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The nonradiative charge-transfer processes in Be?*(1s2) + H(1s) and B3*(1s?) + H(ls) collisions are
investigated by the quantal molecular orbital close-coupling method in the energy range of 105eV /u-10 keV /u
and by the two-center atomic-orbital close-coupling method in the energy range of 0.1-100 keV /u. The radiative
charge-transfer cross sections are calculated by using the optical potential and semiclassical methods in the
energy range 1075-100 eV /u. For both collision systems, the nonradiative charge-transfer cross sections in the
low-energy region show an increasing behavior with decreasing energy. The nonradiative process is the dominant
charge-transfer process in the Be?* (15%) + H(1s) collision in the entire eV and sub-eV energy region. In the
B3*(1s%) 4 H(1s) collision case, however, the cross section for radiative decay to 12X+ and 22X+ molecular
states significantly exceeds that for the nonradiative process for energies below 30 eV /u.
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I. INTRODUCTION

Beryllium and boron are important impurity species in
the edge plasmas of thermonuclear fusion devices. Boron is
released in the plasma from boronized graphites used as plasma
facing materials in many tokamaks because of the plasma-wall
interaction processes, while beryllium is envisaged as a first
wall material in the International Thermonuclear Experimental
Reactor [1]. The cross sections of various inelastic processes of
these impurities in all charge states with the hydrogen plasma
constituents are required for modeling of their transport in the
plasma and their contribution to the plasma energy and particle
losses. The charge-exchange processes of low-charged ions of
these species with the neutral atomic hydrogen, both present
in the relatively cold plasma edge regions, play an important
role in the charge-state balance and neutral hydrogen losses.
As the electron capture in these collisions populates mainly
the excited states of reaction products, these processes also
contribute to the edge plasma cooling.

The charge-transfer processes of He-like Be’* and B3*
ions with H atoms have so far been theoretically studied in the
energy region above 100 eV /u [2-9]. The only experimental
study of these systems is that for B3* + H of Crandall et al.
[10] in the energy range 1-10 keV/u. We should mention
that the typical tokamak edge plasma temperatures are in the
range 0.1-500 eV [1], and cross sections for charge-exchange
processes in the previously mentioned collision systems are
required in the energy region below 100 eV /u as well.

In this article, we shall study the charge-transfer processes
in the Be’* and B3* collisions with atomic hydrogen using the
quantal molecular orbital close-coupling (QMOCC) method in
the energy range 107> eV /u-10 keV/u and the two-center
atomic-orbital close-coupling (TC-AOCC) method in the
energy range 0.1-100 keV/u. We note that the TC-AOCC
method has been used for study of these reactions in the same
energy range but employing a smaller expansion basis [9]. We
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shall also study the radiative charge-transfer process by the
optical potential method in the 107>-0.1 eV /u energy range
and by the semiclassical method in the 0.1-100 eV /u energy
range. The cross sections of radiative charge-transfer processes
are generally much smaller than those of nonradiative ones, but
in certain collision systems (e.g., in B>* + H), they may exceed
those of nonradiative charge transfer at energies below ~1-
10 eV /u. In such cases, they may have significant importance
in astrophysics [11].

The molecular structure data (potential curves, radial and
rotational couplings, and dipole transition matrix elements)
required in the QMOCC and radiative charge-transfer calcula-
tions have been calculated using the multireference single- and
double-excitation configuration interaction (MRD-CI) method
[12,13] that employs Gaussian-type orbitals.

II. MOLECULAR STRUCTURE CALCULATIONS

A. BeH?** molecular ion

The ab initio CI calculation has been carried out for
the potential energy curves of the lower six >X electronic
states and three IT states of the BeH>* molecule by
using the MRD-CI package [12,13]. In the calculations of
hydrogen, the correlation-consistent, polarization valence,
quadruple-z-(cc-pVQZ)-type basis set [14] with a diffuse
(253p) set was used. The cc-pVTZ-type basis set [14] with
a diffuse (252p2d1f) basis was employed for Be atoms.
The final contracted basis set for the hydrogen atom was
(8s,6p,2d,1f)/[6s,6p,2d,1f] and that for the beryllium
atom was (13s,7p,4d,2f)/[6s,5p,4d,2f]. A threshold of
1078 hartree was used to select the configurations for BeH>*
at the internuclear distances between 0.5 and 30 a.u. As shown
in Table I, the errors in the calculated energies with respect to
the experimental atomic energies [15] are less than 0.07 eV in
the asymptotic region. This accuracy level is quite adequate
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TABLE 1. Asymptotic separated-atom energies of BeH>".

Molecular ~ Asymptotic atomic Energy (V)

state states Theory  Experiment [15]  Difference
1°% Bet(2s) + HY 0 0
223 Be™* +H(ls) 4.550 4.613 0.063
32y Bet(2po) + HT 3.968 3.959 0.009
121 Be*(2pw) + H* 3.968 3.959 0.009
42y Be*(3s) + H* 10.943 10.940 0.003
52% Be"(3po) + HT 11.949 11.964 0.015
221 Be"(3pm)+HF 11.949 11.964 0.015
623 Be*(3do) + H* 12.154 12.158 0.004
321 Be"(3dm) + H" 12.154 12.158 0.004

for the present scattering calculations [16]. The obtained
electronic wave functions are then used to calculate the radial
and rotational couplings by employing finite differentiation
and analytical approaches, respectively (see [17]).

In the present QMOCC calculations, allowance for the
translation effects was made by introducing appropriate
reaction coordinates [18,19], in which the radial and rotational
coupling matrix elements between the states {x and ¥, are
transformed into [20]

(Yk|d/dR — (ex — £1)2%/2R|YL),
(YkliLy + (ex — ep)zx|¥L),

respectively, where ex and ¢ are the electronic energies of
states Vg and ¥, and z*> and zx are the components of the
quadrupole moment tensor. The modification is similar in form
to that resulting from the application of the common electron
translation factor (ETF) method [21].

The calculated adiabatic potentials for the considered
molecular states of BeH* are shown in Fig. 1 for the internu-
clear distance R = 0.5-20 a.u. The 22X state represents the
initial channel for this collision system. Figure 2 displays
the radial coupling matrix elements for the BeH>* ion
with the ETF effects included. It is evident that the positions
of the peaks in radial couplings are consistent with the avoided
crossings of the adiabatic potentials observed in Fig. 1. It can
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FIG. 1. (Color online) Adiabatic potential energy curves of
BeH?*. The solid and dotted lines represent the 2% and 2IT states,
respectively. The inset shows the avoided crossing between 22X and
323 states at the internuclear distance about 46.7 a.u.

be seen that the initial 22X state is strongly coupled with the
123 state at internuclear distances R about 6.7 a.u.; this is
the main gateway of charge-transfer flux from the 2% state
toward the exit channels. This coupling drives directly the
transition to the Be*(2s) + H™ exit channel (see Table I). The
coupling between the 22X and 3 2 states has its maximum at
internuclear separations R about 3 a.u. and is much weaker
than the 22X—-12% coupling. The 22%-32X% will play a
significant role in the collision dynamics [particularly for
the population of Be™(2py) + H' exit channels] only at high
collision energies when the small internuclear distances can
be reached. Since in the region around R =~ 3 a.u. in Fig. 1 no
avoided crossing is observed but rather a slight divergence of
22% and 32X potential curves from each other with increasing
R, itis likely that the coupling of these states at R &~ 3 a.u. is of
Demkov type. On the other hand, a clear and narrow avoided
crossing between 22 and 32X potentials is observed at R
about 46.7 a.u. (see the inset in Fig. 1), accompanied with
a very sharp and narrow coupling matrix element of these
states. Appearing at very large internuclear distances, this
coupling does not induce noticeable transitions between the
states, and it is passed by the system diabatically. However, it
obviously is the first term in the series of avoided crossings
22¥-32%42%-52%-62%, the higher terms of which are
clearly observed either in Fig. 1 or in Fig. 2 through the sharp
peaks in the corresponding matrix elements. We note that the
42%-5%% and 52%-62% couplings with broad peaks at R
around 5.5 a.u. and 5.0 a.u., respectively, are of Demkov type.

15F | —1%5-2% —-—-4% - 5’5
! -=-25-3% -~ 5362
1ol : 3y -4% i

0.5

0.0

Radial coupling (a.u.)

0.5

FIG. 2. (Color online) Radial coupling matrix elements between
¥ states of BeH>*.
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FIG. 3. (Color online) Rotational coupling matrix elements for
BeH>*.

As the 22%-3 2% coupling is weak (see Fig. 2), the population
of 423, 523, and 623 molecular states through this series
of couplings will also be small at low collision energies (and
thereby the n = 3 charge-exchange channels).

Figure 3 shows some of the important rotational coupling
matrix elements. The strongest among them in the region of
R below 4-5 a.u. are the 2231211, 32X-1211, 2232211,
and 32X-22I1 couplings, the first two being responsible for
the population of Be™(2p;) + HT exit channels, while the last
two are responsible for the population of the Be*(3p;) + H*
exit channel.

Figure 4 displays the dipole transition moment between
12X and 22X states, which is responsible for the radiative
charge-transfer process in this collision system. The 12X—
22% dipole transition moment is distributed in the range of
internuclear distances between ~1 a.u. and 10 a.u. with a
sharp maximum around 6.7 a.u., the position of the avoided
crossing between considered two states.

B. BH** molecular ion

We have performed electronic structure calculation for the
lower six 2 electronic states and three >IT states of the BH**
ion by using the MRD-CI method. The cc-pVQZ-type basis
set [14] was employed for the B atom, but the g-type basis was
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FIG. 4. Dipole transition matrix element between 12X and 22%
states of BeH?™.

PHYSICAL REVIEW A 82, 022710 (2010)

-22.0

-22.2

-22.4 -

226

-22.8

Energy (a.u.)

-23.0 -

-23.2

-23.4 - -
0 5 10 15 20

R (a.u.)

FIG. 5. (Color online) Adiabatic potential curves for BH**. The
solid and dotted lines represent the 2% and 211 states, respectively.

discarded. To the preceding basis set, the (554 p3d2 f) diffuse
functions were added. The final contracted basis set for the B
atom was (17s,10p,6d,4 f)/[10s,8p,6d,4 f]. For the H atom,
we have used the cc-pVQZ-type basis set. Table II compares
the asymptotic energies in the separated-atom limit with the
experimental atomic energies [15]. The error in the calculated
energies is less than 0.015 eV in the asymptotic region.

The 32X state represents the initial channel of the B3+ + H
collision system. Figure 5 shows the calculated adiabatic
potentials for internuclear distances R = 0.5-20 a.u. Figures 6
and 7 display the most important radial and rotational
couplings between the considered states of BH3*, respectively.
Unlike the Be>* + H(ls) case, there are no effective avoided
crossings between the initial 32X state with other molecular
states of the B3+ + H system for internuclear distances larger
than 2 a.u. (see Fig. 6) to induce strong nonadiabatic couplings
at low collision energies. Table II and Fig. 5 indicate that the
initial 323 state energetically lies very close to the B**(n =
3) + H* states at large internuclear distances, but Fig. 6 shows
that there is no strong radial coupling of 32X with the 42X,
523+ and 623 states at these distances. This signifies that
the change of atomic character of asymptotic states into a
molecular one takes place in an adiabatic manner when the
internuclear distance decreases so that no nonadiabatic mixing
effects (e.g., Demkov-type coupling) can appear between
them.

Radial coupling (a.u.)
o

FIG. 6. (Color online) Radial coupling matrix elements for BH*.
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TABLE II. Asymptotic separated-atom energies of BH*.

Molecular ~ Asymptotic atomic Energy (V)

state states Theory  Experiment [15]  Difference
123+ BZ*(2s) + HY 0 0
22%+ B**(2po) + H* 6.005 5.999 0.006
121 B>*(2pw) +H* 6.005 5.999 0.006
32x* B3*+H(1s) 24.320 24.333 0.013
425+ B**(3s) + H* 22.332 22.343 0.011
5% B**(3po) + HY 23.923 23.924 0.001
2211 B*(@pr)+H' 23.923 23.924 0.001
6% B**(3do) + H' 24.309 24.310 0.001
37 B*"(3dm) + H" 24.309 24.310 0.001

It can be seen from Fig. 5 that the molecular states 1 Iyt
22%+, and 12I1, which asymptotically correlate with the
B>*(n = 2) + H* charge-exchange channels, energetically lie
below the initial 32X Tstate. The radiative decay of 32X to
these three states is responsible for the radiative charge transfer
in this collision system. Figure 8 shows the dipole transition
moments between the 32X+ stateand 12X+, 225+, and 1211
states.

III. THEORETICAL METHODS

A. QMOCC method for nonradiative charge transfer

The QMOCC method, which is only briefly outlined here,
has been described in detail elsewhere [22,23]. It involves
solution of a coupled set of second-order differential equations
using the log-derivative method of Johnson [24]. In the
adiabatic representation, transitions between channels are
driven by radial and rotatlonal (A" and A%) couplings of
the vector potential A(R) where R is the internuclear distance
vector. Since the adiabatic description contains first- and
second-order derivatives, it is numerically convenient to make
a unitary transformation [23,25] to a diabatic representation.
With the diabatic potentials and couplings, the coupled set
of second-order differential equations is solved and matched
to the plane-wave boundary conditions at a large internuclear
distance, Rpnax, to obtain the K matrix. Then the differential

10}

EE

< o5t

()]

£ 3

S 00}

o

g |

S -05f

o L

S 40l Yoot ——3%11 —-—- 4752711

2 -1.0 I = 2

r | | - - -3%521 ---- 5°5-2
a5k 3°5-37[1 ----- 6°5-2°11 -

0 2 4 6 8 10
R (a.u.)

FIG. 7. (Color online) Rotational coupling matrix elements
for BH3.

cross section from channel « to channel 8 can be expressed in
terms of the S-matrix elements
2

dog,
 — S2)Pi(cosd)| . (2)

e 4k2 Z(ZJ + (8 —

where k, denotes the initial momentum of center-of-mass
motion, J is total angular momentum quantum number, and
P; is the Legendre polynomial of order J. The integral cross
section is obtained by integration over the full scattering solid
angle 2, which yields

Ou—sp =

Z(zj + D[dag — S2sI°- 3)

B. AOCC method for nonradiative charge transfer

The semiclassical TC-AOCC equations are obtained by
expanding the total electron wave function W in terms of bound
atomic orbitals of the two ionic centers, (qu,qu ), multiplied
by plane wave ETFs,

Vi) =Y agrE0+ Y b0l ()
i J

and by inserting this expansion into the time-dependent
Schrodinger equation [26]. In ion-atom collision systems,
the straight-line approximation is normally adopted for the
relative nuclear motion. In the present calculations, we employ
the frozen core approximation for the Be’* and B** ions.

-
o
T

o
o
T

Dipole matrix element (a.u.)
o
]

FIG. 8. (Color online) Dipole transition matrix elements for BH**.
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The interaction of the active electron with the ionic cores can
be expressed as [8] (for Be>*) and as [7] (for B3*):

2 2
Vet (r) = —— — Ze 4O _ 3 46160439 (5)
r r

3 2
Vet (r) = —= — Ze 00817 _ 60817 %17 (6)
ror
The resulting first-order coupled equations for the ampli-
tudes a;(¢) and b () are

i(A+SB)=HA+ KB,

T (7)
i(B+STA)= KA+ AB,

where A and B are the vectors of the amplitudes a; and
b, respectively. § is the overlap matrix (S' is its transposed
form), H and H are direct coupling matrices, and K and K are
the electron exchange matrices. The cross section for 1 — j
electron capture transitions are calculated as

Ocx,j = 21 /0 |b;(+00)|*bdb, (8)

where b is the impact parameter.

The sum of o, ; over j gives the corresponding total
electron capture cross section. The expansion basis used in
the present TC-AOCC calculations includes all states centered
on H having principal quantum number n < 3 and all states
on the ionic centers Be?>* and B3* having principal quantum
number n < 7, without the 64,7k, and 7i orbitals. We note that
in our previous study of Be*, B3 + H collision systems [9],
the basis on the Be?* and B3* centers included only the states
with n < 6. The expanded basis used in the present calculations
affects the electron capture cross sections only for energies
above 50 keV /u.

C. Optical potential and semiclassical methods for radiative
charge transfer

In the optical potential method [27-29], the radiative decay
cross section has the form

o(E)= 75 Y @I+ Dl —exp(—dnl, )
Ay

with the phase shift 5, calculated in the distorted-wave
approximation:

n=> / dR| AR AR), (10)
0

where A(R) is the probability for the radiative transition,

Vi(R) — Vx(R)]?
[Va( )C3 x( )|. (11

D(R) is the dipole transition moment, V4 (R) and Vx(R) are the
potential energy curves of the upper and lower states involved
in the transition, and c is the speed of light. The optical potential
method gives an upper limit of the fully quantal radiative decay
cross section [27-29]. Because all the final states of collision
systems investigated here are repulsive states, the radiative
decay contributes only to the charge-transfer process.

The optical potential method provides an adequate de-
scription of the radiative decay process only at low (below

4 2
A(R) = S DX(R)
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~0.1 eV) collision energies. In order to extend our radiative de-
cay calculations to higher energies, we replace the summation
in Eq. (9) by an integration and use the JWKB approximation
for the phase shifts. The semiclassical radiative decay cross
section is then obtained in the form [27,30]

o(E)
:27r,/2_“/bdb/oo dR AR) ,
E ’™ /1 —[Va(R)/E] — (b*/R?)

(12)

where b is the impact parameter and RSTP is the classical
turning point in the incoming channel.

IV. RADIATIVE AND NONRADIATIVE CHARGE
TRANSFER IN Be?**(1s?) + H(1s) COLLISIONS

A. Be*t(1s?) + H(1s) —> Bet + H*

The nonradiative charge-transfer cross sections for
Be?*(1s2) 4+ H(1s) collisions are calculated by the QMOCC
method and AOCC method in the energy range 10~-10keV /u
and 0.1-100 keV /u, respectively. In the QMOCC calculation,
the values of Ry, for matching the boundary conditions are
taken from 10000 a.u. to 500 a.u. for the collision energy
that varies from 10® to 10 keV/u, respectively. Beyond
R =30 a.u., the potential of the 223+ state was extended
to larger internuclear distances by the dipole polarization
potential Vjo1(R) = —aqq?/2R*, where oy = 4.5 a.u. is the
dipole polarizability of the H(ls) atom and ¢ =2 is the
charge of the Be>* ion. The long-range asymptotic behavior of
other states is described by the Coulomb form. Two-channel
and nine-channel calculations were performed in the energy
ranges 1078-1072 keV/u and 1072-10 keV/u, respectively,
and the results matched smoothly at 1072 keV /u. The total
nonradiative charge-transfer cross sections calculated by the
QMOCC and AOCC methods are displayed in Fig. 9 in the
energy range of 1073100 keV/u and are compared with
the results of the perturbed stationary states (PSS) method

e

© 10"k
To

=

O

° o

@100k .

2 .,' —e— QMOCC (Present calculation)
e d AOCC (Present calculation)
© . —mu— PSS (Wetmore et al)

/-/ —o— CTMC (Schultz et al)
10" [ ] 1 1 1 1
10° 10 10" 10° 10’ 107

Energy (keV/u)

FIG. 9. (Color online) The total nonradiative charge-transfer
cross sections for the Be?* (1s2) 4+ H(1s) collision. Present QMOCC
calculation (solid line with filled circles); present AOCC results (solid
line); PSS results of Wetmore et al. [4] (solid line with filled squares);
CTMC results of Schultz er al. [3] (solid line with open squares).
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FIG. 10. (Color online) State-selective cross sections of present
QMOCC and AOCC results and the PSS results of Ref. [4] for electron
capture to the 2s, 2p, and n = 3 states of Be™ ions.

obtained by Wetmore et al. [4] and with the classical trajectory
Monte Carlo (CTMC) results of Schultz et al. [3]. Our
QMOCC and AOCC results are in good mutual agreement
in the overlapping energy range as well as with the PSS results
of Wetmore et al. [4]. The CTMC results agree well with our
AOCC results for energies above 50 keV/u but lie signifi-
cantly below ours for energies smaller than 20 keV /u. (The
application of the CTMC method below 25 keV /u is known
to be inappropriate [19].) In the energy range 3-10 keV/u,
the QMOCC results are somewhat lower than the AOCC
results. This may be because of the difficulties (and related to
them, slightly reduced accuracy) in the calculation of potential
energy curves and coupling matrix elements in the small R
region, which is important for high-energy collision dynamics.

The state-selective cross sections for electron capture to
Be™(2s), Bet(2p), and Bet(n = 3) states obtained by the
QMOCC and AOCC methods are shown in Fig. 10 and
compared with the PSS results [4]. Our QMOCC results are
coincident with the AOCC results and the PSS results [4] on
the whole, especially for energies below 1 keV /u. The capture
to the Be™(2s) state is dominant in the energy region E <
10 keV/u because of the strong coupling of 12X and
22% states mentioned earlier. Since this coupling appears
at relatively large internuclear distances (about 6.7 a.u.), the
charge-transfer cross section reaches its maximum at relatively
low collision energies (about 0.5 keV /u). The charge transfer
to the Bet(2p) state becomes important at energies above
several keV/u (and dominant for energies above 10 keV/u)
because of the radial coupling between 22X and 32X states,
contributing to the population of the Be™(2py) state, and the
rotational 22X —12IT coupling, contributing to the population
of BeT(2p) states, which acquire their maximum values at
internuclear distances about 3 a.u. and 2 a.u., respectively
(see Figs. 2 and 3), that can be reached at high collision
energies only. We should mention that the states 1 2% and 32 %,
populated by their radial coupling with the initial 22X state
during the incoming stage of the collision, both have strong
rotational coupling with the 1211 state, which contributes to
the population of the Be™(2p;) asymptotic state.

The Bet(n = 3) + HT channels are weak charge-transfer
channels at low collision energies as they are all connected with
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FIG. 11. (Color online) Differential cross sections for nonradia-
tive charge transfer of Be*"(1s2) + H(ls) collision.

the small populations of the 32X state during the incoming
stage of the collision by the weak 22 %-3 2% coupling at R &~ 3
a.u. At R &~ 2 a.u., the 32X is strongly radially coupled with
the 42X state (see Fig. 2), which asymptotically correlates
with the Be™(3s) + H* channel. During the receding stage of
the collision, the 42X state becomes strongly coupled with
the 52X state (at R &~ 5.5 a.u.; see Fig. 2) that asymptotically
correlates with the Be™(3py) + H channel. The 32X state
at small internuclear distances is rotationally coupled to
the 2211 state, which correlates with the Be™(3p;) + H
charge-transfer channel. As the small internuclear distances
where all these couplings are located can be reached at higher
collision energies only, the cross sections for Bet(3/) + H™T
charge-transfer channels become comparable to those of the
Be'(2]) + H* only at energies about 10 keV/u and above (see
Fig. 10).

To provide additional information about the charge-
exchange dynamics, the differential charge-transfer cross
sections have been calculated quantum mechanically by using
Eq. (2). In Fig. 11, we show the differential cross section for
the Be*™ + H(ls) collision system for collision energies of
0.5, 1, and 5 keV/u. It can be observed that with increasing
collision energy, the forward scattering becomes increasingly
more pronounced, while the large-angle scattering differential
cross section decreases. The interference structures in the
angular range 0.05°-1° also decrease with increasing energy.

B. Be**(1s?) + H(1s) — Bet(2s) + Ht+hv

The radiative decay of the initial 22%% state of the
Be?* 4 H(ls) collision system is possible only to the lower
12X+ state of this system, representing the Be™(2s) + H
charge-exchange channel. Using the optical-potential method,
we have calculated the radiative charge-transfer (RCT) cross
section for energies from 107> to 0.1 eV/u, and the result is
shown in Fig. 12. For comparison, the nonradiative charge-
transfer (NRCT) cross section calculated by the QMOCC
method is also shown in the figure. It should be noted that
the nonradiative charge-transfer cross section starts to increase
with decreasing energy below ~0.04 eV /u, a consequence of
the increased role of the long-range polarization interaction
in the collision system. The NRCT cross section in this
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FIG. 12. (Color online) Comparison of radiative charge-transfer
(RCT) and nonradiative charge-transfer (NRCT) cross sections for
Be?*(15%) + H(ls) collisions.

energy region is roughly an order of magnitude larger than the
cross section for RCT. Both RCT and NRCT cross sections
exhibit rich resonance structures in the energy region below
~0.03 eV. These resonances are attributed to the presence
of quasibound rotational-vibrational states in the entrance
channel. Because in the calculation of radiative charge transfer
by optical-potential method the adiabatic effects are ignored,
the positions of the peaks in the RCT and NRCT cross sections
do not always coincide.

V. RADIATIVE AND NONRADIATIVE CHARGE
TRANSFER IN B**(152) + H(1s) COLLISIONS

A. B3 (1s?) + H(ls) » B* + H*

We have performed cross section calculations for the
nonradiative charge transfer in the B3*(1s52) 4+ H(1s) collision
system using the QMOCC method in the energy range 10~8—
10 keV/u and the AOCC method in the energy range 0.1-
100 keV/u. The total nonradiative charge-transfer cross
sections in the energy range of 0.05-100 keV/u are shown
in Fig. 13 and compared with the experimental results of
Crandall et al. [10], the PSS results of Wetmore et al. [4], the
semiclassical MOCC (SC-MOCC) results of Olson et al. [5]
and Shimakura et al. [6], and the AOCC results of Hansen and
Dubois [7]. In the overlapping energy range of 0.1-10 keV,
our QMOCC results are in good agreement with our own
AOCC results, with the experimental data [10], and with most
other theoretical results. In the energy region below 2 keV/u,
the AOCC results by Hansen and Dubois [7] are significantly
larger than the results of present calculations as well as those
of other authors, most probably because of some numerical
error in the integration.

The maximum of the total cross section appears at a
relatively large energy of about 15 keV/u because, as we
have seen in Sec. II B, the strong coupling between the initial
and final states appears at small internuclear distances. The
sharp decrease of the charge-transfer cross section below
~0.1 keV /u s an indication of the absence of strong couplings
at large internuclear distances in this collision system, as
discussed in Sec. I B.
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FIG. 13. (Color online) Total nonradiative charge-transfer cross
sections for B**(1s2) + H(ls) collisions. Shown are present QMOCC
results (solid line with filled circles); present AOCC results (solid
line); AOCC results of Hansen et al. [7] (solid line with open squares);
PSS results of Wetmore et al. [4] (solid line with open circles);
SC-MOCC results of Shimakura et al. [6] (solid line with downward
triangle); SC-MOCC results of Olson et al. [5] (solid line with upward
triangle); and experiment results of Crandall et al. [10] (stars).

The cross sections for capture to n = 2 and n = 3 shells
of the B>* ion are shown in Fig. 14, together with the AOCC
results of Hansen and Dubois [7]. The present QMOCC and
AOCC results for n =3 are in good mutual agreement in
the overlapping energy range, while those for n = 2 disagree
both below 1 keV/u and above 5 keV/u. The origin of
this disagreement is the use of model potential (6), which,
for the low-lying n = 2 states, apparently does not describe
adequately the electron interaction with the ion core. The
capture to n = 3 shells dominates up to £ = 1-2 keV /u, when
the capture to n = 2 also becomes significant.

The differential charge-transfer cross sections for the
B3*(1s?) + H(1s) collision system are presented in Fig. 15
for collision energies of 0.5, 1, and 5 keV /u. Compared to the
Be?*(1s%) + H(ls) case, the large-angle scattering becomes
more pronounced in the present collision system because the
potentials of the exit channels in BH** are more repulsive than
those of the BeH>* ion.
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FIG. 14. (Color online) State-selective cross sections of present
QMOCC and AOCC results and the AOCC results of Ref. [7] for
electron capture to the n = 2 and n = 3 states of B>* ions.
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FIG. 15. (Color online) Differential cross sections for nonradia-
tive charge transfer in B3+(1s2) + H(1s) collisions.

B. B3t(1s%) + H(ls) —» B**(n = 2) + H +hv

Using the optical potential and semiclassical methods, we
have calculated the radiative charge-transfer cross sections to
the three B2t (n = 2) + H* channels (12X, 223 %, and 121I1)
in the energy range 10~>-10 eV /u and 0.1-100 eV /u, respec-
tively, as shown in Fig. 16. It can be seen that the results of the
two methods join smoothly in the overlapping energy range. It
should be noted, however, that the semiclassical method, by its
nature, is unable to describe the resonances in the radiative de-
cay cross sections since they have a pure quantum-mechanical
origin.

The 22X state [corresponding to the B**(2po) + H*
asymptotic state] is the most important radiative decay channel
because of its large dipole moment with the initial channel (see
Fig. 8). The 12X state [corresponding to the B>*(2s) + H
asymptotic state] becomes most important for E > 30 eV /u
because the dipole moment between 12X+ and 32X+ becomes
large at small internuclear distances. We note that the radiative
decay to the 1211 state [correlating to the B> (2pm) + H

-16
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FIG. 16. (Color online) Radiative and nonradiative charge-
transfer cross sections for B3*(1s2) + H(1s) collisions. The radiative
charge-transfer results are shown by the optical potential method
(solid lines) and the semiclassical method (filled circles). Nonradia-
tive charge-transfer results are shown by the solid line.
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asymptotic state] is more than two orders of magnitude weaker
than for the other two states, reflecting its weak radiative
coupling with the 32X+ states (see Fig. 8).

The nonradiative charge-transfer cross section calculated
by the QMOCC method is also shown in the figure for
comparison. For energies below 30 eV, the nonradiative
charge-transfer cross section first decreases slowly, reaching
a minimum at about 1 eV/u, and then starts to increase
with decreasing energy. It should be noted that in the energy
region below 10-20 eV/u, the cross sections of radiative
charge-transfer channels B>*(2po) + H' and B>*(2s) + H'
become significantly larger (up to a factor of 8 and 5 on
average, respectively, below ~1eV/u) than the total nonra-
diative electron capture cross section. This is in contrast to
the Be’* 4+ H collision system, where nonradiative electron
capture cross section was an order of magnitude larger than
the radiative one in the energy region below 0.1 eV/u (cf.
Fig. 12).

The drastic differences between the radiative and nonradia-
tive cross sections in Figs. 12 and 16 can be easily understood
on the basis of a semiclassical description of these processes.
The nonradiative charge-transfer cross section in the region
of its increase with decreasing the energy in these figures
is determined essentially by the polarization interaction in
the system for which the phase shifts and the summation
in Eq. (3) can readily be calculated in the semiclassical
approximation (see, e.g., [31]). As the polarization interactions
in the Be’* 4+ H and B>t + H systems differ only for the ratio
3/2, the nonradiative cross sections for the two systems in
this energy region will be close to each other (see Figs. 12
and 16). On the other hand, the semiclassical radiative cross
section [Eq. (12)] depends on the quantity A(R), which,
as seen from Eq. (11), is a strong function of the energy
difference |V4(R) — Vx(R)| in the region where the dipole
moment D(R) takes its largest values and of the square of
D(R) itself. In the case of the Be>™ + H system, the region
of internuclear distances where D(R) for the coupled states
22% and 12X acquires its largest values (around 6.7 a.u.;
see Fig. 4) coincides with the region of avoided crossing of
adiabatic potential energies of these two states, which is rather
small (only 0.034 a.u. at R = 6.7 a.u.). In contrast to this, the
energy differences |V4(R) — Vx(R)| between the 32X-22%
and 32%-12Y states in the B3t + H system have very large
values (see Fig. 5) in the internuclear distance regions where
their dipole moments attain large values (see Fig. 8). The
large values of |V4(R) — Vx(R)| for these states compensate
for their relative modest dipole moments (with respect to
that for the 2?2%-12% transition in Be*" + H) and bring
the RCT cross section significantly above the nonradiative
one. This analysis indicates that if the initial and final
charge-transfer channels in an ion-atom system are cou-
pled nonadiabatically (radially) and are strongly coupled
at certain internuclear distance R,, their radiative charge-
transfer cross section will be small despite their strong
radiative coupling in the region around R,. For the radi-
ally weakly coupled initial and final charge-transfer chan-
nels, it appears, according to Egs. (11) and (12), that
the opposite is true, opening the possibility for the ra-
diative channel to become the dominant charge-transfer
channel.
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VI. CONCLUSIONS

In this article, we have studied the radiative and nonradiative
electron capture processes in the Be?*(1s2) + H(ls) and
B3*(1s%) + H(ls) collision systems in a broad range of
collision energies. The total and state-selective cross sections
for the nonradiative electron capture have been calculated
using the QMOCC method in the energy range 10~8-10keV /u
and using the TC-AOCC method in the energy range 0.1—
100 keV /u. The results of the two methods for the total and
dominant channel capture cross sections agree very well in the
overlapping energy range. They also agree with the available
experimental data (for B** + H[10]) and are in fair agreement
with the results of other theoretical calculations employing
the semiclassical MOCC and AOCC methods with smaller
expansion bases. (An exception is the results of the AOCC
calculations of Hansen and Dubois [7], in which an obvious
numerical error is present.) For both collision systems, we have
also calculated the differential charge-transfer cross sections
for collision energies of 0.5, 1, and 5 keV /u.

The radiative charge-transfer cross sections have been
calculated using the optical potential method in the energy
range 107°-0.1 eV/u and the semiclassical method in the
energy range 0.1-100 eV /u. The results of the two methods
join each other smoothly at ~0.1 eV/u. It has been found
that in the case of the Be?t(1s2) + H(ls) collision system,
the nonradiative charge-transfer cross section is an order of
magnitude larger than the radiative one for energies below

PHYSICAL REVIEW A 82, 022710 (2010)

0.1 eV/u, whereas in the B3*(1s?) + H(ls) collision case, the
cross sections for radiative capture channels B>*(2po) + H'
and B?*(2s) + H' are significantly larger than the total
nonradiative electron capture cross section in the energy
region below 10-20 eV /u. The significant differences in the
magnitudes of the radiative charge-transfer cross sections in
the two studied collision systems have been understood on the
basis of energy differences between the radiatively coupled
states in the regions of internuclear distances where corre-
sponding dipole moments are dominantly distributed. The
value of the dipole moment, although entering quadratically
the (semiclassical) radiative charge-transfer cross section, has
a relatively smaller effect on the magnitude of the RCT cross
section. Both radiative and nonradiative charge-transfer cross
sections increase with decreasing collision energy in the region
below ~0.1 eV/u for Be?*(1s?) + H(ls) and ~1 eV/u for
B3*(1s5?) + H(1s), in accordance with general theories of these
processes.
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