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Ab initio study of charge transfer in B>* low-energy collisions with atomic hydrogen
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Charge transfer processes due to collisions of ground stat¢2B 2S) ions with atomic hydrogen are
investigated using the guantum-mechanical molecular-orbital close-coupli©gC) 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 the existing experiments shows our results to be in good agree-
ment. WhenE<80 eV/u, the differences between the current total MOCC cross sections with and without
rotational coupling are smalk{(3%). Rotational coupling becomes more important with increasing energy: for
collision energiefEE>400 eV/u, inclusion of rotational coupling increases the total cross section by 50%—
80%, improving the agreement between the current calculations and experiments. For state-selective cross
sections, rotational coupling induces mixing between different symmetries; however, its effect, especially at
low collision energies, is not as important as had been suggested in previous work.
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I. INTRODUCTION Cullough et al. [1], of Crandallet al. [3] and of Gardner
et al.[4] agree closely over all the coincident energy values.
Electron capture, or charge exchange, is an important This system has been studied theoretically by Crothers
atomic collision process in astrophysical and laboratory enand Todd[5] using the phase integral of the two-state expo-
vironments. It can influence the plasma ionization balanceéential model within the impact parameter formulation. They
and the ion emission spectrum by populating excited stategalculated the total SEC cross section but only considered
This spectrum can also be used as a tool to diagnose plasmgpture to B (2s? 1S). Their calculated cross sections are in
properties. In controlled thermonuclear fusion research, thﬁisagreement with the experimental data. This is probably
walls of most plasma fusion devices are coated with borong, ;e to the fact that only one SEC channel was treated. A
Due to erosion of the wall, a number of boron impurities will -« recent theoretical study by Honvaettal. [6] consid-
appear at the edge of the plasma. The charge transfer pri'red SEC to additionat%, " and 71 states between 0.1
cesses between boron impurities and H or He beams wil nd 190 keV. The adiabatic potentials and nonadiabatic radial

play |m.po.rtant roles in the plasma ionization balance and th%nd rotational coupling were computed using thesi [7]
ion emission spectrum.

In this paper, we study the charge transfer processes comjguranon mtergchor(Cl) me_thod. Those adiabatic po-
tentials and nonadiabatic coupling were then used to calcu-
B2*(2s 2S)+ H(1s)—B*(25%,252p 257 1L)+ H*. (1) late totgl and stat.e—selecu_ve Cross secuon; via a semiclassical
scattering formalism. Their total cross sections reproduce the

Experimentally, total single electron capty&EQ cross sec- experimental results much better than did the earlier study of

tions for this system have been measured using an electr&rothers and Tod@]. _ _
static deflection method, with a tungsten furnace generating [N this work the guantum-mechanical molecular-orbital
the atomic hydrogen, by McCullougét al. [1] (0.8 to 40  Close-couplinggMOCC) method is used. The MOCC calcu-
keV) and by Goffeet al. [2] (100 to 2500 keY. Crandall lations utilizeab initio adiabatic potentials and nonadiabatic
et al. [3] (10 to 30 keV and Gardnert al. [4] (12 to 46 radial and rotational coupling matrix elements obtained with
keV) used an electrostatic deflection method but with a stanthe spin-coupled valence-bond approach. Total and state-
dard H, gas cell heated to 2350 and 2500 K, respectively, teselective cross sections are calculated and compared with the
generate the hydrogen atoms. The cross sections of M@&vailable theoretical and experimental results. Total and
state-selective rate coefficients are also presented. Section Il
describes the molecular potential and coupling data utilized
*Present address: Department of Chemistry, University of Edinin the MOCC calculations, while Sec. Il discusses the scat-
burgh, West Mains Road, Edinburgh EH9 3JJ, U.K. Electronic adtering calculation approach. Section IV presents the results

dress: Andrew.Turner@ed.ac.uk of the scattering calculation including comparisons of total
"Electronic address: dic@liv.ac.uk and state-selective cross sections with other theories and ex-
*Electronic address: wangjg@physast.uga.edu periments, while Sec. V briefly gives a summary of the work.
SElectronic address: stancil@physast.uga.edu Atomic units are used throughout unless otherwise noted.
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TABLE |. Asymptotic separated-atom energies for the statgBéf]>".

Energy(eV)
Molecular Asymptotic
states atomic states Theofy Expt®
113+ B*(2s? 15)+H* —11.76 —11.56
1337 B*(2s2p 3P%) +H" —6.96 —-6.93
1311 B*(2s2p 3P%) +H" —6.95 —6.93
2157 B*(2s2p PO +H" -2.21 —2.46
11 B*(2s2p P°)+H* —2.23 —2.46
313+ B?"(2s 2S)+ H(1s%9) 0.0 0.0
2337 B2"(2s 2S) + H(1s%9) 0.0 0.0
&This work.

PNIST Atomic Spectra Database, 1999.

Il. ELECTRONIC STRUCTURE CALCULATIONS

selection of virtual orbitals and on the construction of the
CVB expansions can be found [ih0]. The basis set used

here is somewhat smaller than those used in our previous

studies of charge transfer processes, and the SCVB expan-

sions are also much shorter. Our original aim was to inves-

technique and, as such, we expect the molecular region to g;L;gate previous claims about the dominant role of rotational

described with much the same accuracy as the asymptotﬁ:o'“'p“ng’ even at low energy. Nongtheless, n spite of _the
separated-atom limit. smaller scale of the present calculations than in our previous

A Gaussian basis set of TZV@iple zeta valence polar- worl§, the overall agreemen_t with experimental total cross
ization) quality (taken directly from thesAMESs-UK package ~ SECtions turns out to be satisfactory. Further, we do not in-
[9] and tabulated by Turndd0]) was used to describe both clude endoergic channels, the lowest being to the
boron and hydrogen. As the boron core electror&)ere  2p° °P, 'D, and 'S states, which are endoergic by 0.55,
assumed to have little or no influence on the charge transfek.0, and 4.5 eV/u. Those are expected to contribute only at
process they were described using natural orbitals taken frofiie highest collision energies considered.

a singlet multiconfigurational self-consistent figldCSCPH A comparison of our calculated asymptotic energy sepa-
calculation from withinmoLPrRO[11] and were not relaxed in rations with experimental values is shown in Table I. The
the SC calculation. The remaining two valence electrongnaximum deviation of the current results from the experi-
were accommodated in fully optimized, nonorthogonal spin-mental energy separations is in thé2™ state, with an error
coupled orbitals within a SC calculation to give either aof 0.25 eV. This is somewhat larger than the errors seen in
I3 *B*(2s?)+H* configuration (for '3* statey, a  much of our earlier work and is mostly a reflection of the
33 *B*(2s2p ®P)+H" configuration(for 33" state$, or choice of basis set. We cannot compare our asymptotic en-
a 13 B*(2p?) +H" configuration(for IT and3II states, €rgy separations directly with those of Honvaeltal.[6] as
respectively. the values quoted in their paper were computed in separate

Separate virtual orbital selections and SC\(Bonor- ~ atomic calculations on the?B and B' ions rather than from
thogonal C) expansions were then generated for each of théhe full molecular calculation. The required degeneracies be-
four molecular symmetries of interest. The SCVB configuratween asymptotic states &f" and Il symmetry are repro-
tion space for each case was constructed by performing afluced here to 0.02 eV or better. This high level of accuracy
single and double vertical excitations, along with singly ionicin the degeneracies is required for accurate values of the
excitations, that yielded configurations of the correct symmetotational coupling.
try. A vertical excitation is the replacement of an occupied The resulting adiabatic potential energy curves and nona-
orbital by a virtual from its own stack and a singly ionic diabatic couplingboth radial and rotationpivere computed
excitation is the double occupancy of a single virtual byover the rangd&R=(1-20)a,. The adiabatic potential energy
means of a single vertical excitation along with one crossurves are illustrated in Fig. 1. The'2* and 3'S™ adia-
excitation. The reference space consisted of the spin-coupldzatic states have two avoided crossings: one at 5¢.@1th
configuration and the dominant configuration of each excited very small energy separatiadnU(R,) and another with a
state. The dominant configuration for each excited state walgrger AU at 3.8,. The third avoided crossing is between
found to correspond directly with the appropriate asymptotidhe 1'>* and 23" states at 4.4& and has a very large
separated-atom configuration. For the™" states, this proce- AU. There is only one avoided crossing between the
dure generated 65 VB structures, for thH states, 67 VB  two 33 * adiabatic potential curves, at 5&awith AU of
structures, for the’S " states, just three VB structures, and 2.767 eV. All the avoided crossing distances add values
for the 31 states, 24 VB structures. Further details on thebetween the adiabatic potentials are listed in Table Il. Hon-

The adiabatic potential energy curves, nonadiabatic radi
coupling, and rotational coupling for the four symmetries of
interest(*>*, 11,33 %, and °I1) were obtained using the
spin-coupled valence-bon@SCVB) method (see, for ex-
ample, Coopeet al. [8]). This is a fully flexibleab initio
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larger distance at which Honvaudt al's avoided crossing
occurs indicates that their asymptotic energy separation be-

Internuclear distance (a.u.)

tween the two states is smaller than our value. Given that our FIG. 2. Computed nonadiabatic radial coupling for the’BH
energy separation is already smaller than the experiment&ystem as afunctllorlof lriteinuclearglstalﬁtéa) Present calcula-
value, this means that their value for the asymptotic energ§ions with the 2°%"-3 X" transition multiplied by 0.1.(b)

separation is further removed from the experimental valu

than is ours. Honvaukt al’s [6] avoided crossings between €t @l [6] (thin lines.

the 113" and 23" states and between the®% ™ and

resent calculationghick lineg compared to those of Honvault

2 35+ gtates seem to occur at much the same internucle@PProximation with the electronic coordinate origin at the

distances as our analogous avoided crossings, suggesting tifg1ter of mass. The peaks corresponding to the avoided
the error in the values of their asymptotic energy separation&/0SSings are smooth, well defined, and centered on, or near,

between these channels is much the same as ours. )
The computed radial couplings between the adiabatitveen nonadjacent states are much smaller than those be-

states(matrix elements of/JR) are illustrated in Fig. @&). | g , ;
The couplings were calculated using the central differenc&ffect on the form of the-diabatic potential energy matrices.

the positions of the avoided crossings. The couplings be-
tween adjacent states and were found to have a negligible

As a consequence, they could be reset to zero for all inter-

TABLE II. Avoided crossing distances and energy separationdluclear separations. Honvaeltal’s [6] radial couplings are
for the adiabatic states of?B+H (adiabatic labels

compared in Fig. @). Except for the coupling between
113* and 2137, the couplings of Honautt al.are similar

Molecular states R, (units of ag) AU (eV) to the current results.
Lis+_piz+ 4.48° 6.340° Rotational couplings petween the adiabatic staestrix
T : elements of the forndW;|iL,|¥;)) have been computed us-
3.7 ing the Lavdin formula[12] for matrix elements between
1.08¢ 10.74° nonorthogonal determinants constructed from nonorthogonal
2137317 3.82° 3.000° spin orbitals. These couplings drive transitions between
2.7° states of the same spin but of different spatial symmetry. The
2.53° 13.86° couplings between thés " and I states and between the
2'3-31" 12.2b13 0.008% 3% * and %11 states are shown in Fig. 3.
13
11.18° 0.047° lll. SCATTERING THEORY
135+-23%7 5.542 2.7672
5.4P The guantum-mechanical MOCC method, which we dis-
3.69°¢ 9.24° cuss only briefly here, has been described thoroughly in the
literature [13,14]. It involves solving a coupled set of
&This work. second-order differential equations. In the adiabatic repre-

bHonvaultet al. [6].
‘Empirical formula[20].

sentation, transitions between channels are driven by ele-
ments(radial AR and rotationalﬁ”) of the vector potential
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FIG. 4. The diabatic potential energies for the BHsystem as
a function of internuclear distande

FIG. 3. Adiabatic rotational coupling for the BH system as a
function of internuclear distandg.

A(R), whereR is the internuclear distance vector. Since theand | is the identity matrix. Electron translation factors
adiabatic description contains first-order derivatives, it is nu{ETFs; e.g.[14]) are not included. The influence of ETFs is
merically convenient to make a unitary transformationexpected to be important f&>1-5 keV/u(e.g.,[18,19),
[8,13,15, which is affected by the radial portion 8{R), to which is near the upper limit of the calculated energy range.

the diabatic representation

E(R)=V_V(R)[¥(R)—E(R)]V_V71(R), 2 IV. RESULTS AND DISCUSSION

The total and state-selective cross sections are calculated
with and without rotational coupling. Without rotational cou-
pling, the calculations are performed according to the
symmetry 13 % (three-channel MOCLC and 33" (two-

L channel MOCG. With rotational coupling, there are interac-
N _ tions between states with the same spin angular momentum,
Pmn= +M_[(J+)\ m) (JE A+ D] Annd(Am A+ 1) so that two calculations are performed, one for the singlet
3) states'S " and 11 (four-channel MOCC and one for the
triplet states®S " and °II (three-channel MOCL Interac-
tions between the singlet and triplet states via spin-orbit cou-

where U(R) is the diabatic potential matrixy(R) is the
diagonal adiabatic potentiafy/(R) is a unitary transforma-
tion matrix, and the elements &f(R) are

(e.g.,[17]) whereu is the reduced mas§,is the total angu-
lar momentum, and is the component of electronic angular

momentum along the nuclear axis. The diagonal elements ¢* 0.2 . . —
the resultingp-diabatic potential energy matrices are dis- — 1z-2z
H H . . e I 7t N e ) 1 Z _3 2
played in Fig. 4, with the corresponding off-diagonal ele- o'y aly
ments shown in Figs. 5 and 6. All of the elements of the —_
p-diabatic potential energy matrices vary smoothly over the__
entire range of internuclear separations. 3 o
The electron capture cross section is given by §
£
8
oij= E (23+1)Sy/?;, @ g
kF 8 02t 1
. . D
where theS matrix is
Sy=[1+iKy] 711 —iK,]. 5
The K matrix is obtained from the scattering amplitude after  -0.4 : n = 2

a partial-wave decompositiofe.g., Zygelmanet al. [13])

This equation corrects sign errors in E8) of [16].
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Theory: MOCC calculation with rotational couplinghick —),

. MOCC calculation without rotational couplinghick - - -), MCLZ
pling are assumed to be small and are therefore neglectegy, oy initio parametersthick — —), MCLZ with empirical param-
The total and state-selective cross sections are obtained agersthick — —), Honvaultet al. [6] (open circle Crothers and
cording to the statistical weight of the different symmetries, todd [5] (starg, and Dalgarnd23] (thin —). Experiment: Goffe
i.e., 7 for singlets and} for triplets. Convergence of the et al.[2] (filled up triangles, McCulloughet al.[1] (filled squarel
cross sections was ensured by including a sufficient numbetrandallet al. [3] (filled diamond$, and Gardneet al. [4] (filled
of partial waves] in Eq. (4). The maximumlJ increased with  down triangles
collision energy and depended somewhat on the symmetry.
For example, for the singlets, 896 partial waves were needed Crothers and Todd’s cross secti¢f] is much smaller
for 10 eV/u, while 10 keV/u required 8960 partial waves. Forthan our result. This is because they considered only capture
the same collision energies, triplets converged after only 64@ B*(2s? 1S). Their cross section is in disagreement with
and 8320 partial waves, respectively. the experimental data. Honvauwt al’s calculation[6] con-
sidered the B(2s?!S)+H" and B"(2s2p °P)+H"
channels, and reproduced the experimental results much bet-
ter than did the study of Crothers and Todd, but some dis-

Figure 7 shows the total MOCC cross sections for theagreements remain. Our total cross sections show a markedly
collisional energy range from 0.1 eV/u to 10 keV/u com- better agreement with the experimental cross sections than
pared to the available calculations and measurements. At lowid the study of Honvauléet al,, particularly in reproducing
collisional energy €5 eV/u), the cross sections display the the peak in the total cross section. As we have considered all
typical LangevinE ~ 2 behavior. At about 10 eV/u, the total of the same entrance and exit channels as in the study of
cross section reaches a local minimum and then increases konvaultet al, the differences are probably due to the mo-
a local maximum at about 3 keV/u. Whé&n< 80 eV/u, the lecular data adopted for the scattering calculations. For rela-
differences between the current total MOCC cross sectiontively low energiefEE<80 eV/u, there is a significant differ-
with and without rotational coupling are smalk@%), ence between our total cross section and that of Honvault
demonstrating that rotational coupling is not important foret al, demonstrating a possible breakdown in the semi-
low energy. With increasing energy, rotational coupling be-classical approach in the low-energy range.
comes more important. Whele>400 eV/u, the cross sec- For E<1 keV/u, the deviation between our calculations
tion including rotational coupling is 50%—80% larger thanand McCulloughet al’s measuremeritl] increases. In Mc-
that without rotational coupling. In general, for total crossCullough et al’s experiment, a tungsten-tube furnace was
sections, rotational coupling is important in the higher-used to provide a target of highly dissociated hydrogen, re-
energy region. The cross sections were also calculated by thsilting in a target consisting of both H ang.HHowever, the
multichannel Landau-ZenéMCLZ) method using empirical SEC cross sections ofB with H and H, displayed different
parameter$20,21] andab initio parameters in Table Il. The behaviors folE<1 keV/u. The cross section for the H target
MCLZ cross section withab initio parameters has a similar decreases quickly with decreasing energy, while the cross
energy dependence, but it is about half the MOCC result. Osection for the H target increases. Even if only a small error
the other hand, use of empirical parameters in a MCLZ calexists in the measured HiHpopulation ratio, subtraction of
culation results in a completely different behavior, which is athe H, cross section fraction may result in considerable un-
consequence of the different calculatdd) as shown in certainty. This is consistent with ion-H merged-beam mea-
Table II. surement which typically show difference with oven mea-

A. Total cross sections
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TABLE lIl. MOCC SEC rate coefficienta (cm®s™ 1) for B2* + H as a function of temperatufe Fitting
parameters; (cm®s 1), b;, andc; (K) for the relationa(T) = 3;a;(T/10 000Yiexp(—T/c) are given at the
end of the table. Numbers in square brackets represent powers of ten.

T (K) 2s's 2p 3pP° 2p PO Total
100 8.13—11] 8.19 —11]
200 6.66—11] 6.6 —11]
400 5.71—11] 5.710 —11]
800 5.20—11] 5.2q —11]
1000 5.09—11] 5.09 —11]
2000 4.89—11] 4.87 —11]
4000 4.65—11] 4.6 —11]
10000 4.57—11] 457 —-11]
20000 1.18-14] 4.64 —11] 4.64 —11]
40000 1.59-15] 2.64-13| 4.91 —11] 4.94 —11]
60000 6.38-15] 1.34-12] 5.47—-11] 5.60 —11]
80000 1.76-14] 3.91-12] 6.34 —11] 6.79 —11]
100000 3.6p-14] 8.39-12] 7.5 —11] 8.3 —11]
200000 2.5p-13| 6.91—-11] 1.90 — 10] 2.59 —10]
400000 2.0B-12] 4.04-10] 6.3 — 10] 1.04 —09]
600000 7.2p-12] 9.89-10] 1.1 -09] 2.19 —09]
1000000 3.2-11] 2.79-09] 2.09 —09] 4.80 —09]
2000000 1.9%-10] 8.94-09] 4.47 —09] 1.3 —08]
6000000 1.3[7-09] 3.471-08| 1.29 —08] 4.89 —08]
10000000 2.80-09] 5.44-08| 1.57—08] 7.3 —08]
a, 2.24-17) 8.13-16 4.13-11] 4.64 —11]
by 3.16 4.07 —1.17—1] —6.99 — 2]
cy 2.29+6] 2.19+5] —1.67+6] 1.2§ +5]
a, 1.60-21] 4.34-16] 1.0 —12] 1.0 —12]
b, 4.26 3.24 1.70 1.86
C, 6.59 +6] 2.50+6] 3.7 +6] 5.49 +6]

surement at low energh22]. A merged-beam measurement Due to the strong rotational coupling between the
would be advantage to shed light on this discrepancy. B (2s2p 12 *) and B (2s2p 1) channels, as shown in
The calculations including rotational couplings lead to aFigs. 3 and 6, these two channels are mixed so that the cross
modest improvement in the total cross section. This is parsection for capture to B(2s2p II) is comparable to that
ticularly true for reproducing the peak height of the measurefor B*(2s2p 1S *). Their summation at low energyE(
ment. Because the ETF is not included in our calculations 30 ev/u) is similar to the cross section for capture to
the cross section foE>5 keV/u may be not as reliable as B*(2s2p 'S ) without rotational coupling. With increasing

that at lower energy, but we find that our cross sections fo[energy the B(2s2p 13 *, MT) cross section becomes larger
E>5 keV/u can be connected smoothly with Goéeal's than the B (2s2p !3*) cross section without rotational

measurement. coupling. Therefore, rotational coupling is not the major cap-
ture process, as was originally implied by Honvailgal.[6],
but it does provide some mixing between different symme-
State-selective cross sections for capture to the singleties.
channels are shown in Fig. @vithout inclusion of the} The only state-selective results available for comparison
statistical factor. In the calculated energy range, capture toare those due to the theoretical study of Honvatlal. [6],
B*(2s2p 1= *,I) dominates, while with increasing en- which are also plotted in Fig. 8. A quick inspection of the
ergy, capture to B(2s? '3 *) becomes important. This is cross sections reveals a huge discrepancy between our
because capture to'82s? '3 ) occurs at a short avoided B*(2s? 137) and B (2s2p 13 ) cross sections and those
crossing distance (4.48), while capture to B(2s2p 13 7) of Honvaultet al. In fact, it appears that the cross sections
proceeds primarily through a long avoided crossing distancbave been mislabeled in the Honvaeltal. paper: their cross
(12.21a,) at low energy, with contributions from the short section for capture to the 'B2s? ") channel bears a re-
avoided crossing (3.83) for higher energies. Figure 8 also markable similarity to our B(2s2p '>*) cross section
shows MOCC results with and without rotational coupling. while their B (2s2p 1% ") cross section is also similar to

B. State-selective cross sections
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our B"(2s? 13 %) cross section. Bacchus-Montabonel, one C. Rate coefficients
of the authors of the Honvauttt al. paper, has been con-  Rate coefficients were computed by extending the cross
tacted and concurs that a mislabeling of the cross sectionsection calculations to lower energy meV/u and averag-
has taken place. With hindsight, it is obvious from the forming the cross sections over a Maxwellian velocity distribu-
of the potential energy curves that the cross sections havéon. Total and state-selective rate coefficients are plotted in
been labeled the wrong way round. We would expect theé=ig. 11. Using the Landau-Zener approximation, Dalgarno
cross section for capture to the Bs2p 13 %) channel to be [23] evaluated a constant total rate coefficient of 2
large at low collision energies and gradually decrease as ths 10~ ** cm®/s for T>10° K. This result was adopted by
collision energy increases, because the avoided crossing bingdon and Ferland24] for photoionized plasma models.
tween the adiabatic potential energy curves occurs at a rel&or T<10° K, the recommended rate coefficient is about
tively large internuclear separation. Conversely, we would40% of our result. But fofT>10° K, our total rate coeffi-
expect the cross section for capture to thé(Bs? 137) cient increases very quickly, due to the contributions of the
channel to be small at low collision energy and to increase aB* (2s2p ®P°) and B"(2s® 'S) channels. The rate coeffi-
the collision energy increases, due to the avoided crossingient from the Langevin formula is also plotted in Fig. 11,
occurring at a smaller internuclear separation. Apart from thevhich is much larger than the current low-temperature result,
labeling discrepancy, the cross sections of Honvatilal.  demonstrating that the latter may not be reliable for low-
seem to be similar to our results, although flatter. They decharged ions which do not charge transfer through a resonant
not reproduce the peaks in our "BRs2p 13*) and channel. Some numerical data and fits to these rate coeffi-
B*(2s2p 1) cross sections seen at around 500 eV/u tccients are presented in Table Ill. The fits do not deviate from
2000 eV/u. the computed rate coefficients by more than 25% except for
State-selective cross sections for capture to triplet char2s2p 3p°, where the discrepancy in the fit reaches 44% at
nels are shown in Fig. 9 compared to Honvaatlal’s results  high T.
(without inclusion of the} statistical factor. The cross sec-
tions are small at low energy as the triplets lack a long range V. SUMMARY
avoided crossing. As for the singlet channels, rotational cou-

ling mixes flux between the H2s2p33*) and ; > ;
E+(9252p 3[1) channels. Comparison?vith IPlonvaLzlt al’s  sented for electron capture following B collisions with H
results shows that our cross sections for capture to th@/€r the collision energy range from 0.1 eV/u to 10 keV/u.
B*(2s2p 33 %) and B (2s2p 3IT) channels are consistently The total and state-selective cross sections and rate coeffi-

larger over the entire range of collision energies for which¢lents are presentgd. Comparison with the existing expert-
comparable data are available. mental and theoretical data shows our total cross sections to

In general, although capture to tH€ll channels via ro- be in better agreement with the measurements than previous
tational Coupiing can be a significant process at certain coicalculations. Our calculations also show that rotational cou-

lision energies, our calculations do not support the conclupling becomes importan'g with increasing callisional energy.
sion of Honvaultet al. that capture driven by rotational FOf the total cross section, whe>400 eV/u, rotational

coupling is crucial, particularly at low collision energies. In- COUPliNg increases the cross section by 50%-80%, which

stead, the more typical case that radial coupling dominate§"Proves agreement with the experiments. From state-
the capture process holds for this collision system. Their Con§elect|ve Cross SeCt'(_ms’ It s show_n _that rotat|on_al coupling
clusion was an unfortunate artifact of the error in cross seclduces symmetry mixing, but that it is not a crucial process

tion labeling. at low collisional energies as was mistakenly claimed by

State-selective cross sections for capture to different findiionvaultet al. [6].
B* states are shown in Fig. (. They have been multiplied
by the appropriate statistical weights. The ratio of cross sec-
tions for capture to &p 3P° and %2p P is plotted in J.G.W. and P.C.S. acknowledge support from NASA
Fig. 10b). It is clearly seen that the usual statistical argu-Grant Nos. NAG5-9088 and NAG5-11453. We thank M. C.
ment of a 3:1 ratio is violated at all energies except for 0.4Bacchus-Montabonel and Charles Havener for helpful dis-
<E=<2 keV/u. cussions and Bernard Zygelman for use of his MOCC code.

Quantum-mechanical MOCC calculations have been pre-

ACKNOWLEDGMENTS

[1] R.W. McCullough, W.L. Nutt, and H.B. Gilbody, J. Phys. B (1980.

12, 4159(1979. [5] D.S.F. Crothers and N.R. Todd, J. Phys18 547 (1980.

[2] T.V. Goffe, M.B. Shah, and H.B. Gilbody, J. Phys.1B, 3763 [6] P. Honvault, M.C. Bacchus-Montabonel, and M. Druetta, Mol.
(1979. Phys.91, 223(1997).

[3] D.H. Crandall, R.A. Phaneuf, and F.W. Meyer, Phys. Rev. A [7] B. Huron, J.P. Malrieu, and P. Rancurel, J. Chem. PBgs.
19, 504 (1979. 5745(1973.

[4] L.D. Gardner, J.E. Bayfield, P.M. Koch, I.A. Sellin, D.J. Pegg, [8] D.L. Cooper, N.J. Clarke, P.C. Stancil, and B. Zygelman, Adv.
R.S. Peterson, and D.H. Crandall, Phys. Rev2A 1397 Quantum Chem40, 37 (2001).

012704-8



AB INITIO STUDY OF CHARGE TRANSFER IN B' . .. PHYSICAL REVIEW A 68, 012704 (2003

[9] M.F. Guest and P. SherwoodAMESS-UK User’s Guide and (1983.
Reference Manual, Revision B.0, Daresbury Laboratory, U.K.[16] J.G. Wang, P.C. Stancil, A.R. Turner, and D.L. Cooper, Phys.
1992 (unpublishegl Rev. A67, 012710(2003.

[10] A.R. Turner, Ph.D. thesis, University of Liverpool, 2002. [17] B.H. Brandsen and M.R.C. McDowelCharge Exchange and

[11] moLPRrO is a package ofb initio programs written by H-J. the Theory of lon-Atom Collision&Clarendon Press, Oxford,
Werner and P.J. Knowles, with contributions from J. Almof, 1992.

R.D. Amos, A. Berning, D.L. Cooper, M.J.O. Deegan, A.J. [18] R.K. Janev, L.P. Presnyakov, and V.P. ShevelRbysics of
Dobbyn, F. Eckert, S.T. Elbert, C. Hampel, R. Lindh, A.W. Highly Charged longSpringer-Verlag, New York, 1985
Lloyd, W. Meyer, A. Nicklass, K. Peterson, R. Ptzer, A.J. [19] L.F. Errea, C. Harel, H. Jouin, L. Meez, B. Pons, and A.

Stone, P.R. Taylor, M.E. Mura, P. Pulay, M. Schutz, H. Stoll Riera, J. Phys. B7, 3603(1994).

and T. Thorsteinsson. [20] S.E. Butler and A. Dalgarno, Astrophys.211, 838(1980.
[12] P.O. Lowdin, Phys. Rev97, 1474(1955. [21] R.K. Janev, D.S. Belicand B.H. Brandsen, Phys. Rev.28,
[13] B. Zygelman, D.L. Cooper, M.J. Ford, A. Dalgarno, J. Gerratt, 1293(1983.

and M. Raimondi, Phys. Rev. A6, 3846(1992. [22] M. Pieksma, M.E. Bannister, W. Wu, and C.C. Havener, Phys.
[14] M. Kimura and N.F. Lane, Adv. At. Mol. Opt. Phy26, 79 Rev. A55, 3526(1997).

(1990. [23] A. Dalgarno, Proc. Phys. Soc. Lond6i, 1010(1954.

[15] T.G. Heil, S.E. Butler, and A. Dalgarno, Phys. Re\2A 2365  [24] J.B. Kingdon and G.J. Ferland, Astrophys106, 205(1996.

012704-9



