couplings between thes * and I states are shown in IV. RESULTS AND DISCUSSION
Fig. 3(@), while the couplings betweeRS ™ and °II states
are shown in Fig. @). We neglect rotational coupling to
135~ and 1°A states.

and k; is the initial momentum. Th& matrix is obtained
from the scattering amplitude after a partial-wave decompo-
sition (e.g.,[22]) and | is the identity matrix. The coupled
scattering equations are integrated using the log-derivative
lmethod of Johnsom26]. In this work, electron translation
factors(ETFs; e.g.[24]), which are often used to modify the
molecular eigenfunctions to remove asymptotic couplings
between atomic states that are connected by dipole transi-
tions, are not included. The influence of ETFs is expected to
t,:lae important folE>1-5 keV/u(e.qg.,[27,29), which is be-
r}/ond the maximum calculated energy of this work.

The total and state-selective cross secfiars calculated
with and without rotational couplings. Without rotational
coupling, the calculations are performed according to the
symmetry 13 (three-channel MOCE 33" (four-channel
IIl. SCATTERING THEORY MOCC), Qi (three'Channel MOCI: and °I1 (fOUr'ChannE|

MOCC). With rotational coupling, there are interactions be-
The quantum-mechanical MOCC method, which we only

briefly discuss here, has been described thoroughly in the——
literature [22,24]- It involves solving a coupled set of Icomplete numerical cross section and rate coefficient data can be
second-order differential equations. Its solutions are the eXobtained from the authors or from the ORNL-UGA Charge Transfer

pansion coefficients, or scattering amplitudes, of the totabatabase for Astrophysics webpage URL: cfadc.phy.ornl.gov/astro/
system wave function expanded over a truncated set of m@s/data.
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MCLZ method decreases, and by 400 eV/u, the MCLZ cross

o section is only about half of the MOCC resullt.
. i’:’h?f;g]uf 14 All of the previous calculation$9,10,19 are 2-5 times
el

larger than the present MOCC results. Although all of the

< \\ .......... * Aufgggevai[tflﬁc earlier results were obtained with the quantal MOCC

S| \\ ~~~~~~~~~~~~~~ * -—- McLz o method, the differences in the total cross sections probably
o \ OBeijers [19] can be attributed to the different molecular structure calcula-
— \ . .

g 40 1 N g tions.

5 \ } For the collisional energy range G&E=< 1000 eV/u, the

e T iy 1 present total MOCC cross section is in good agreement with
8 Havener et al's measurement{15,16]. For 0.1<E<0.8

S 20

eV/u, only two measured points exist, which are about 30%
larger than our calculations. But, if the uncertainity in the
beam energy due to an estimated energy spread of 0.1 eV/u
at a collision energy of 0.1 eV/L6] is considered, the cur-
rent calculations fall just below the left corner of the uncer-
tainty box of the 0.17 eV/u measurement. Havesteal. [ 16]
proposed that a finite fraction of the’©ion beam might be
calculation with rotational couplingthick — with filled squareg In the.($2p2 ‘P) metr?lstable Sta’[e,.DOSSIbb/ contrlbutlng, at
Gargaudet al. [12] (thick - -), Bienstocket al. [10] (thick - - )., least in part, to the discrepancy with previous calculations.
Heil et al. [9] (x), MCLZ (thin - -). Experiment: Phaneuét al. However, using t.he MCLZ method with empirical param-
[14] (open diamonds Haveneret al. [15] (open triangles down eter§[30], we e_st|mate the metastable charge transfer cross
Haveneret al. [16] (open triangles up “corrected” Beijerset al.  S€ction to be slightly smaller than the ground-state cross sec-
[19] (open circles tion in this energy range. Therefore, metastable contamina-
tion of the ion beam does not appear to be significant enough

) , to account for the discrepancy between the merged-beam
tween states with the same spin angular momentum so tha{e g\ rements and the previous calculations or the minor dif-

two sets +°f calclulat|ons are performed, one for the singlefgrences with the current results for &E<0.8 eV/u. Fur-
st'ates S, r;;ndJr 11 (s;x-chgnnel MOCC and one for the ther, the local minimum near 5 eV/u in the experimental total
triplet states®> ™ and *I1 (eight-channel MOCL The total ;555 section is only present in the current quantal MOCC
and state-selective cross sections are obtained according fQqits for the ground state, but not for the metastable state.
the statistical weights of the different symmetries. This gives some additional evidence to suggest that the con-
tribution from the metastable state is negligible, although the
level of uncertainty is far greater in the MCLZ calculation as
opposed to the MOCC results.

Figure 4 shows the total MOCC cross section for the col-  Another possibility for the low-energy discrepancy might
lisional energy range between 0.1 and 1000 eV/u comparege related to the fact that the measurements of Havestra
to the available calculations and measurements. At low colf15,16 below 834 eV/u where made wiita D beam. To test
lision energies €1 eV/u), the cross sections display the this, we made MOCC calculations forPO+ D for energies
typical Langevin E-Y2 behavior. At about 4 eV/u, the between 0.1 and 10 eV/u. As expec{d®,2d, the D cross
present MOCC total cross section reaches a local minimunsection was found to bemallerthan the cross sections for H,
and then increases slowly to a local maximum at about 20@ut only by about 3%. The kinematic isotope does not appear
eV/u. When the collisional energlg>200 eV/u, the cross to be significant for this particular collision system, at least
section decreases slowly with increasing energy. WBen in regard to the total cross section.
<10 eV/u, the differences between the current total MOCC For E>40 eV/u, a number of other experimental results
cross sections with and without rotational coupling are smalbre available including the measurement of Pharesul.
(<4%), demonstrating that rotational coupling is not impor-[14] which appears to overestimate the total cross section. In
tant at low energy. With increasing energy, rotational cou-the Beijerset al. [19] experiment, PES of the product ions
pling becomes more important with the differences of thewas used to determine absolute state-selective cross sections.
cross sections increasing, but only slightly. At about 100In principle, if one could measure all of the emission from
eVl/u, the differences reach a maximum, where the cross sethe dominant capture channels, then the total cross section
tion including rotational coupling is 6% higher than that could be obtained from the sum of the state-selective cross
without rotational coupling. In general, for total cross sec-sections. However, only a portion of the transitions could be
tions, rotational coupling is not important in the energy re-measured due to the limited wavelength window of their
gion studied. Cross sections were also calculated with thdetector. Therefore, the state-selective cross sections are in-
multichannel Landau-ZenéMCLZ) method using empirical ferred from the measured emission cross sections in conjunc-
parameter$30,31. At low energy E<10 eV/u, the MCLZ tion with spontaneous transition probability branching ratios.
cross section is in good agreement with the MOCC resultsHowever, as will be discussed more fully in the next section,
With increasing energy E>10 eV/u, the accuracy of we found that the adopted branching ratios are not reliable

Energy (eV/u)

FIG. 4. Total SEC cross sections foP O+ H. Theory: present

A. Total cross sections
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40 B T T T T TABLE lll. Wavelengths §) and branching ratioéBR) of cas-
iccion i 3p 3
* Heil 9] cade emission lines for©(2p3p °P,°D).
30 F x Roueff [11] 1
V Hoekstra [18] Upper state
R O Beijers [19] 4
20 AWilson [17] 2p3p °P 2p3p °D
—~ — —- Gargaud [12]
g 10 J Lower state N (nm) BR N (nm) BR
(&)
o 2s2p3 3s° 96.82 0.0032
5 99.3P 0.0036°
2p3s 3p° 304.12 0.5312 376.22 0.509?
304.7° 0.732° 377.2° 0.649°
2s2p® 3p° 63.32 0.064% 65.92 0.3182
63.6° 0.156° 65.9° 0.310°
2s2p° °D° 55.42 0.4012 57.42 0.1732
55.4° 0.109° 57.4° 0.041°

dCalculated from Wieset al. [32].
Energy (eV/u) bBeijerset al.[19].

FIG. 5. State-selective cross sectiong) Capture to state
O?"(2p3s); (b) capture to state & (2p3p). Theory: present cal-
culation with rotational couplingthick — filled squares present
calculation without rotational couplingthick --- with filled
squarey Gargaudet al.[12] (thick - -), Heil et al.[9] (x), Roueff
and Dalgarndg11] (X ). Experiment: “corrected” Beijergt al.[19]
(open circleg Wilson et al. [17] (open triangles up Hoekstra
et al.[18] (open triangles down

pling is considered. Rotational coupling tends to decrease the
larger cross section and increase the smaller one.
Compared with other theoretical calculations for capture
to O’ (2p3s), the present results are in agreement generally
to within 50%. However, for capture to the?0(2p3p), all
of the previous calculation®,11,13 appear to have overes-
timated the cross section, especially for energie) eV/u.
This cross section is dominated by capture 8@ 3D and

when compared with a critical compilatigB82] resulting in Table II shows tr;at the potential splittingsU(Rx)_ of Gar-
errors of about 30%—50%, which translate into enhancegaudet al. are 60% larger than those calculated in this work,

ments of 30%—100% for the cross sections. The “corrected’WhiCh likely aqcount.s for the discrgpapcy. The diﬁerence in
experimental data from the Beijees al. [19] work are pre- the 2p3p configuration cross section is responsible for the

sented in Fig. 4. After these corrections are made, the preseRYeris:'n:ﬁt'on of the totalt crofsli sectg)nls |1n5 Tg' 4 as com-
MOCC cross section is in good agreement with Beijer ared 1o thé measurements of Havee al. [15, 6].' .
et al’s data. It is unknown whether a similar problem exists Three state-selective measurements are available for this

- llision system, which include the previously mentioned
in the measurements of Hoekstal. [18]. Over the whole co ’ -
energy range considered, the present MOCC caIc:uIationFs)ES results of Hoekstret al. [18] and Beijerset al. [19] as

show the best agreement to date with the measurements. well as the TES e>$pe”me”t of WI|SCRT al. [17]. While ab-
solute state-selective cross sections at lti¥elevel can be

inferred with the PES method (in this case
2p3s PO 3P 2p3p 3S,°P,3D), only relative cross sec-
State-selective cross sections for capture to configurationgons at the configuration levéi.e., 2p3s and 203p) can be
0?*(2p3s) and G (2p3p) are shown in Fig. 5. In the obtained via TES. However, there appear to be some diffi-
low-energy regime, capture to’0(2p3p) dominates. With  culties with the reported PES results. As discussed above, the
increasing energy, capture to®Q2p3s) becomes impor- branching ratios adopted in Rdfl9] are inaccurate com-
tant; whenE>20 eV/u, it begins to dominate over capture to pared to those obtained from Wieseal. [32], as shown in
O?"(2p3p). This is because capture t&Q(2p3s) occurs  Table Ill. Using the new branching ratios, we corrected the
at intermediate avoided crossing distandes(7—8)ag], data of Ref.[19] which resulted in increases of the cross
while capture to &*(2p3p) proceeds through long avoided sections by 30—-100 %. Two other issues appear to compli-
crossing distancep~10-13,]. Similar behaviors can be cate the measurements of Beijetsal. [19]: (i) a 12% meta-
found in Gargauckt al’s calculationg 12] and the measure- stable contamination of the oxygen ion beam &inda par-
ments of Wilsonet al. [17]. tially dissociated 70% neutral H-H target beam.
Figure 5 also shows MOCC results with and without ro-Because some fraction of,Hs present in the target beam, a
tational coupling. At low energy<40 eV/u, the cross sec- PES measurement must first be made for a puyebébm
tions with and without rotational coupling are similar; how- with the resulting spectrum subtracted from the composite
ever, the differences increase with increasing energy. WheHl-H, spectrum. Beijerset al. [19] report significant cross
E=700 eV/u, the cross section for capture t8"(2p3s) section magnitudes for capture to all of th8 states except
decreases 25%, while the cross section for capture t@8p3p 3S following O*" collisions with H,. However, for
O?"(2p3p) increases by a factor of 3 when rotational cou-collisions with ground-state ¥ the 2p3p 3P,°D capture

B. State-selective cross sections

012710-7



WANG et al. PHYSICAL REVIEW A 67, 012710(2003
10° . ——————rr crossings for the @3s states are in optimal locations be-
E (a) —— MOCC P S
——- Gargaud [12] tweenR,~8a, and 1Hh,, indicating significant cross sec-
10' b D Wilson [17] 1 tions, in harmony with experiment. Considering that there is
ko T & gggﬁngﬁé}al a significant metastable population in the ion beam, it is
g’i 10° o~ 2 v 7 = I 1 worth considering what contribution it might make to the
> L S

olriplel/ Gsinglct
—
(=]

p
O Beijers [19], 3s

10’

10°

Energy (eV/u)

PES spectra. Given that the metastable state is a quartet, only
triplet O** ions will be generated so that the singlets are
completely unaffected by the presence of the metastable
state. We have estimated the avoided crossing distances for
0% (2s2p? “P) collisions with H, into O°™ triplet states to

be ~4a, (2p3s), ~5ay (2p3p), ~(7-7.58, (2p3d),
~13a, (2p4s), and ~20a, (2p4p). It therefore seems
likely that the PES measurement for the triplgt3®» states

for the neutral H beam is due to the ¥ metastable state,

via either direct charge transfer or cascade from th&8®

and 2p4s states with little contribution from the 0 ground
state. Further, the PES signal due to the383P° is also
affected by cascades resulting from capture due to the meta-
stable state, although it is probably dominated by direct cap-
ture from the 3" ground state, it being the primary channel
[21,34). This implies that subtraction of the triplet spectrum

FIG. 6. The ratios of state-selective cross sectigasCapture
to O°"(2p3p) and G ' (2p3s). Theory: present calculatiof—),
Gargaudet al. [12] (- -). Experiment: Wilsonet al. [17] (open
squares Hoekstraet al. [18] (open triangles up “corrected”
Beijers et al. [19] (open circles (b) Triplet-singlet cross section

due to H from the composite H-K spectrum results in an
erroneous triplet H spectrum, and therefore triplet state-
selective cross sections of unknown reliability, particularly
for the 2p3p states, but less so forpds 2P°. The situation

ratios: total SEC cross sectida-), 3s state(- -), 3p state(—-),

measurement for capture to the 8State[19] (open circle.

channels are found to be diabatic with avoided crossing di
tances of~19.7a, and ~17.8,, respectively[21,34]. Ex-
amination of the O™ potential surfaces reveal no short-
range, endoergic avoided crossingsRyE 5, indicating that
possible crossings would have effective thresholds of at lea
7 eV/u. This suggests, contrary to the PES measurement
that state-selective cross sections for capture to {h&p2
configuration should be small. On the other hand, avoide

10

°

-
(=]

6(10"%cm’)

10°

Energy (eV/u)

is further complicated by captures through metastable colli-
sions with H which have avoided crossings of
=<4a, (2p3p), ~6a, (2p3d), ~9a, (2p4s), and

s (11-12), (2p4p) indicating that, while direct capture is

probably not important, cascade contributions are. Therefore,
while we do compare to the “correctedVia branching ra-
tios) PES measurements in Figs. 5-7, it may not be particu-

&rly useful when the triplet states are involved. Fortunately,

hile the TES measurements do have problems of meta-
Stable ion beam contamination and undissociatgd tHey

§re more easily separated out in energy-change spectra.

Keeping the concerns about the PES measurements dis-
cussed above in mind, we see in Fig. 5 that the prespBp2
MOCC cross section as well as that of Gargaaidil. are
much smaller than the measurement of Beigtral. On the
other hand, the current results are in good agreement with
both the measurements of Hoeks#riaal. [18] and the TES
results of Wilsoret al.[17], where in the latter case we have
normalized the relative experimental cross sections to our
total MOCC cross section.

The agreement between experiment and theory is im-
proved for the »3s configuration. The measurements of
Wilson et al. and Hoekstraet al. are both consistent with the
current MOCC calculations, while the Beijegs al. result is
in agreement foE=166 eV/u. For smaller energies, the dis-
crepancy is due to the sudden drop of the38 P° cross
section which may be related to the complications of the
metastable contamination.

In Fig. 6(a), the cross section ratio (Bp/2p3s) is plot-
ted. The Beijerset al. measurementl9] appears to overes-
timate the ratio when compared to the experiment results of

FIG. 7. MOCC state-selective cross sections for capture to dif\Wilson et al. and Hoekstrat al. and the current calculations
ferent LS terms of G*(2p3l). Present theory: lines with filled and those of Gargaudt al, giving further indications of

symbols; “corrected” experimentl9]: lines with open symbols.

difficulties in the former experiments.
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S T T T -3 N T T T
. . P2 TN
10" D il 2 ] —— Present MOCC
W P R B Gargaud [12]
S -—-~-- Dalgarno [8]
3 — — —- Kingdon [33] .
o0 < Church [13]
S0 | .
10°F P, A Mag TR 1 5
o 8
=} =
5 8
= 2
® y /oo *-- -0 oo &
VA i A - =G N
_ i - RS NN \
107 ) © AN
o o/ @
s b N S 10° . . .
p G S R 10° 10° 10° 10° 10°
g0, A DW'”‘“‘>~--1>.|>Q Temperature (K)
Ko
2 il 1 1 1 1 .
10 107 4 0 0 0 10 FIG. 9. Total SEC rate coefficients. Theory: present MOCC
Energy (eV/u) (—), Gargaudet al.[12] (- --), Dalgarnoet al. [8] (- -), Kingdon

and Ferland33] (- -); experiment: Church and Holzscheifé13]
FIG. 8. MOCC state-selective cross sections with and without(open diamonds
rotational coupling. With rotational coupling: lines with filled sym-
bols; without rotational coupling: lines with open symbols. and the procedures used to deduce the state-selective cross
. ) ] sections. The one encouraging point is the reasonable agree-
In some astrophysical models, in particular that due tanent for the 23s P° state which is the only one believed
x-ray emission following charge transfg85-37, the result- ot affected by the metastable.
ing population within triplet and singlet states is assumed to  pye to the limited detector wavelength range, Beijers
be according to spin statisti¢se., 3:1, because of the lack gt g). [19] were not able to measure the PES spectra for
of experimental and theoretical data. Ratios of triplet to Si”'captures to & (2p3p 1S,'P,'D). However, in the earlier
glet cross sections for O +H are plotted in Fig. ). The  eyperiment of Hoekstrat al.[18], the authors obtained cross
ratio for the total cross section is in general agreement Witiection upper limits of 0.8 10726 cn for 02" (2p3p 1P)
the statistical value to within 30%. However, for capture tognq 0.5¢ 10716 cr? for O2* (2p3p 1S,!D) at a collision en-

the 2p3s and p3p configurations, the simple statistical ergy of 1.5 keV/u. These upper limits are consistent with the
treatment is shown to fail, a trend that was noted previouslyrrent calculations.

for collisions of N'* with H [38,39. For the 23s configu- The state-selective cross sections are extended to lower
ration, the ratio falls below the statistical value as the energynergies in Fig. 8. For E<2 eV/u captures to
decreases, in general agreement with the PES measurem@m(ngp 3p 1p,°P) dominate while at higher energy
of Beijers et al,, although the discrepancy in the lowest- (>20 eV/iy O?*(2p3s 'P°3P°) are the most important.

energy point at 101 eV/u is again related to metastable concomparison of the cross sections with and without rotational
tamination. This behavior is a consequence of the depen-

dence of low-energy state-selective charge transfer cros B T : PAMM phia
sections on the detailed quasimolecular structure of the col ' s P ol

lision system. Surprisingly, the departure from the statistical Dm_:;_q—-éﬁ-_‘ﬂ -
value increases with energy for th@2p configuration. The R P acFT N T
current calculations suggest that the assumption of a statisti
cal triplet-singlet ratio could introduce an error of a factor of I: _______ foep-="" T .

a few to an order of magnitude in emission models. § . o = grale

Gl
-
o

LS-resolved state-selective cross sections for capture tc
0?"(2p3s P°,3P°) and G*(2p3p 'P,'D,3S,%P,°D) are
shown in Figs. 7 and 8 with comparison to the measurement:
of Beijerset al. [19] given in the former. The cross section
for capture to " (2p3p 1S) was not computed as it was
treated diabatically because its long-range avoided crossint 42 e
(23.0%,) is extremely sharp as discussed in Sec. Il. The P S
current MOCC cross sections for capture to [~ o
O?"(2p3s 1P°,3P%) are generally larger than experiment, 1o s - -
while the calculations for capture to?’®(2p3p 3S,°P,°D)
are significantly smaller, being consistent with the results
given in Fig. 4. As stated earlier, the discrepancy for the FIG. 10. State-selective SEC rate coefficients. Present MOCC
triplet 2p3p states and thef@s 3P° term is likely related to  calculationg(lines without symbols Gargaudet al.[12] (lines with
the metastable contamination of the experimental ion bearmapen symbols Dalgarnoet al. [8] (lines with filled symbolg

-11

10

———

Rate coefficient (

Temperature (K)
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TABLE IV. MOCC SEC rate coefficienta (cn® s™1) for O** + H as a function of temperatuf® Fitting parameters;(cnt s™1), by,
andc; (K) for the relationa(T) = 3;a,(T/10 000fiexp(—T/c;) are given at the end of the tabl&umbers in square brackets denote powers
of 10)

T (K) 3s tpo 3s3p° 3s 3ptP 3p D 3p 3s 3p P 3p °D 3p Total

100 1.23-12] 1.71-13] 1.41-12] 1.11-10] 1.04-11] 1.83-11] 5.79-11] 7.50-10] 9.49-10] 9.50—10]
200 1.34-12] 259-13] 1.60-12] 1.74-10] 9.54-12] 1.7§-11] 6.5§—11] 8.39—10] 1.11-09] 1.11—09]
400 1.54—-12] 3.70-13] 1.91-12] 2.3§-10] 9.1-12] 1.69—11] 7.54—11] 9.04-10] 1.24—09] 1.24—09]
600 1.7%5-12] 4.64-13] 2.29-12] 2.71-10] 9.14-12] 1.60—11] 8.29-11] 9.2§-10] 1.31—09] 1.31—09]
800 2.01-12] 550-13] 2.5§-12] 3.03-10] 9.43-12] 1.53-11] 8.79-11] 9.39-10] 1.3§-09] 1.3§—09]
1000  2.33-12] 6.34-13] 2.9§-12] 3.29-10] 9.89-12] 1.49-11] 9.0§-11] 9.50—10] 1.394—09] 1.39—09]
2000  5.0%-12] 1.1§-12] 6.20-12] 3.7§-10] 1.24-11] 1.40-11] 9.80-11] 9.83-10] 1.4§—09] 1.49—09]
4000  15%-11] 3.55-12] 1.90-11] 4.1§-10] 1.64-11] 1.50-11] 1.04—10] 1.04—09] 1.57—09] 1.5§—09]
6000  3.1{-11] 9.0§-12] 4.04-11] 4.33-10] 1.97-11] 1.74-11] 1.04-10] 1.03-09] 1.61—09] 1.65—09]
8000  5.08-11] 1.89-11] 6.91-11] 4.41-10] 2.27-11] 2.0§-11] 1.0§—10] 1.09-09] 1.64—09] 1.7 —09]
10000 7.35-11] 3.19-11] 1.09-10] 4.4-10] 2.54-11] 2.40-11] 1.09-10] 1.09-09] 1.66—09] 1.76—09]
20000 2.17-10] 1.49-10] 3.6d—10] 4.54-10] 3.69-11] 4.44-11] 1.1§-10] 1.09—09] 1.74—09] 2.10—09]
40000 5.64-10] 5.60-10] 1.14-09] 4.49-10] 5.39—11] 8.44-11] 1.30—10] 1.14-09] 1.8§—09] 2.9§—09]
60000 9.28-10] 1.09—09] 2.01-09] 4.44-10] 6.74—-11] 1.20-10] 1.43-10] 1.19-09] 1.9§—09] 3.99—09]
80000 1.28—09] 1.66-09] 2.94-09] 4.41—10] 7.8§-11] 1.53-10] 1.59-10] 1.24—09] 2.07—09] 5.01—09]
100000 1.6B-09] 2.29-09] 3.8§—09] 4.3§—10] 8.89-11] 1.83—10] 1.67-10] 1.29-09] 2.17—09] 6.04—09]
200000 3.1p-09] 5.19-09] 8.3§—09] 4.34-10] 1.29-10] 3.11-10] 2.27-10] 1.56-09] 2.66—09] 1.1q—08]
400000 5.5p-09] 1.03-08] 1.59-08] 4.49-10] 1.79-10] 5.3§-10] 3.74-10] 2.04—09] 3.64—09] 1.99—08]
600000 7.3p-09] 1.45-08] 2.1§-08] 4.64-10] 2.19-10] 7.50—10] 5.34-10] 2.56-09] 4.53—09] 2.64—08]
800000 8.7p-09] 1.80-08] 2.67—08] 4.90-10] 2.4§-10] 9.50—10] 6.94—10] 2.99-09] 5.3§—09] 3.21—08]
1000000 9.9p-09] 2.04—08] 3.04-08] 5.13-10] 2.64-10] 1.14-09] 8.49-10] 3.3§—09] 6.11—09] 3.6 —08]

a, 6.57—11] 2.3§—-11] 9.53-11] 4.30—-10] 2.59-11] 2.50—11] 1.1d—10] 8.84—-10] 1.37-9] 8.84—10]
b, 1.48 2.21 1.75 1.42-2] 5.3§-1] 8.61-1] 113-1] 154-1] 1.8§-1] 8.51—1]
¢ 4.795] 2.195] 3.405] —1.377] 7.796] 5.446] —6.305] —1.466] —1.4§6] 5.646]
a, 1.71-12] 1.87-12] 1.61-12] -1.09-10] 2.5§-12] 1.9§—11] —2.97-11] 5.2§-10] 9.6—10] 2.14—9]
b, 6.19-1] 5.43-1] 3.80-1] —2.20-1] —2.69-1] 2.0§-2] —-8.46-2] 123-1] 2.20-1] 1.84-1]
c, 7.792] -1.495] -1.095] 1.613] 1.143]  2.143] 5.791] 7.563] 7.243]  1.044]

coupling is also shown in Fig. 8. Inclusion of rotational cou-  Figure 10 showd S-resolved state-selective rate coeffi-
pling generally results in an increase in the cross sections afients for capture to € (2p3s !P°3P° and
the 2p3p triplet states and particularly at the higher collision 0?*(2p3p 'P,'D,3S,°P,3D). The current results are found
energies. The effect of rotational coupling is less pronouncegh be smaller than the calculations of Garganal.[12] and
for the 2p3s and the singlet @3p states. Enhancements due palgarnoet al. [8] for all of the 2p3p states, but generally
to rotational coupling appear to increase with increasingarger for the 3s states. It is difficult to estimate the accu-

avoided crossing distances. racy of our results in light of the complexities in the
o LSresolved state-selective cross section measurments of
C. Rate coefficients Beijerset al. [19], but given that the current configuration-

Rate coefficients were computed by extending the crosgesolved cross sections are in best agreement with the mea-
sections calculations to lower ener¢fy.1 meV/y and aver- surements of Wilsoet al.[17], we would expect the present
aging the cross sections over a Maxwellian velocity distribu-L S-resolved rate coefficients to be the most reliable. Some
tion. Total rate coefficients are plotted in Fig. 9. Comparisonnumerical data and fits to these rate coefficients are presented
with other calculationg8,12] and one experimental point in Table IV. The fits do not deviate from the computed rate
[13] shows the current results to be smaller by a factor ofcoefficients by more than 20% for 40T < 10° K, except for
~2. This discrepancy is a direct reflection of the differenceghe 2p3p 1P where the fit is only valid foff >50 K. For the
noted for the total cross sections displayed in Fig. 4. As ou2p3s states the maximum deviation is30% for T>700 K,
total cross section is in close agreement with the mergedsut worse for smallefr although the rate coefficients become
beams measuremetjtiss,16], the current rate coefficients are small.
expected to be the most reliable to date. Currently, most as- Fine-structure-resolved rate coefficients will be calculated
trophysical photoionization models use the recommendeih the future. It would be preferable to resolve the discrep-
rate coefficient fit of Kingdon and Ferlan®3] which is  ancies between experiment and theory for t&resolved
based on the Gargauet al.[12] calculation. cross sections before hand. In the mean time, fine-structure-
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resolved rate coefficients can be estimated by multiplying thédowever, there are significant differences between our
current MOCC LS-resolved rate coefficients by the LS-resolved state-selective cross sections and the measure-
J-resolved cross section ratios fb ; and ®P; calculated by ~ments of Beijerset al. [19] which we suggest are due to a
Roueff and Dalgarn$11]. Roueff and Dalgarno noted that combination of metastable contamination of the experimen-
the ratios did not differ significantly from statistical values tal ion beam and partial dissociation of the neutral hydrogen
(i.e., 22+1). beam. New state-selective measurements are needed to sort
out the discrepancies. Our calculations also show that rota-
V. SUMMARY tional coupling is not important for the total cross section, at

least forE<1 keV/u, but that its contribution increases with

Quantum-mechanical MOCC calculations have been preanergy for state-selective cross sections, particularly at the
sented for electron capture following®® collisions with H | 5 resolved level.

over the energy range from 0.1 eV/u to 1 keV/u. Total and
state-selective cross sections and rate coefficients are pre-
sented. Comparison with the existing experimental and the-
oretical data shows our total and configuration-resolved J.G.W. and P.C.S. acknowledge support from NASA
(2p3s and 2p3p) cross sections to be in better agreementGrants No. NAG5-9088 and No. NAG5-11453. We thank
with the experimental results than previous calculationsBernard Zygelman for use of his MOCC code.
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