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The nonradiative charge-transfer processes of Be3t(1s)/B*(1s) colliding with He(1 s2) are investigated by the
quantum-mechanical molecular orbital close-coupling (QMOCC) method from 10 eV/u to 1800 eV/u. Total and state-
selective cross sections are obtained and compared with other results available. Although the incident ions have the same
number of electrons and collide with the same target, their cross sections are different due to the differences in molecular
structure. For Be3+(ls) + He(lsz), only single-electron-capture (SEC) states are important and the total cross sections have
a broad maximum around E = 150 eV/u. While for B**(1s) + He(1s2), both the SEC and double-electron-capture (DEC)
processes are important, and the total SEC and DEC cross sections decrease rapidly with the energy decreasing.
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PACS: 34.70.4-¢, 34.20.—b

1. Introduction

In the last few decades, the study of achieving controlled
and sustained nuclear fusion has attracted much attention, 1!
one of the most effective ways is to use the tokamaks. In
the edge plasmas of many tokamaks, beryllium and boron are
considered as important impurity ions. e.g., layers containing
boron are formed in the plasma from boron-doped graphites
due to boronization of the vessel walls,[3! while in the Inter-
national Thermonuclear Experimental Reactor (ITER), beryl-
lium is used as a armor material for the first wall.[¥! Espe-
cially, the charge-exchange processes of Bed™ ions with he-
lium atoms are considered to be the main ‘poison’ processes
to reduce temperature. Therefore, the information of the cross
sections and the comprehensive knowledge of the charge-
exchange processes between Bed™, B4 ions with He are es-
sential for simulation and diagnosis of tokamak plasmas.

Since the temperature of typical tokamak edge plasma is
below 500 eV, the data of cross sections for charge transfer
processes in low-energy collisions of these systems are re-
quired. Up until now, in the low energy region, the charge-
transfer processes of Be>*/B** colliding with He atoms have
been studied theoretically by the earlier works.>~1%1 The only
experimental study below 1 keV/u is for B** 4+ He by Iwai
et al.!"'l We should mention that controversy remains among
these works.

In this work, the charge-transfer processes of the

DOI: 10.1088/1674-1056/aba276

Be3*/B** + He collision systems have been studied in the en-
ergy range 10-1800 eV/u by using the quantum-mechanical
molecular orbital close-coupling (QMOCC) method. The
adiabatic potentials, radial and rotational coupling-matrix
elements, which are necessary in the dynamics calcula-
tion, have been computed by using the ab initio multirefer-
ence single- and double-excitation configuration-interaction
(MRD-CI) method.[!213]

The present article is organized as follows. In the next
section, the molecular potential and coupling data are pre-
sented. In Section 3, we briefly outline the theoretical meth-
ods. The results and discussion of the scattering calculations
are presented in Section 4, followed by a brief summary in
Section 5. Atomic units are used in the remaining part of this
article, unless explicitly indicated otherwise.

2. Molecular structure calculations
2.1. BeHe>" molecular ion

In the present work, the basis sets used for both the beryl-
lium and helium atoms are the correlation-consistent polarized
valence quadruple-zeta (cc-pVQZ) Gaussion basis sets,[1*13]
a diffuse (1s1p) set has been added for beryllium. Ultimately,
the basis set (13s, 7p, 3d, 2f) contracted to [6s, 5p, 3d]!!4] is
used for beryllium, while (7s, 3p, 2d, 1f) contracted to the [4s,
3p, 2d] basis set!!>! is for helium. A selection threshold of

1.0 x 10~8 Hartreel'>19] is used for BeHe3" molecular ions,
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and the spin—orbit interactions are not considered because the
influence is small. As shown in Table 1, the states below the
ionization threshold Be** (1s%) + He?* should not be impor-
tant because of the large energy gaps (over 74.891 eV) with
the initial state Be>"(1s 2S) + He(1s?). By using the MRD-CI
package,!'>31 ab initio multireference configuration interac-
tion calculations have been performed for adiabatic potential
curves, including six 2X states and two IT of the BeHe>" sys-

tem at internuclear distances from 1.0 a.u. to 100.0 a.u. Com-
pared to the experimental atomic energies!!”! in the asymp-
totic region, the discrepancy of our calculated results is within
0.036 eV, which would be sufficient for getting the right po-
tential curves, the radial coupling and the rotational coupling
matrices. So that for the scattering calculations, this accuracy
level is adequate for treating the present dynamics of Be3* (1s)
+ He(1s2) collisions. '8!

Table 1. Asymptotic separated-atom energies for the states of BeHe>". The bold 5 2Z represents the initial state.

Molecular states Asymptotic atomic states Energy/eV
MRD-CI Ref. [17] Error
X2y Be?t(1s2 1S) + He ™ (1s) —129.149 —129.309 0.160
AZX Be* (15225 2S) + He?* —93.090 -93.102 0.012
Bet(I1s%el)+ He?+ —74.891
122 Be*t(1s2s 3S) + Het(1s) —10.707 —10.717 0.010
22y Be?t(1s2s 'S) + Het (1s) —7.655 —7.658 0.003
32%,1%1 Be?*(1s2p *PY)+ He™ (1s) —7.388 —7.388 0.000
42%,2°%1 Be?*(1s2p 'P%)+ He™ (1s) —5.603 —5.640 0.037
52y Be3* (1s 2S) + He(1s?) 0 0 0
62% Bet(1s3s 3S) + Het(1s) 9.731 9.700 0.031
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Fig. 1. Potential curves of BeHe®" molecular ions refer to Table 1.

The radial coupling matrix elements between molecular
states of the same symmetry have been calculated by the finite
difference technique

2 1
Al = (Wil yi) = lim = (yi(R)[yi(R+AR)), (1)

with a step size of 0.0002 a.u. While the rotational cou-

plings Al-ej = (Wi]iL,|y;) between states of angular momentum
AA = =£1 have been calculated directly from the angular mo-
mentum tensor.
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Fig. 2. Radial coupling matrix elements for BeHe*.

The adiabatic potential curves of BeHe>* molecular ions
are presented at internuclear distance R = 1.0-15.0 a.u. in
Fig. 1. The 5 %X state represents the initial channel for the
Be3*(1s) 4+ He(1s?) collision system. The radial coupling
matrix elements for BeHe3" are displayed in Fig. 2. Ob-
viously, the positions of the peaks are consistent with the
avoided crossings observed in Fig. 1. In particular, there is a
strong coupling between 2 2% and 1 X state at internuclear dis-
tances ~ 5.4 a.u., which may drive directly the transition to the
Be?*(1s2s3S) + Het(1s) exit state. Note that the coupling be-
tween the 2 >X and 3 2X states has a peak at R ~ 2.4 a.u. which
is much weaker, and it will be important only at high collision

energies. Moreover, clear and narrow avoided crossings be-
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tween 2 233 2%, 3254 2y and 4 2¥X-5 2% are observed at
R~ 69au., 73 au., and 9.6 a.u. (see Fig. 1), respectively.
The corresponding radial coupling matrix elements are very

sharp, as shown in Fig. 2.
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Fig. 3. Rotational coupling matrix elements for BeHe*.

Also, the most important rotational couplings are pre-
sented in Fig. 3. It can be seen that the rotational couplings
are not smooth, since the adiabatic interactions are strong
near the positions of the avoided crossings. In the region of
R > 10.0 a.u., the asymptotical value of the 3 2X~1 2IT cou-
plings is about —1.0 a.u., and it may affect the population to
the Be?*(1s2p *PY)+ He™ (1s) exit state, while the strong cou-
plings between 4 2X-2 2IT play an important role for the pop-
ulation to the Be?*(1s2p 'P%)+ He*(1s).

2.2. BHe*t molecular ion

The B** (15 2S) + He(1s?) scattering system has the same
electron numbers with Be**(1s 2S) + He(1s?). For compar-

ison, the adiabatic potentials and coupling matrix elements

have also been obtained by using the MRD-CI method. For
the B atom, we have used the correlation-consistent polarized
valence quadruple-zeta (cc-pVQZ) Gaussion basis sets!!*13]
with a diffuse (5s4p3d2f) set, the (17s, 10p, 6d, 4f) contracted
to [10s, 8p, 6d, 4f] basis set!'*! is employed for boron. While
for the He atom, the same basis set which was used in the cal-
culation of the BeHe>* ion!!! is employed for helium. Like
the Be3*(1s 2S) + He(1s?) system, the states below the ion-
ization threshold B3* (1s?)+ He?* should not be important ei-
ther because of the large energy gaps (over 180.366 eV) with
the initial state B**(1s 2S) + He(1s?) as shown in Table 2.
The structure of the BHe**system has been computed by us-
ing the MRD-CI method, thirteen 2y one %A, and seven 2I1
states have been performed. The asymptotic energies in the
separated-atom limit of the considered states are shown in Ta-
ble 2 and compared with the experimental data.!!”! The 13 2%
state represents the initial channel of the B**(1s 2S) + He(1s?)
collision system. The largest error in the relative asymptotic
energies of this system is about 0.179 eV.

The calculated adiabatic potentials for internuclear dis-
tances R = 1.0-15.0 a.u. are plotted in Fig. 4. Notably, four
sharp avoided crossings between the 13 2X state and the 6-9
2y states at R ~ 5.6 a.u., 6.5 a.u., 7.8 a.u., and 12.0 a.u. have
been replaced by real crossings, respectively. Figures 5(a)—
5(f) display some important radial and rotational couplings,
respectively. Differing from the Be’T(1s 2S) + He(1s?) sys-
tem, there are no effective avoided crossings between the ini-
tial state with others in the region of R > 4.0 a.u., so that no
strong nonadiabatic coupling would be induced at low colli-

sion energy.

Table 2. Asymptotic separated-atom energies for the states of BHe**. The bold 13 %X represents the initial state.

Molecular states Asymptotic atomic states Energy/eV
MRD-CI Ref. [17] Error
X2y B3 (1s? 1S) + He™ (1s) —234.700 —234.784 0.084
AZX B2*(1s%2s 28) + He?* —218.190 —218.297 0.107
B> (1s%el)+ He?* —180.366
122 B3 (1525 3S) + He™ (1) —36.277 —36.219 —0.058
22y B3t(1s2s 'S) + Het(1s) —32.041 —31.982 —0.059
325,11 B3*(1s2p *P%)+ He* (1s) —31.882 —31.833 —0.049
42%,2710 B3 (1s2p 'P%)+ He 't (1s) —29.209 —29.222 0.013
52% B2 (15252 28) + He?* —25.548 —25.567 0.019
62%x, 3201 B2 (15(28)2s2p(3PY) 2P0)+ He* —19.142 —19.167 0.025
72%, 4210 B2*(1s(3S)2s2p(' P?) 2P0) 4 He?+ —16.243 —-16.321 0.078
82%, 5211, 12A B2t (1s2p? ?D) + He?t —13.944 —14.070 0.126
6 211 B2*(1s2p? 2P) 4 He?* —13.035 —13.100 0.065
92y B2 (1s2p? 28) + He>™ —9.078 —9.257 0.179
1022 B3+(1s3s 3S) + Het(1s) —1.424 —1.354 —0.070
112% B3t (1s3s 1S) + He™ (1) —0.297 —0.234 —0.063
1223, 7°11 B3 (1s3p 3P%)+ He*(1s) —-0.236 —0.178 —0.058
132% B4t (15 2S) + He(1s?) 0 0 0
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Fig. 4. Potential curves of BHe** molecular ions refer to Table 2.
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Fig. 5. Coupling matrix elements for BHe**: (a) and (b) radial coupling matrix element between ' X" states, (c) radial coupling matrix element
between 'IT states, (d) rotational coupling matrix element between !XT and 'IT states, (e) and (f) some important detailed radial coupling
matrix element between exit states with the initial state.

More interestingly, some relatively weak couplings would ~ and 5 2X become more and more close, which implies that the
make contributions to the population of B3*(Is2l, 31) +  radial couplings shown in Fig. 5(e) between them may be im-
He™(1s) exit states as shown in Figs. 5(e) and 5(f). It can  portant in high collision energy region. Broad and relatively
be seen from Fig. 4 that when the internuclear distance R is ~ weak peaks can be seen from Fig. 5(f), and may contribute to

less than 4.0 a.u., with decreasing R, the potentials for 1-4 2X  the populations of B3*(1s31) from the low energy region.
093401-4
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2.3. Comparison between BeHe>" and BHe*" systems

In the molecular structure calculations of BeHe** and
BHe*t molecular ions, although both have the same num-
ber of electrons, the initial and the most important exit states
have large energy gaps (larger than 64 eV) with the ionization
threshold as shown in Tables 1 and 2, they still have some dif-
ferences which may lead to different results in the collision
dynamics.

As shown in Table 1, for the BeHe** system, the main
electron capture process should be the SEC process. While
the DEC process should be weak here, since all the double-
electron capture states have large energy gaps with the initial
state. While for the BHe** molecular ion, it can be seen from
Table 2 that not only the SEC process but also the DEC pro-
cess may be important in the considered energy region, since
the asymptotic separated-atom energies of the states, SEC and
DEC to, are not far from the initial state B** (1s 2S) 4+ He(1s2).
And this system is more complex because the DEC channels
lie energetically among the SEC channels.

Moreover, for the BeHe3" system, the main SEC pro-
cesses are to the Be2T (1s21) + Het(1s) states, the Be2+(1s31) +
He™ (1s) states are insignificant as their energies lie relatively
high above the initial state Be*>* (1s 2S) + He(1s?). But for the
BHe** molecular ion, Table 2 indicates that the energy levels
of B3*(1s31) + He™(1s) states are very close to the initial state
B**(1s 2S) + He(1s?) at large internuclear distances, and may
make contributions in the collision dynamics.

Furthermore, we compare the radial coupling matrix el-
ements which are shown in Figs. 2 and 5. For the BeHe*"
system, it can be observed that the couplings between the ini-
tial 2 %X state with the 1 2% state have a broad peak at inter-
nuclear distances R ~ 5.4 a.u. and it would drive directly the
transition to the Be2T (1s2s 3S) + He™(1s) exit state. Also, the
coupling between the 2 2% and 3 X states has a peak at about
2.4 a.u., which will make contributions in the collision dynam-
ics at high collision energies. However, the radial couplings of
BHe*t, as shown in Fig. 5, indicate that there is no effective
coupling between the initial state with other molecular states.

3. Scattering calculations

In the present work, the quantum-mechanical molecu-
lar orbital close-coupling (QMOCC) approach is used to de-
scribe the charge transfer processes. This method has been
formulated and described by Zygelman and Dalgarno!!”! and
Kimura and Lane,?” here we only give a brief summary.
In the adiabatic representation, transitions between channels
are driven by radial and rotational (AR and A®) couplings of
the vector potential A(R), where R is the internuclear dis-
tance vector. Because the first and the second derivatives

are included in the adiabatic description, using the unitary

transformation!!®?!1 would be numerically convenient from
the adiabatic representation to a diabatic representation

U(R) =W (R)[V(R) ~P(RIW (R), @

where U (R) is the adiabatic potential matrix, V'(R) is the di-
agonal adiabatic potential, W (R) is a unitary transformation
matrix, and P(R) is the rotational matrix of the vector potential
A(R).

By using the log-derivative method of Johnson,??! the K
matrix which is obtained from the scattering amplitude after
a partial-wave decomposition!!! could be extracted. Thus the
scattering matrix S is obtained,

S;=[I+iK, '[I-iK]). 3)

The charge-capture cross section from the initial channel i to
the final channel j is given by

@D)ISi2;

Olims)) = k% Y @
i J
where k; denotes the initial momentum.

The electron translation factors (ETFs),[23] which are
expected not to be ignored for collision energies above
1 keV/u,?* are taken into account. Allowance for the con-
sideration of translation effects in the collision dynamics is
made by introducing appropriate reaction coordinates,2>20]
we transform the radial and rotational coupling matrix ele-

ments between the states Yk and y; into!?”]

(yk|0/IR — (ex — 1) /2R|yL),
(Wk|iLy + (&x — €L)zx|yL), (5)

respectively, where € and & are the electronic energies of
states Wy and v, and z*> and zx are the components of the
quadrupole moment tensor. This modification is similar to the
one resulting from the application of the common ETF method

in form. (23

4. Results and discussion
4.1. Be3t(1s) + He(1s?) — Be*t+ Het

As shown in Fig. 6, the total non-radiative charge-transfer
cross sections (including the ETF effects) are calculated in the
energy range of 10—1800 eV/u, and they are in general agree-
ment with those of Suzuki e al.’! by using the semiclassi-
cal molecular-state expansion method in the overlapping en-
ergy range. It is found that there is a broad maximum peak
at around E = 150 eV/u, while Suzuki’s results decrease with
the collision energy increasing in their whole energy region.
For E < 200 eV/u, the QMOCC results are somewhat lower,
especially for E < 100 eV/u. Due to the straight-line trajec-
tory applied for nuclear motion, the computational limit of the
semi-classical method is at this energy region, while in the
QMOCC method, all electrons and nucleus are treated quan-
tum mechanically. In general, the QMOCC results are more

093401-5
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reliable than the semi-classical ones for the energy less than
about 1 keV/u, especially for collision energy less than several
hundred eV/u.[?82%]

17
16
15
14

13

12F 3
—a—QMOCC.present
—e- SMOCC.Suzuki 3

Cross section/10716 cm?

10 100 1000

Energy/(eV/u)

Fig. 6. Comparison between the present SEC cross sections for the
Be3t(1s) + He(1s2) collision with other theoretical results. Present
QMOCC calculation considering the ETF effects (solid line with filled
squares); semi-classical molecular orbital close coupling (SMOCC) re-
sults of Suzuki ef al.>) (dashed line with filled circles).
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Fig. 7. State-selective cross sections of present QMOCC results (con-
sidering the ETF effects) and the results of Suzuki et al.'®! for electron
capture to the 1s2s and 1s2p states of Be>" ions.

For further study, the state-selective cross sections for
electron capture to Be’T(1s2s) and Be’*(1s2p) states are
shown in Fig. 7 and compared with those of Suzuki ez al.l!
Our QMOCC results agree with the semiclassical ones®!
for those dominant capture processes to Be?T(1s2s) due to
the strong radial coupling between 1 2% and 2 2% states at
around 5.4 a.u., as mentioned in Section 2. The cross sec-
tion has a broad maximum at relatively low collision ener-
gies (~ 150 eV/u) because of the appearing of this coupling
at relatively large distances. On the other hand, the cross sec-
tion of the Be>*(1s2p) state is relatively small except in the
lower-energy or higher-energy region. For energy less than
~ 100 eV/u, the rotational 3 2X—1 2IT and 4 >X-2 ?II couplings
make contributions to the population of Be?*(1s2p) states. For
E > 200 eV/u, with the energy increasing, the cross sections
to Bez+(152p) states increase, because in the small R region,
the potentials for 3-5 2X and 1, 2 *I1 states become very close
with decreasing R, the radial and rotational couplings between
them make contributions in the high collision energy region.

In Fig. 8, cross sections for electron capture to singlet and
triplet states of Be’>" ions are compared with those of Suzuki
et al.1 1t can be observed that the cross sections of the elec-
tron capture for the triplet formation are dominant, it is con-
sistent with the previous results that the electron capture to
the Be2*(1s2s 3S) state is dominant. The trend of the cross
section for the triplet states agrees well with Suzuki’s result
in the overlapping energy range. Compared with the triplet
states, the cross sections for the singlet states are not impor-
tant, e.g., at 100 eV/u, 300 eV/u, and 1000 eV/u, the cross
section is about one fifth, one fourth, and one third of that
for the triplet states, respectively. For the singlet formation,
in 200-1000 eV/u, the trend of the cross sections is different.
Around 500 eV/u, there is a relatively smaller peak due to the
contributions from the radial 2 2X-3 %X couplings, which has
a relatively weaker peak at R ~ 2.4 a.u. As mentioned pre-
viously, the QMOCC results should be more reliable than the
semi-classical ones in this energy region. [28-2%]

triplet =

—

o
T

1

—a— singlet. QMOCC.present
—eo— triplet. QMOCC.present
—o- singlet.SMOCC.Suzuki
—o- triplet.SMOCC.Suzuki

singlet

Cross section/10~16 cm?

1 1
10 100

Energy/(eV/u)

Fig. 8. Cross sections of present QMOCC results (considering the ETF
effects) and the results of Suzuki ez al.) for electron capture to singlet
and triplet states of Be?" ions.

1000

4.2. B**(1s) + He(1s*) — B>+ He ™"

For comparison, we have also calculated cross sections
for the B4 (1s) + He(1s?) collision system using the QMOCC
method (including the ETF effects) in the energy range 18—
1700 eV/u. The total SEC cross sections are shown in Fig. 9
and compared with the experimental results of Iwai et al.,!!]
the atomic-orbital close-coupling (AOCC) results of Hansen
et al.,!"! the semi-classical results of Fritsch et al.!8! and Shi-
makura e al.'' In the overlapping energy range, our results
are in good agreement with the semi-classical results of Fritsch
et al.'® and the experimental data within their error bars,!'!!
except at E ~ 1 keV/u, the result is 20% lower than the ex-
perimental measured value. For E < 500 eV/u, the AOCC
results of Hansen et al.!” are larger than ours and other theo-
retical results.['% And our results are in good agreement with
the results of Shimakura ez al.'%! for the collision energy from
200 eV/u to 500 eV/u, but are larger in the lower energy re-
gion, and smaller in the higher energy region. There are two
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reasons for the differences, (i) full electron molecular method
is used in our calculations, while the other calculations[”-8-10]
used model potentials with only two-electron atomic orbitals
considered. (ii) In general, the QMOCC results are more reli-
able for the energy less than ~ 1 keV/u, while the straight-line
trajectory approximation of the semi-classical method starts
to fail below several hundred eV/u.l?®?°! In our considered
energy region, as the energy increases, the cross section also
increases because in this system, no strong coupling exists at
large internuclear distances, which has been discussed in Sub-
section 2.2. Note that the values of the cross sections remain
the same from about 60 eV/u to 150 eV/u, which can be ex-
plained by the state-selective SEC cross sections.

T T
~ SEC A
£ L
o
N .
T 1F 4
o
Al
~
o
o
.5
8 0.1¢ o exp.lwai E
@ —— QMOCC.present
o . —+— AOCC.Hansen
O ‘ - ~- SMOCC.Shimakura
—=— AOCC.Fritsch
0.01f ) ) E
100 1000
Energy/(eV/u)
Fig. 9. Comparison between the present SEC cross sections for

the B*(1s) + He(1s?) collision with other theoretical”-319 and
experimental ') results. Present QMOCC calculation considering the
ETF effects (solid line with open squares); AOCC results of Hansen et
al."! (dashed line); semi-classical results of Fritsch et al.!8! (dash dot-
ted line) and Shimakura et al.'%! (dotted line). Experimental results of
Iwai er al. ' (filled circles with error bars).

As shown in Fig. 10, the state-selective SEC cross sec-
tions are compared with other available theoretical results. In
the considered energy region, as the energy increases, the cross
sections to 2s and 2p states are also increasing because (i) just
as mentioned in Section 2, no effective avoided crossings have
been found between the initial state with 2s and 2p states in
the large R region (R > 4.0 a.u.), (ii) when the internuclear
distance R < 4.0 a.u., the potentials for 1-4 2y and the initial
state become very close with decrease of R, and the radial cou-
plings (Fig. 5(e)) between them make contributions in the high
collision energy region. And the cross sections for capture to
the 2s state of the B3* ion are lower than those to the 2p state,
but the cross sections for capture to the 31 states are relatively
small in the whole energy region, this trend is consistent with
other theoretical results.[-3:1% For E > 70 eV/u, the cross sec-
tions to the 31 states become nearly constant, since the broad
and relatively weak couplings (Fig. 5(f)) make contributions
here. However, there are some differences among ours and
other theoretical results. For £ < 500 eV/u, the AOCC re-
sults for capture to 2p state by Hansen et al.!”! are obviously
larger than other theoretical results, e.g., it is nearly 6 times

our result at £ = 250 eV/u. And our QMOCC results for cap-
ture to 2s and 31 states are larger than the other results,[7-10]
e.g., for capture to 2s states, at E = 500 eV/u, our result is
about three times the results by Shimakura ez al.,l'°! with the
energy decreasing, the difference goes to about 80 times at
E =150 eV/u. This is most probably because of the different
methods. Generally, the QMOCC results are more reliable for
the energy less than about 1 keV/u. Note that our results are
not smooth, it is because of the complex radial and rotational
couplings between states.
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,_.
o
L

. :—Zs.present
P —2p.present
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Fig. 10. Comparison between the present state-selective SEC cross sec-
tions for the B**(1s) + He(1s?) collision with other theoreticall”-8-10!
results. Present QMOCC calculation considering the ETF effects (solid
line); AOCC results of Hansen ez al.l”! (dotted line); semi-classical re-
sults of Fritsch er al.!®8 (dashed line) and Shimakura er al.!'%) (dash
dotted line).
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Fig. 11. Comparison between the present DEC cross sections for the
B**(1s) + He(1s?) collision with other theoretical results.[”*! Present
QMOCC calculation considering the ETF effects (solid line with open
circles); AOCC results of Hansen er al.!”! (dash dotted line); semi-
classical results of Fritsch ez al.!8] (dotted line); and full electron molec-
ular expansion method of Bacchus-Montabonel 1 (dashed line).

For the B**t(1s) + He(1s?) system, the DEC processes
are also important, the present total DEC cross sections are
compared with other theoretical results!’=! in Fig. 11. It can
be observed that the theoretical results of Hansen ez al.!” and
Fritsch et al.,'8! in which semiclassical close-coupling for-
malism with only two-electron atomic orbitals was used, are
much lower and higher than our results, respectively. How-
ever, Our results are in good agreement with that of Bacchus-

Montabonel®! in the overlapping energy region, and seem to
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be well adapted to describe this system because of the molec-
ular treatment. In our calculations, the full three-electron in-
teractions have been taken into account, and the correlation
effects between 1s and 21 orbitals have being included in the
configuration-interaction calculation in both calculations of
Bacchus-Montabonel®! and ours.

Figure 12 shows the comparison between the present
state-selective DEC cross sections for the B4+ (1s) + He(1s2)
collision with other theoretical results.”"! Among these DEC
processes in the considered energy region, the B2*(1s2p?)+
He?" state is only weakly populated, since its population oc-
curs at small-impact parameters, and the present calculations
of DEC to the BZ*(1s2p?)+4 He?* state is shown to be in bet-
ter agreement with the absolute values obtained by Fritsch
et al.!¥1 The cross sections to the B>+ (1s2s?)+ He’" states
in the considered energy region show a broad trough around
E =70 eV/u. While to the B2+(15232p), the cross sections
continue to rise as the energy increases. For E < 40 eV/u, the
electron capture to the B>*(1s2s?) + He?" state is dominant,
and with the energy increasing, the capture to B> (1s2s2p)
also becomes significant, their values of the cross sections in-
tersect at E ~ 40 eV/u and 400 eV/u. Our results for elec-
tron capture to B2*(1s2s?) + He?" and B>*(1s2s2p) + He?*
states are in better agreement with the results of Bacchus-
Montabonel,®! since the other calculations!”#! apparently do
not have adequate descriptions of the electron interaction as
mentioned.
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Fig. 12. Comparison between the present state-selective DEC cross
sections for the B4t (1s) + He(1s2) collision with other theoretical
results.[’?) Present QMOCC calculation considering the ETF effects
(solid line); AOCC results of Hansen et al.l”) (dash dotted line); semi-
classical results of Fritsch er al.!®! (dotted line); and full electron molec-
ular expansion method of Bacchus-Montabonel 191 (dashed line).
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4.3. Comparison between BeHe’" and BHe*" systems

As we have expected, for both of BeHe? ™ and BHe* sys-
tems, the incident ions have the same number of electrons and
collide with the same target, but these two systems have many
differences in the collision dynamics because the molecular
structures of them are different. We begin the discussion by

comparing the total SEC and DEC cross sections. As shown
in Fig. 6, for the Be3t(1s) + He(1s2) collision system, it is
observed that only the SEC cross sections are important be-
cause the DEC states have large energy gaps with the initial
state Be3T(1s 2S) + He(1s2). The total SEC cross sections
have a broad maximum around E = 150 eV/u owing to the ob-
vious avoided crossing between the 2 2% and the 1 2% states
and the strong radial couplings at R ~ 5.4 a.u. (see Figs. 1
and 2). On the other hand, for B**(1s) + He(1s?) as shown
in Figs. 9 and 11, both of the SEC and DEC processes are im-
portant because of the small energy gap with the initial state
B**(1s 2S) + He(1s?) (see Table 2). In our considered en-
ergy region, with the energy decreasing, the SEC and DEC
cross sections decrease rapidly, which is consistent with the
previous discussion that there is no strong coupling at large
internuclear distances.

In order to study the differences between the two systems
further, the state-selective cross sections are compared. For the
SEC process of the Be3*(1s) + He(1s?) collision system, elec-
tron capture to the Be?t(1s2s) state is dominant and the cross
sections have a broad maximum because of the strong radial
coupling between 1 °% and 2 2 states. But for BHe** sys-
tem, in the considered energy region, with the energy increas-
ing, the cross sections to 2s and 2p states are also increasing,
since there are no effective avoided crossings for R > 4.0 a.u.
and when the internuclear distance R < 4.0 a.u., the potentials
for 1-4 2% and the initial state become very close, the radial
couplings between them play a role in the high collision en-
ergy region. Moreover, the cross sections to the Be?*(1s31)
+ He™(1s) states are not considered as their energies lie rel-
atively high above the initial state Be3*(1s 2S) + He(1s?).
But for B**(1s) 4+ He(1s?), although the B3*(1s31) + He™ (1s)
states energetically lie very close to the initial state B**(1s 2S)
+ He(1s?) at large internuclear distances, the cross sections
for capture to 3l states are relatively small because there is
no strong radial coupling between the 31 states with the initial
state at the considered distances.

5. Conclusion

This paper studied and compared the nonradiative elec-
tron capture processes of the Be’T(1s)/ B*¥(1s) + He(ls?)
collision systems by using the QMOCC method. Total and
state-selective cross sections have been calculated in the en-
And the MRD-CI method was
used to compute the ab initio potential curves and nonadia-

ergy range 10-1800 eV/u.

batic coupling matrix elements, the largest error in the relative
asymptotic energies of these system is about 0.179 eV, which
would be sufficient for the scattering calculations. The differ-
ences between these two systems in the molecular structure
calculations and the dynamic calculation were analyzed. For
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Be’*(1s) + He(1s?), only SEC states are important and the to-
tal cross sections have a broad maximum around £ = 150 eV/u
because of the strong radial coupling between 1 2X and 2 2%
states at R ~ 5.4 a.u. For B4 (1s) + He(ls?), the SEC and
DEC processes are important, and in our considered energy
region, with the energy decreasing, the cross sections also de-
crease rapidly due to no strong coupling at large internuclear
distances.

The results agree well with the available experimental
data (for B*t(1s) + He(ls2)[“]). For the collision system
Be3t(1s) + He(1s2), our results are in general agreement with
those of Suzuki et al. in the overlapping energy range. On
the other hand, for B**(1s) + He(1s?), the QMOCC results
are in good agreement with those of Bacchus-Montabonel!
and seem to be well adapted to describe this system because
all the three-electron interactions have been taken into account
and the correlation effects between 1s and 21 orbitals have be-
ing included in the configuration-interaction calculation, while
in the works of Hansen ez al.!” and Fritsch et al.,!®! semiclas-
sical close-coupling formalism with only two-electron atomic
orbitals was used.
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