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1. introduction

In the previous two papers of this series, " we have pre-
sented evaluated theoretical cross-section data for the
charge exchange process in collisions of hydrogen atoms
with fully’ and partially® stripped ions. In this paper, we
continue our analysis of the existing theoretical charge ex-
change cross-section data to the case when the target is a
nonhydrogenic atom,

A+BToAT BT ASZH, g2, - ()

and BY" may be any ion in a charge state with 2<¢<2,
where Z is the nuclear charge of B. The energies in this paper-
are given in the form of the laboratory energy of the projec-
tile ion (E ) in.eV {(or keV, or MeV) divided by its mass (M)
expressed in unified mass units (u). The energy per unit mass
region included in our analysis extends from a few eV/u to
several MeV/u. The overwhelming majority of cross-section
calculations have been performed in'this energy region.
However, to be complete, when presenting the cross-section
data sources, we go beyond these limits. For the same reason,
in our present analysis we include also the existing theoreti-
cal cross-section data for the two-electron capture in ion—
atom collisions,

A+Bq+_,A2++B(q—2)+,

as well as the data for single- and double-charge transfer in
the ion—ion collisions. '

ATF pBET SAG I+ | Ba—it
9229, §.>2, i=12 : 3)

Compared with the hydrogen atom target case, the
evaluation of theoretical charge exchange cross sections for
multielectron target atoms is a considerably more difficult
task. The difficulties, which are inherent in the cross-section
calculations themselves, arise from two sources: complexity
of the electronic structure of colliding system, and complex-~
ity of the collision dynamics. Accurate representation of the
electronic states of a multielectron collision system is an ex-
tremely difficult problem in itself. For different regions of
the collision energy, different representations of these states
arc appropriate (adiabatic, diabatic, atomic-state representa-
tions), and in their practical realization drastic approxima-
tions are often involved (e.g., inclusion of only the valence-
shell electrons in the low-energy regime, or the inner-shell
electrons at very high energies, or use of independent-parti-
cle models, etc.). The accuracy with which the electronic
states are described is directly transferred into the accuracy
of the cross-scction calculations. Exclusion of the correla-
tion effects may also have a significant influence on the accu-
racy of calculated cross sections, both at low and at high
energies.

The multielectron character of a target atom introduces
even more difficulties in the description of the collision dy-
namics. In a many-electron collision system, many new reac-
tion channels not present in the one-electron systems be-
come available, not only because of a greater multitude of
interacting states, but also due to a diversity of multistep and
multielectron correlated transition processes (such as simul-
taneous capture and excitation or ionization). When the pro-

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

g>2, @)

R. K. JANEV AND J. W. GALLAGHER

jectile ion charge is high, the coupling of all these reaction
channels may be strong at both low and high collision ener-
gies. Theoretical methods for treating multistep and elec-
tron-correlated processes are not well developed,® and for
the processes involving simultaneous transitions of more
than two electrons, they are nonexistent. Therefore, a full
description of the charge exchange process in collisions of
complex atoms with multicharged ions is a formidable prob-
lem, even in a restricted region of the collision energy. Prac-
tical cross-section calculations are usually based on signifi-
cant approximations of collision dynamics or on suitable
models, which can be justified only for particular collision
systems and energy regions.

From the above discussion of the structural and dyna-
mical complexity of multielectron collision systems, it fol-
lows that a proper evaluation of the existing calculated
charge exchange cross sections for the reactions (1)—(3) is
extremely difficult to perform. In one-electron systems
(treated in Ref. 1), the electronic states are exactly known
and highly accurate calculations are available (at least for a
number of systems} against which the accuracy of difierent
methods can he checked; however, in the present case, none
of these circumstances exists. In only a few instances involv-
ing helium atom targets, such a comparative method, sup-
plemented by comparison with experimental data, can be
accomplished. In all other cases, the assessment of the accu-
racy of theoretical cross-section data can be based only on-
the intrinsic strength and limitations of the method applied,
the analysis of the approximations made in the electronic
structure description and in the treatment of the collision
dynamics (e.g., the possible influence of neglected reaction
channels), and comparison with experimental data where
they exist. The experimental data and the most accurate cal-
culations for the He-fully stripped ion reaction system can be
used to determine the relative accuracies of different meth-
ods, which then may be extended to other collision systems.
Such an approach does not represent a “critical evaluation”
of the data for most of the reactions considered. However, it
does provide a clue to estimate the expected accuracies in a
plausible way. :

In the next section, we give a brief presentation of the
theoretical methods so far employed in the cross-section cal-
culations of reactions (1)—(3), emphasizing the new aspects
mentioned above. A review of the cross-section data calcula-
tions is given in Sec. 3. The criteria for assessing the expected
accuracy of the existing cross-section data is discussed in
more detail in Sec. 4. Finally, in Sec. 5, we present cross-
section data with their assessed acenracy, and give details of
how the accuracy assessments were performed for particular
reactions or classes of them.

2. Theoretical Methods
2.1. One-Eleciron Capture

The theoretical methods for caiculation of one-electron
capture cross section in atom-multicharged ion collisions
were described in Refs. 1 and 2. Those in which the symme-
try properties of the one-electron diatomic system are expli-
citly used [such as the multichannel Landau—Zener model
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(M-LZ-RC) or the analytic classical model (Cl-M-An)] are
not applicable to the many-electron target {or projectile)
case, since in the latter the symmetry is reduced. Other ma-
jor differences between one-electron and many-electron tar-
gets, from the point of view of the theoretical methods dis-
cussed in Ref. 1, are the following:

(i) The low-energy molecular-orbital expansion closc-
coupling methods (CC-MO), as well as the medium-energy
atomic-orbital expansion close-coupling methods (CC-AQO),
require a larger basis set to incorporate the larger number of
coupling interactions present in the many-electron collision
systems. In CC-MO methods, the determination of the elec-
tronic basis set, as well as the potential and dynamic cou-
pling interactions is a prerequisite, which by itself may be a
formidably complex problem.

(ii) At higher collision energies, the single- and two-elec-
tron capture processes may take place from the inner-elec-
tronic shells of the target atom, and may be accompanied by
other electron transition processes (such as Auger excita-
tion, ionization, etc.). Because of the complexity introduced
in the treatment by (i) and (ii), the most-studied charge ex-
change reactions have been those involving a relatively small
number of electrons in the colliding system and, in particu-
lar, reactions with He as a target atom.

As in Ref. 1, it is convenient to discuss the theoretical
methods separately in three different regions of collision ve-
locity: v<v;, v~v,, and v>v,, where l}elis the characteristic
(classical) velocity of the bound electron participating in the
capture . process. For the outer-shell electrons
v~y = 2.19 ¢ 10% cm/s, while for the inner-shell electrons
v. ~Z /n, where Z is the nuclear charge of the target atom
and n (~ 1)is the principal quantum number of the shell. For
the heavy atoms, Z is large and the region v S v, may actual-
ly involve very high collision energies.

a. Low-Velocity Region (vsv,)

The theoretical methods most frequently used for
charge exchange cross-section calculations in this region are
the CC-MO method, with or without inclusion of electron
translation factors (ETF) in the basis functions [in the latter
case CC-MO is called perturbed stationary state method
(PSS)], the asymptotic method (AM) with model solutions of
the two-state strong coupling problem {such as the Landau—
Zener (LZ) modet] and different versions of the decay model
[the electron tunneling model, referred to as DM below, and
the absorbing sphere model (ASM)]. The main features of
these methods have been discussed in Ref. 1. Here we add
that due to the larger number of reaction channels available
for charge exchange when the target is a many-electron
atom, the appropriateness of decay models for describing the
process is considerably increased. Therefore, the accuracy of
the results provided by these models is expected to be higher
than in the one-electron target case. Another point which
should be emphasized with the application of decay models
in the case of a multielectron target atom is that their
straightforward use gives the total cross section o, for cap-
ture of one, two, three, etc., electrons from the target. Special
procedures must be employed in order to separate the cross
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sections 0,,0,,03,... (for one, two, three, etc., electron cap-
tures) from Oyt -~ Only when 0,,05,... are small, the calculat-
ed opp Or 04gm CTOSS sections can be expected to be close to
. This is true, for example, for alkalis, when the first and
the second ionization potentials are significantly different.
(The opposite is true for inert gas atoms.) All oy, except for
e + Ar®™ case,>* arc the same as oy, (scc Table 1).

Most of the CC-MO calculations of single-electron cap-
ture cross sections in reaction (1) have used the PSS method.
PSS cross-section calculations with an accuracy better than
50% have been done for He + He?™* {16 coupled states),”
He + Be’* (four states),® He 4+ B** (four states),” and
He + C** (five states).® Coupled-channel calculations with
only two molecular states have also been performed, both
numerically and with the Landau~Zener and Rapp—Francis
(RF) models.>!° The accuracy of the CC-MO results is di-
rectly related to the size of the MO basis, the accuracy in
solving the electronic structure part of the problem, and at
higher energies, the adequacy of the ETFs in representing
the electron momentum transfer effects (see Refs. 1 and 2).

For high values of the ionic charge g, the classical con-
siderations of the electron capture process (1) and most of the

, experimental data suggest the following scaling rule for the

cross section o, at low energies'*
2
O =45+ 1)X1071 Ng (—I-i) cm?,
I,
A ’
E(keV/u)S15¢ (——) , (4)
Iy

where N is the number of valence electrons in the atom A,
and o, [ » (= 13.6 €V) are the ionization potentials of A and
the hydrogen atom, respectively. While the approximate lin-
ear dependence of o, on g is well established (see, e.g., Ref.
12), the dependence of o, on I, is still controversial.

The theoretical predictions and experimental observa-
tions of o, ~1 5~ ® are dispersed between @ = 1 and @ = 2.1?
In most instances, Eq. (4) represents the data (if g R 10) with-
in an accuracy of &+ 50%. The decay models predict a weak
{logarithmic) dependence of o, on E,® whereas for smaller
values of ¢, o, decreases with decreasing £ due to the pro-
nounced selectivity of the electron capture process.

b. Intermediate-Velocity Region (v~v, )

The following methods have been applied for charge
exchange cross-section calculations in the relative velocity
region v=(1-5) v, : the atomic-orbital close-coupling meth-
od, with or without inclusion of pseudostates, the unitarized
distorted wave approximation (UDWA), the classical trajec-
tory Monte Carlo (CTMC) method, and the Vainshtein—
Presnyakov-Sobel’'man method with semiempirical norma-
lization (VPS-Emp). Since in this energy region capture from
the inner shells starts 1o be important, the application of the
CC-AO method requires predetermination of adequate
atomic orbitals. The single-electron atomic orbitals can be
generated by the Hartree~-Fock method or by using some
other procedure to account for the electron screening effects
(the semiempirical Slater rules, the Herman-Skillman
screening method,'® the variable screening model,* etc.).
With increasing the energy, higher excited states and the
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ionization channel become increasingly important and must
be represented in the basis set by adequately chosen pseudos-
tates.! For the lower energies, where molecular effects are
expected to play a role, pseudostates describing these effects
may also be introduced in the expansion basis. Plane-wave
ETF are usually considered as adequate for the region v > v,.

The most extensive CC-AO calculations have been
done for Ne + He?+, and Li** with inclusion of 48 Hartree—
Fock AOs in the basis,’s for the Ti + He**, Cu + He?™,
C&+, and O®* systems'® with a basis of 28 AO + pseudo-
states, and for the Ar + C**+, C®* systems’’ {AO 4 psuedo-
states), for electron capture from the inner X and L shells.
Also in this category are the CC-AO calculations for
Li + He?* system,’® with a 40-stalc basis, including united
atom pseudostates. In some cases, however, when the energy
resonance condition is fulfilled, a two-state CC-AO scheme
provides reasonably accurate cross-section results for the K~
K electron capture.’® '

The application of the UDWA, and CTMC methods to
many-electron targets requires the introduction of an effec-
tive charge, Z., for the ionic core of the atom; the uncer-
tainty in the determination of Z g is directly reflected in the
accuracy of the computed cross sections. The VPS method,
which is essentially a two-state model for the charge ex-
change process, implies independent treatment of each tar-
get electronic shell and each final product state. An empiri-
cal factor of 1/3 is usually introduced'in this method
(VPS-Emp) to simulatc the sccond-order offects. A theoreti-
cal justification for this factor (within the second Born ap-
proximation) can, however, be found only for the ls—1ls
transitions. Therefore, the accuracy of this method is rather
uncertain.

Due to the complexity of charge exchange dynamics in
the intermediate velocity region (strong coupling of a large
number of atomic discrete and continuum states), it is diffi-
cult to extract any information concerning the scaling rela-
tionships for the cross section o,. In this region o, ~¢ %,
where § may have values between 1 and 3 and depends both
on the relative velocity and the initial state electron binding
energy (I,). The dependence of o, on I, is also unknown.

<. High-Velogity Region (v>v,)

Many theoretical methods have been applied to the cal-
culation of the cross section of reaction (1) in the high-veloc-
ity region. These include extension of the VPS-Emp method;
the Brinkman-Kramers (BK) approximation, both in its
conventional form and applying ad hoc normalization pro-
cedures either to the cross section (BK-Emp)?° or to the tran-
sition probability {N-BK)?'; the eikonal extension of the BK
approximation (BK-Eik); the first Born (B1) approximation;
the orthogonalized Bates-Born approximation (B-B1); and
the continmum distarted wave (CDW) method. For suffi-
ciently high collision velocities {v R 10), the CDW approxi-
mation, in which the second-order scattering effects are ac-
counted for, can provide cross sections with an accuracy of

+ 30%, provided the initial and final bound states of the
electron are adequately described (i.e., the electron cor-
relation effects are adequately included in the target and
product-ion wave functions). Due to the sensitivity of CDW
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method to the quality of the initial-state wave function, it has
been applied so far only to the He -+ He?* system.”> The
results of the other high-velocity methods for charge ex-
change are also sensitive to the accuracy of the target elec-
tron wave function.

2.2. Electron Capture in lon-lon Collisions

The theoretical methods for treating the electron cap-
ture process in jon—ion collisions are the same as those for
ion—atom collisions. The only difference is that in the former
one has to incorporate the effects of the Coulomb repulsion
explicitly in the treatment. Within the semiclassical approxi-
mation, these effects are accounted for by using Coulomb
trajectories for the motion of the heavy particles. The Cou-
lomb repulsion effects influence the total capture cross sec-
tion only in the energy region £ S E;, = ¢, ¢,, whereg, and ¢,
are the charges of the colliding ions. The effect is an exponen-
tial decrease of the cross section for E < E,. For nonresonant
electron capture reactions, this region lies in the domain of
energies where the cross section already has an exponential
decrease (with decreasing energy) due to the adiabatic char-
acter of the process. The Coulomb repulsion effects only en-
hance this decrease in the cross section. In resonant reac-
tions, however, these effects are the only reason for the
decrease of the cross section at low energies (E < E).

The number of theoretically studied charge exchange
reactions for ion-ion collisions (listed in Table 2) is relatively
small compared to that for ion—atom collisions. The follow-
ing methods have been applied in the cross-section calcula-
tions: the two-state close-coupling models of the Landau-
Zener, or Rosen—Zener-Demkov (RZD) type, and the
asymptotic method for the resonant electron capture (AM-
Res), the CTMC method, the Coulomb-projected Born
(CPB) approximation, and the CDW method, each in the
region of its validity. With the exception of CDW, all the
above-mentioned methods provide results with a factor of 2
accuracy (or even worse}, except when the colliding system
possesses only one electron. Also in Table 2 are some reac-
tions of two-electron capture in ion-ion collisions for which
cross-section calculations have been made. The discussion in
Sec. 2.1 regarding the influence of electronic structure on the
accuracy of cross-section calculations also holds for ion~ion
collisions.

For the resonant and quasiresonant electron capture
reactions, the main dependences of the cross section on the
projectile charge g, are?*%¢

oh~g77 =2, EZq:q (5a)
~gie”*", E<qgs (5b)

where n> 1 and § is a constant (~2). For the resonant dou-
ble-electron capture ¥ = 1.7.%

Cross-section calculations with an accuracy of better
than + 50% havebeen done forthe Ba' + Ba' low-energy
charge exchange using the CC-MO method®® and for the
He*, Li**, Be’>* 4 He?* high-energy collisions using the
CDW method.*
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2.3. Two-Electron Capture Reactions

The two-electron and one-electron capture processes
differ in that the former takes place between two-electron
initial and final electronic configurations in the system.
Since during the transitions, the two electrons are strongly
correlated, the corresponding initial and final state wave
functions must be appropriately determined. This aspect
constitutes the main difficulty in treating the double-charge
transfer process, and the degree of sophistication with which
this problem is resvlved is directly refiected in the accuracy
of final results. Correlation effects between the transferring
electrons may be neglected (independent electron model)
only at very high collision energies.

Theoretical cross-section data for two-electron capture

in atom-multicharged ion collisions are rather scarce, and
most of them have been performed for a helium atom target
(see Table 3). Almost all of the methods discussed in Sec. 2.1
have been applied to the double charge transfer process. Ac-
curate cross-section data for the He + He?* system have
been provided in the low-energy region by the PSS method
with a 16 MO basis set,” and in the intermediate energy re-
gion by the CC-AO method employing a basis of nine
states.?’ We note, however, that the existing experimental
data for this system are rathier incoherent, particularly in the
low-energy region. Capture of two K-shell electrons from Ne
and Ar by highly charged ions has also been studied by the
CC-AO and CDW methods (see Table 3). Another exten-
sively studied system is He + C**, for which cross sections
have been produced both by the PSS method® and the
asymptotic method.?® More details about the theoretical
methods for treating two-clectron capture processes can be

found in Ref. 3.

3. Review of Data Sources

The theoretical cross-section calculations for the single
and double charge exchange processes in ion-atom and ion—
ion collisions arc reviewed in Tables 1-3. Only cross sections
calculated after 1970 are included in these tables. The data
produced prior to this period are either superseded by more
recent calculations or (for the few which are not) can be
found in the standard textbooks on atomic collisions. For
each ion-atom or ion—ion collision pair, the following infor-
mation is displayed in Tables 1-3: the reference of the data
source, the energy range in which the calculations were car-
ried out, the applied method, some comment on the calcula-
tions, and the assessed accuracy of the data.The criteria of
this assessment are discussed in the next section.

4. Assessment Criteria and Procedure

We have adopted the same criteria for evaluating the
accuracy of the computed cross sections as in our previous
papers, Refs. 1 and 2. These are

(1) degree of sophistication of the calculations [i.e., size
of the hasis, inclusion and character of ETFs (when applica-
ble), etc.];

(2) degree of the intrinsic accuracy of the applied meth-
od (i.e., number of channels included, convergence, appro-
priateness of basic assumptions, etc.);
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(3) degree of agreement with the most reliable experi-

mental data.
. For a multielectron target, in addition to the above cri-

teria one should also add

(4) the accuracy of representing electronic states and
inter-electron correlations (the latter particularly for the
two-electron capture reactions), and in the case of ion-ion
charge exchange reactions also:

(5) the account of the Coulomb trajectory effects in the
calenlations.

As in Refs. 1 and 2, we adopt the following rating
scheme for the accuracies of the computational methods and
cross-section results:

Category Accuracy
(a) Better than + 20%
(b) + 20%-— -+ 50%
e) + 50%- + 100%
(@) ‘Worse than 100%

By applying criteria (1)~(3) to the methods used for
cross-section calculations in one-electron systems, one ar-

" rives at the accuracy which each of the methods can provide

in the velocity region of its validity; these are presented in
Table 4 (taken from Ref. 1 and somewhat extended). The
assessment procedure includes a comparative analysis of the
results of different methods for systems for which both ex-
perimental and theoretical results exist with an accuracy of
better than 20%. In Ref. 1, it was concluded that in the
energy region below 25 keV/u, the PSS (or CC-MO) method
can provide an accuracy of the category (a) if the molecular-
orbital basis contains about (3—4)q states (g being the ionic
charge) with appropriate electron translational factors in-
cluded in the basis functions. In the region ~10-400keV/u,
the CC-AO method provides a + 20% accuracy if the num-
ber of basis states is about ~(5-6)g, or somewhat smaller if
appropriate pseudostates are included. In the energy range
above ~ 50U keV/u, the CDW method is able 10 provide a
+ 20% accuracy for the total cross section if it is applied
separately to the first ~ (g + 3) final states and the contribu-
tion from the higher states is accounted for by the n~> Op-
penheimer’s rule.

The above conclusions about the accuracy of the three
“bench-marking” methods also hold in the multielectron
target case, provided the electronic states are accurately de-
scribed and the reaction channels corresponding to simulta-
neous many-electron transitions or to multistep processes
can he neglected. In assessing the accuracies of the calcula-
tions for particular reactions presented in Table 1, in addi-
tion to using Table 4 as a guide, we have paid special atten-
tion to the approximations made in the electron state
description and to the influence of multielectron and multi-
step transition processes to the electron capture channel.

The accuracy of electron state description plays a par-
tienlarly important role in cross-section calculations by the
CC-MO, CC-AO, and CDW methods, since these have the
intrinsic ability to produce highly accurate { 4- 20%) cross-
section data. A self-consistent method for generating elec-
tronic states (i.e., molecular or atomic orbitals) is deemed to
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be a minimum requirement to assure that the electronic state
representation does not introduce an uncertainty in the
cross-section results of greater than 20%-30%. For helium,
a variational wave function with at least three parameters is
required to attain the same goal. In the two-state models
(LZ, RZD, AM, AM-Res), the accuracy of the obtained re-
sults (within the model itself) is strongly influenced by the
accuracy with which the coupling interaction is calculated.
Criteria for assessing the accuracy of coupling-interaction
calculations are available.®> The accuracy of cross-section
data calculated by the two-state models can be significantly
affected by the neglect of the coupling with other possible
reaction channels. An analysis of the reaction dynamics is

needed for each of the collision pairs treated by a two-state -

model to assess the uncertainty in the results introduced by
the neglected channels. (In most cases where two-state mod-
els were employed, the authors have already considered the
applicability of the model.} Except at very large collision
energies and/or for low-charged ions, the effects of the elec-
tronic structure of the projectile ion do not play a critical role
in the calculations. If the collision energies are such that the
ionic core electrons do not participate in the collision dy-
namics, the ion is usually described by an effective charge,
determined from spectroscopic data. The aspects introduced
in the accuracy assessment procedure by the structure of the
projectile ion were analyzed in detail in Ref. 2.

The above discussion regarding the effects of electronic
structure and collision dynamics on the accuracies of the
methods presented in Table 4 remains valid also for the ion—
ion charge exchange collisions. In almost all of these calcula-
tions, listed in Table 2, the Coulomb trajectory effects have
been explicitly taken into account. (Exceptions are the calcu-
lations in Ref. 51). We note that these effects are small (in the
total capture cross section) for energies well above the one
corresponding to the cross-section maximum, but they may
be very large in the energy region below the cross-section
maximum. (For the quasiresonant reactions, the Coulomb
repulsion of nuclei introduces a threshold.?7)

For the two-electron capture processes (listed in Tables
2b and 3), the correlation between the two active electrons
plays a major role, particularly at low energies. An indepen-
dent-particle model is not expected to be adequate even in
the upper region of the energy range investigated in the pres-
ent report (&1 MeV/u) and may significantly degrade the
accuracy in the calculation of single-particle transition prob-
ability attained by a highly accurate method, such as CDW.

For some of the methods listed in Table 4, the accuracy
is left unspecified because of the lack of firm theoretical ar-
guments. For these methods (VPS-Emp, BK-Emp, Bl, B-
B1, CPB), the accuracy of the cross-section calculations can
be established only for specific reaction systems for which
there are both accurate theoretical calculations and experi-
mental data for comparisons. A similar approach of compar-
ing relative accuracies can be used also for the calculations in
which the uncertainty introduced in the results by the inade-
quate treatment of electronic structure (and neglected reac-
tion channels) is difficult to assess directly.

For most of the methods with a stated accuracy in Table
4, the relative accuracy can be established from the reactions
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of He with He?* for which large-base close-coupling calcu-
lations 'in the low- and intermediate-energy regions and
CDW calculations in the high-energy region exist, together
with reliable experimental data (see Figs. 1 and 18). The con-
clusions obtained from such a comparative analysis can then
be extended to other reaction systems and checked (or cor-
rected) on other less complex systems when experimental
data exist (e.g., He + Li**,C%*,N"+,0%", see Figs. 2, 7, 8,
and 10, respectively).

1t is obvious that such a procedure, even compiemented
by an analysis of the electronic structure and collisional dy-
namics effects on the accuracy, cannot pretend to produce
critically evaluated cross-section data for the collision sys-
tems for which highly accurate theoretical calculations and
reliable experimental data do not exist. However, even for
such systems the adopted procedure provides a rough assess-
ment of the accuracies of calculated cross sections.

5. Evaluated Cross-Section Data

_ The accuracy of the cross-section data for each ana-
layzed charge exchange reaction listed in Tables 1-3 has
been determined by employing the procedures described in
the preceding section and is shown in the last column of the
tables. Before going into the details of how these procedures
have been applied to particular reactions, we note the follow-
ing: The appearance of two symbols [(a,b), or (b,c), for exam-
ple] in these tables means that the accuracy of the data is not
uniform in the entire energy region in which they are calcu-
lated. The better accuracy is pertinent for that part of the
energy region investigated in which the validity conditions
of the method are better fulfilled. The data having an accura-
cy within a factor 2 or better (a, b, or c) are presented in Table
5 (for one-electron capture in ion-atom collisions), Table 6
(for one-and two-electron capture in ion—ion collisions), and
Table 7 (for two-electron capture in ion-atom collisions).
Some illustrative examples are presented in graphical form
(Figs. 1-19). Experimental data, where available, are also
shown in these figures and are indicated by a letter E after
the reference number in the legend. In presenting the data in
Tables 5-7 or in the figures, we have adopted the following
criteria:

From all available calculations using the same method,
only those with highest accuracy are presented;

If the calculations are extended outside the region of
validity of the applied method, only the part which conforms
with the validity region is presented;

The VPS-Emp and BK-Emp data listed in Table 1 are
presented in their entirety since they contain a fitting param-
eter to conform with experimental data;

Graphical presentation is made of data for those reac-
tions for which more than two calculations exist and/or
there are reliable experimental data for comparison (with a
few exceptions);

We now give some details on the application of assess-
ment procedures to particular reaction cross-section calcu-
lations, or to entire classes of them.
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5.1. Single-Electron Capture Reactions
a. He Target

The availability of reliable experimental data for the
He?™" + He single capture cross section in the entire energy
region 1-1000 keV/u (see Fig. 1, and the references quoted
there), and the simple structure of this system, make the as-
sessment of the accuracies of theoretical calculations for this
reaction a relatively easy task. In the enlergy region from 3 to
34 keV/u, there are 16-MO-states close-coupling calcula-
tions,® for which the molecular orbitals (MO) were deter-
mined by the OEDM code {see Ref. 5 for details). The 16-MO
basis can be considered as sufficient for this two-electron
system to account for all the dominantly interacting states in
the energy region considered. Since the two-electron capture
channel has also been included in the calculations, and the
ionization channel is small at these low energies, one can
expect that the obtained results have an accuracy of at least

' 4 50%. The comparison with the experimental data of
Refs. 62 and 67 confirm this conclusion. In the region from
25 to 750 keV/u, there are CDW calculations? with a 35-
term configuration interaction (CI) wave function for the
initial state. In the region above 300 keV/u (for this particu-
lar system), the CDW method is expected to give an accura-
cy within =+ 20%. The accuracy of the above-mentioned CI
wave function is certainly well within these limits. There-
fore, one can ascribe an accuracy (a) to these calculations in
the region above 300 keV/u. As can be'seen from Fig. 1, the
CDW calculation of Ref. 23, with a three-parameter vari-
ational wave function for the initial state, gives essentially
the same accuracy. The agreement of experimental data
from Refs. 64-66 with the CD'W calculations above 200
keV/u is within 10%-40%, but agreement among the ex-
perimental results themselves is also within these limits. In
the region from 30 to 300 keV/u the 3-AO state close-cou-
pling calculations, supplemented by taking into account six
other states through a pertubational treatment,?” give an ac-
curacy well within 4 50%. The experimental data in the
region 30200 kcV/u arc dispersed within the same accura-
cy limits (see Fig. 1). The three calculations mentioned have
been taken as standards (with their absolutely determined
accuracies) against which we have determined the accuracies
of all other calculations for the He?* 4 He single-electron
capture reaction,

In assessing the accuracy of different calculations for
He-fully (or highly) stripped ion systems one should consider
that, although the number of active electrons remains the
same as in the He?* 4 He system, any close-coupled calcu-
Iation would require a much larger basis of states (roughly
proportional to g). The reason is that electron capture may
now go into a group of excited levels of the projectile, the
number of which increases with increasing g and the energy
{up to ~50 keV/u). For sufficiently high values of ¢ (g 2 8),
two-electron capture and simultaneous capture and ioniza-
tion become important reaction channels, which are coupled
with the single-electron capture. (Capture of two electrons at
low energies leads to creation of a double excited state which
decays rapidly by ejection of one of the electrons into the
continuum, therefore changing the projectile charge by one
unit only.)
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For the He + Li** system the above channel-coupling
problern is not expected to be pronounced, and calculations
have been performed by UDWA?® in the range 10-1000
keV/u and CTMC?' in the range 100-200 keV/u. In the
regions of their validity, both of these methods are expected
to give an accuracy of + 50% (see Table 4), and description
of the helium target within an independent particle model
(with Z 4 = 1.69) is not expected to degrade considerably
the accuracy of the results in the energy region above ~ 50
keV/u. The experimental results of Refs. 6870, shown in
Fig. 2, confirm this assessment. For the CTMC method, the
above conclusion is experimentally confirmed also on the
He + B*+, C®*, N7*, and O%* reaction systems, as shown
in Figs. 6, 7, 8, and 10, respectively. The results of Ref. 20,
plotted in these figures and in Fig. 11 for He 4+ F°*, as well
as those of Ref. 32 for He + Si**™ in Fig. 12, have a semiem-
pirical origin (empirically normalized Bl). The VPS-Emp
results of Ref. 40, plotted in Figs. 9 and 10 (for He + O+
and O%™, respectively) contain a normalization factor of 1/3,
which also has an empirical origin.

For the reactions of He with incompletely stripped ions,
the assessment procedure becomes more difficult and less

- reliable (correspondingly, the uncertainty limits larger). The

uncertainties of the assessment procedure are, of course,
somewhat reduced for the reactions for which experimental
data exist. PSS calculations have been performed for
He + B** (Ref. 7)and He + C** (Ref. 6) with four--and five-
MO bases. In the first instance, the basis, although small,
accounts for the major couplings in the system and an accu-
racy within 4 50% can be expected. The comparison with
the experimental data (Refs. 71-73) shows an agreement of
this degree of accuracy (see Fig. 5). For the second reaction,
however, the five-state MO basis seems to be insufficient,
due to the strong coupling of the one- and two-electron cap-
ture channels (see Fig. 19 for the value of two-electron cap-
ture cross section). Therefore an accuracy of 4 40%-100%
(b,c) has been ascribed to these calculations, which conforms
with the experimental data.®? '

For the other reaction systems of this category, the
cross sections have been performed by less accurate models
{LZ, RF, DM, BK-Eik), and if there were no experimental
data to compare with, we have ascribed to the corresponding
cross sections (in the region of validity of the models) an
accuracy in accordance with Table 4. We note that the cross
sections calculated by the decay model (DM) refer to the sum
of single-, double-, etc., electron capture cross sections. For
the summed cross section (o, ), this model provides a factor
of 2 accuracy or even better (see, e.g., Ref. 3, for examples).
Therefore, for the DM cross-section calculations presented
in Table 1, we have ascribed a (b,c) accuracy.

b. Alkali Atom Targets

For the simplest three-electron system, Li + He?™, ex-
tensive close-coupling calculations have been performed in.
the region 0.05-2 keV/u by the PSS method using 12 MO
states,® and in the region 0.1-20 keV/u using the CC-AQ
method with 40 states.'® For the region ~10-400 keV/u,
CTMC calculations have been performed by using the inde-
pendent-electron, independent-shell model with an effective
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core charge for each shell.®** Experimental data for this re-
action are available in the region above 0.1 keV/u (Refs. 80-
82 and 92). The CTMC cross sections (summed over the K
and L shell) are consistent with the experimental data within
a 50% accuracy (see Fig. 15). In the energy region 2—4 keV/
u, the experimental data of Refs. 80 and 92 are inconsistent:
Those of Ref. 80 show a decrease with decreasing energy,
while the data of Ref. 92 are flat in this region and begin to
decrease only at about 0.8 keV/u. The difference between
the two experimental cross sections at 2 keV/u is a factor of
2. S
The 40-state CC-AO calculations™® agree with the ex-
perimental data of Ref. 90 within 4+ 25% down to E=0.25
keV/u and to within 30%—40% in the range 0.1-0.2 keV/u
(see Fig. 15). In contrast to this, the 12-state CC-MO calcula-
tions® follow the trend of the experimental data from Ref. 80
{these data are not shown in Fig. 15 below the 4 keV/u ener-
gy), and at ~0.1 keV/u disagree with CC-AO calculations
and the data of Ref. 90 by a factor of about 5. We gave
priority to the 40-state CC-AQ calculations over the 12-state
PSS calculations on the basis of the following arguments: (i)
the basis of the CC-AO calculation was substantially larger
than that of the PSS calculations and was supplemented by a
set of united-atom pseudostates to describe the electronic
motion at small internuclear distances; (ii) the experimental
data of Ref. 82 in the region 3.5-5 keV/u exhibit a trend
which can be smoothly connected with the behavior of the
cxperimental cross scetion of Ref. 90 below 1 keV /u; and (idi)
they are consistent with the two-state CC-AO calculations*?
in the region 2.5-5 keV/u, where the maximum of the cross
section lies. {The reaction Li + He?*—Li* + He™ (1 = 3)
is quasiresonant and a two-state approximation well de-
scribes the process in the energy region around its maxi-
mum.]

For all other electron capture reactions of Li, as well as
for those of other alkali target atoms, only o, cross sections
have been calculated at £ = 1.32 keV/u by using the decay
model. As discussed earlier, we ascribe an accuracy between
30% and 100% to these data.

c. Inert Gas Atom Targets (Other Than Helium)

In the low-energy region, most of the electron capture
cross-section calculations for inert gas atom targets other
than helium have been performed by the DM method at
selected collision energies (see Table 1). In a few cases, there
are also low-energy calculations performed within the RF or
LZ models (Refs. 10 and 39). The accuracy of the latter is low
[(c) or (d)] as assessed on the basis of comparison with experi-
mental data (Ref. 10 and 39), the employed two-state cou-
pling matrix elements, and of neglected reaction channels.

At higher energies, electron capture from the inner
shells starts to play an important role for these target sys-
tems. The maximum of the cross section for electron capture
from a particular subshell with a mean binding energy E A

takes place approximately at a collision energy*®

E~|E{, - E}|,
where E{ is the binding energy of the electron in its final
state. The independent-shell (or subshell) model is usually
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assumed to be acceptable in the high-energy region, al-
though 'this assumption may introduce considerable uncer-
tainty in the calculations at energies where the contributions
1o the cross section for two shells (or subshells) are compara-

" ble. In the medium to high-energy region, VPS-Emp cross

sections summed over the electronic shells of the target have
been performed® for Ne+ Xe?* (¢=2,4,8,10) and
Ar+ F’*, and their accuracy, although unspecified on
theoretical grounds, may lie within a factor of 2 or so, as
suggested by the comparison with experimental data. (This
assessment has not been entered in Table 1.)

Most of the calculations for these target atoms, how-

ever, have been done for K- and L-shell electron capture. For
Ne + He?* and Ne + Li**, CC-AO calculations with a 48
Hartree—-Fock state basis have been reported in Ref. 15 at
energies from 400 to 4000 keV/u. Since the coupling
between the K- and L- shell capture channels has been ade-
quately accounted for in the calculations, and since the tar-
get electronic states have been described sufficiently well, we
have ascribed an accuracy (a) or {b) to these large-basis calcu-
lations. In the region above 1000 keV/u, this assessment has
also been supplemented by comparison with experimental
data for the Ne + Li** case® (see Fig. 16). Similar large-
basis CC-AO calculations, including pseudostates to de-
scribe the coupling with the continuum, have also been per-
formed for the Ar + He®*, C**, and C®* systems'® in the
region 1-9 MeV/u. For the same reasons as in the
Nec + He?*, Li** cascs, we have ascribed an (a) or (b) accu-
racy to these cross sections. For Ne, Ar, and Kr atoms, col-
liding with fully stripped ions C¢+, N7+, F°*, C1'’+, K-shell
to K-shell electron transfer calculations have been per-
formed by using a two-state CC-AO method* in the energy
region above 1 MeV/u. An independent-electron model,
with adequately chosen effective core charge to account for
the screening effects, can provide a factor of 2 accuracy for
such calculations in this energy region, as confirmed by the
_experiments (see, e.g., Ref. 45). Therefore, an accuracy (b) or
(c) has been adopted for these calculations, except where
comparison with reliable experiments suggest otherwise (see
Table 1). For the other collision systems of this class, similar
arguments were used in assessing the accuracy of theoretical
calculations.

d. Other Target Atoms

For Ti+ He** (Ref. 16) and Cu + He?*,C+,0%+
(Ref. 17), large-basis ( + pseudostates) CC-AO calculations
have been performed in the energy range 2—-8 MeV /u (for Ti)
and at 6.07 MeV /u (for Cu). The calculations are of the same
type as those for Ne + Li*+, Ar + He’ ™, and Ar + C** dis-
cussed in Sec. 5.1.c, and on the basis of the same arguments
we have ascribed to them an {(a) or (b) accuracy. Two-state
CC-AO calculations for Cu + Si'**, §'%*, and C1'7* for K-
shell-K-shell electron transfer at selected energies have been
performed in Ref. 19. Comparison with available experi-
mental data (see Refs. 19 and 45) suggests a (b) accuracy for
S16+ and CI'7* impact and a (d) accuracy for the Sil4* im-
pact.

Calculations for C -+ He?™, Li** have been done in the
energy range ~0.8-3 MeV /u by the BK-Eik method,>* with



CROSS-SECTION DATA FOR CHARGE EXCHANGE

an effective target core charge. Although the accuracy of this
method cannot be estimated on pure theoretical grounds, the
comparison with numerous experimental data for different

systems suggests that it can provide an accuracy within the -

(b) or (c) categories. Our assessment (b), given in Table 1, was
determined from comparison with experimental data (see
Ref. 37).

For other collisional systems, the cross-section calcula-
tions have been performed by methods for which the assess-
ment procedure has been discussed in the previous subsec-
tions. '

5.2. lon-lon Charge Exchange Reactions

As we have mentioned in Sec. 4, the dynamical aspects

of ion—ion charge exchange collision processes remain the

sameé as in the ion—atom collisions, except that Coulomb tra-
jectories have to be used for description of nuclear motion (in
the semiclassical approximation of the collision process). In
the total cross-section calculations at high energies, the Cou-
lomb trajectory effects can be neglected. Howevet, these ef-
fects significantly affect the cross-section results in the low-
energy region (around and below the cross section
maximum). Except in Ref, 51, in all other calculations of
ion—ion charge exchange cross sections, the Coulomb trajec-
tory effects have explicitly been included. Therefore, the as-
sessment of the accuracies of the calculations presented in
Table 2 has been done on the basis of Table 4 and other
considerations regarding the employed coupling interac-
tions, influence of different neglected reaction channels, etc.
No experimental data exist for these reactions. The low-en-
ergy electron capture cross sections for the one-electron re-
action systems from He* + He?* to O’* + O®* (Ref. 25)
have been performed by using the two-state asymptotic the-
ory for the resonant charge transfer process with an asymp-
totically correct expression for the coupling interaction. Pre-
vious experience with cross-section calculations by this
method for ion-atom reactions suggests that the accuracy of
obtained results is well within a factor of 2. Therefore, we
assign a (b,c) accuracy to the calculations of Ref. 25. On the
basis of the same arguments we have assessed the accuracy of
resonant two-electron capture cross sections in Table 2b.
(With increasing ianic charge states, the two-state approxi-
mation becomes increasingly better for the resonant electron
transfer between low-lying states.) ‘

The accuracy of the calculations of Ref. 27 for the qua-
siresonant one-electron capture reactions He*™ + O*™,
C?* 4+ B+, N3 4 C**,..,, N°F + F°* has been deter-
mined by arguments similar to those used above for resonant
reactions. The analysis of the structure of reaction systems
has shown that in the considered energy range the use of the
two-state approximation is justifiable.

The accuracy of the CDW calculations (Refs. 24 and 29)
for the single-electron systems presented in Table 2 has been
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detex;nl'iped on the basis of Table 4 and for the CTMC calcu-
lations (Ref, 53) has been estimated by the author of the cal-
culations.

" In Ref. 51, the only case where Coulomb trajectory ef-
fects. have not been included in the calculations
(OF 4 C¢+,...,0°F + O®*, see Table 2), we have found that
the calculated cross section (for the two selected energies) lie
in the region of the cross-section maximum (usually broad
for quasiresonant reactions). On the basis of general accura-
cy of the LZ method and neglected Coulomb trajectory ef-
fects (not large in the region of the cross-section maxium), we
have ascribed an accuracy (c) or (d) for these cross sections.

5.3. lon-Atom Two-Electron Capture Reactions

Numerous cross-section calculations have been per-
forred for the double-electron capture in the He 4+ He?*+
system in the region from 0. ! to ~ 500 keV/u using different
methods. In the energy region above ~2 keV/u, there also
exist experimental data for the process (see Fig. 18). In the
low-energy region (~ 3-33 keV/u), PSS calculations with a
16-state MO basis have been performed for this system (Ref.
5). Considering the accuracy of the basis functions (see the
discussion for the He + He?™ single-electron capture) and
the size of the basis, one can determine that the accuracy of
the calculations is well within + 40%. The experimental
data of Refs. 62, 63, 89, and 91 in this region are in disagree-
ment to within the same uncertainty. In the intermediate
energy range, ~1-375 keV/u, three-state CC-AO calcula-
tions (plus six other states included perturbationally) have
been performed for this system,?® and they are within a 50%
agreement with the experiment in the region above 100 keV/
u, and less accurate at lower energies. The CDW method has
also been used’® to calculate the double-capture cross section
in this system (energy range 125-350 keV/u). However, the
use of an independent-particle model (multiplication of sin-
gle-electron probabilities) degrades the accuracy of the
method to a (b) or (c) category (see Fig. 18).

For the He 4+ C** system, the two-electron capture
channel below ~2 keV/u dominates over the one-electron
capture.®? The four-state PSS calculations® and the LZ cal-
culations with a correct coupling interaction®® agree with the
experimental data to within 30% as shown in Fig. 19. Three-
state CC-AO calculations for K-shell two-electron capture
in Ne + N7*, 0", F°* systems have been performed™ in
the energy range of ~1-5 keV/u. Although the coupling
with the L-shell electrons has been included to some extent
in these calculations, we expect that their accuracy cannot be
better than category (c). CDW calculations have been per-
formed in the independent-electron model also for the
Ar + F°* system.’® On the basis of the same arguments used
in the He + He?" case, we have assessed the accuracy of
these calculations to be within a factor of 2.
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Table

R. K. JANEV AND J. W. GALLAGHER

I. sourees of theoretical data for charge transfer between atoms (Z 2 2) and ious (q 2 2)
[

Keference ;i:ifz Pro]?oenitcl e Cll'xosrl‘gce Ene(rkgeyv/ia)nge. Method and Comments? Accuracy
Species Species State
5 He He +02 3-34 PSS (16 states) (a,b)
29 He He +02 1.25-375 . Sctc;:?; 3pesrttr\.\ot‘:g.1ymecto}fpdleé EE; §5<<2; < 100
’ (a) E > 100
31 He He +02 100-150 CTMC, Z,¢¢ (v)
32 He He ' 402 500-2000 BK-Emp —
33 He He +02 16-250 B-Bl (v;,.y4) (b,c)
Independent electron model

34 He He +02 54-2000 BK-Eik, Zeff (c)
22 He He +02 6~750 CDW, 2 param. var. w.f. (b,a)
2 He He +02 25-750 R CI

\ 35 term CI wave function (a)
23 He He +02 25-2500 CDW, 3 param. var. w.f. (a)
35 He . Li +03 10-1000 UDWA, Z ¢ (b)
31 He L, +03 100-200 CIMC, Z g¢ (b)
6 He Be +03 0.03-5 PSS (4 states) (a,b)
36 He Be +03 0.006-5.5 Lz (c)
31 He Be ' +04 100~200 - CTMC, Zggg (b)
7 He B +03 0.03-5 PSS (4 states) (a,b)
37 He B +05 1.5 M, g )
31 He B +05 ' 100-250 CTMC, zeff (b)
20 He B +05 300-2400 BK-Emp —-—
38 He c +02 — ! —
6 He C +04 0.2-5.23 PSS (5 states) (b,c)
37 He c +06 1.5 M, oy, (b,c)
31 He c +06 100-250 CTHC, Zggg (b)
20 He C +06 300~2700 BK-Emp _—
39 He N +02 3-16 RF, stat. average (c)
37 He N 107 1.5 oM, v * (v,c)
31 He N +07 100-250 CIMC, Zofg ()
20 He N +07 300-2600 BK-Emp —_—
10 He [¢] +02 2-14 LZ; RF stat. average (e)
40 He Q +03 6-4000 VPS—Emp ——
40 He 0 +06 6-4700 . VPS-Emp —_—
37 He 0 +08 1.5 m, o, " (b,¢)
31 He 0 +08 100-300 CTIMC, Zggs (b)
40 He 0 +08 6-5600 VPS-Emp ——
20 He 0 +08 300-2600 BK-Emp -
41 e [o} +08 285 BK-Eik, Cng (b)
37 He F +09 1.5 DM, pop (b,c)
20 He F +09 300-2500 BK~Emp -
42 He Ne +10 0.76 ™, (h,e)
37 He Ne +10 1.5 DM, 0,00 (b,c)
37 He Na +11 1.5
37 He Mg +12 1.5 DM, o, . (b,c)
59 He AL +13 1.5
37 He si +14 1.5 * DM, %ot (b,c)
32 He Si +14 300-2000 BK-Emp —_—
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Table 1. Sources of theoretical data for charge transfer between atoms (Z 2 2) and ions (q 2 2) (cont'd.)

Reference ::;i;z Pm}:]oencitci te Cll?an;gz Ene(t;{geyv /I:a)nge ! Method and Comments?® Accuracy
Species Species State

37 He ‘P +15 - 1.5 oM, o~ (b,c)
37 He 5 +16 1.5 DM, gy (b,c)
37 He ce +17 1.5 oM, o (b,e)
42 He Ar +03 0.75 YR (6,0
42 He Ar +04 0.75 oM, 0" (b,¢)
42 He Ar +05 0.75 DM, Opop (b,e)
42 He Ar +06 0.6=3.4 o, o, * (b,c)
9 He Ar +06 0.02-0.6 CC-MO (2 states)

i LZ for (3d) (b,c)

9 (n2 = 4s,4p,3d)

3 He Ar +06 0.05-25 classical model
4 He Al‘ +006 1.32-0.00 DM (b,c)
42 He Ar +07 0.75 M, 0,0, (b,c)
42 He ar +08 0.75 DM, 0oy (b,c)
42 He Ar +09 0.75 DM, 0., (b.c)
37 He Ar +18 1.5 DM, Oy (b,c)
37 He K +19 1.5 oM, oo, (b,c)
37 He ca +20 1.5’ DM, oo, (b,c)
37 He Sc +21 1.5 o, o * (b,c)
37 He T +22 1.5 DM, opg, (b,c)
37 He v +23 1.5 o, o : (b,
37 He Ct +24 1.5 DM, Utot* (b,c)
37 He Mn +25 1.5 o, o F (b,e)
40 He Xe +03 5-3700 VPS—Emp —
40 He Xe +04 3-4700 VPS—-Emp ——
40 He Xe +06 2-5600 VPS—-Emp —
40 He Xe +08 1~7400 YPS—Emp , —
40 He Xe +10 1-9400 VPS-Emp -—
8 Li He +02 0.05-2 PSS (12 states) (c)
18 Li He +02 0.1-20 CC-AO0 (40 states) (a)
43 11 He +02 2-25 CC-AD (2 states) ()
8 L1 He +02 7.5-47 ¢IMe, Zeff {v)
44 Li He +02 50~400 CTMC, Z gp (b)
37 Li B +05 1.32 DM, oy, (b,¢)
37 Li o +06 1.32 oM, @ (b,e)
37 L Cow +07 1.32 DM, Oy (b,0)
37 Li 0 +08 1.32 o, o, * (b,c)
37 Li F +09 1.32 DM, 0oy (b,c)
42 Li Ne +10 0.76 oM, o (b,c)
37 Li Ne +10 1.32 DM, Oyp (b,¢)
37 Li Na +11 1.32 M, oy, (b,c)
3/ - Li Mg 12 1.32 DM, qtot* (b,c)
37 Li AL +13 1.32 oM, o, © (bye)
37 Li si +14 1.32 DM, 0y (b,¢)
37 1i P +15 1.32 DM, °tot* (b,ec)
37 Li s +16 1.32 DM, oy, (b,e)
37 L1 ce +17 1.32 o, o, " (b,c)
37 Li Ar +18 1.32 DM, oo, (6,0
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1220 R. K. JANEV AND J. W. GALLAGHER

Tsable 1. Sources of theoretical data for charge transfer between atoms (Z < 2) and ions (q 2 2) (cont'd.)

Reference ,it.zf\i:: Pmij::itci e éh?:;e Ene(r&/lt:;\ ge, Method and Comments?® Accuracy
Species Species State
37 Li X +19 1.32 o, o, " (b,¢)
37 L1 Ca +20 1.32 M, oy0" (b,c)
37 L se 21 1.32 m, . " (b,c)
37 L1 Sc +21 1.32 DM, Opop (b,c)
37 L T +22 1.32 o, oo (b,c)
37 L v +23 1.32 DM, 0o (b,¢)
37 L4 cr +24 1.32 ™M, o, " (b,c)
37 L4 Mn #25 1.32 DM, 0o (b,¢)
37 Li Fe +26 1.32 ™, o, " (b,0)
37 L1 Ne +10 1.32 DM, 0pop (b,¢)
37 u Co +27 1.32 ™, o, (b,¢)
37 Li NL, +28 1.32 DM, 0por (b,e)
37 14 Cu +29 1.32 oM, o, (b,e)
37 Lt Zn +30 1.32 DM, opop” (b,c)
37 Li Ga +31 1.32 o, o, " (b,c)
37 L Ge +32 1.32 DM, opgp” (b,¢)
37 L1 As +33 1.32 oM, o (b,c)
37 u Se +34 1.32 DM, 0pe (b,c)
37 L1 Br +35 1.32 ™, o, " (b,c)
37 L Kr +36 1.32 M, 0yop (b,¢)
37 Li Rb +37 1.32 ™, o, * (b,¢)
37 L1 st +38 1.32 DM, Oyop (b,c)
37 L Y +39 1.32 DM, o (b,c)
37 L1 ar +40 1.32 DM, 9o, (b,e)
34 C He +0: 770-3100 BK-Eik, Zeff (b)
34 c L +03 770-3100 BR-Eik, Zg¢¢ (b)
% N 0 +03 6-9000 veS—Emp, o' —
40 N +06 6-14000 VPS-Emp. 04 —
40 N 0 +08 6-20000 VPS-Emp, o, —
) CC-A0 (48+] states)
15 Ne He +02 400-4000 . unitarity no§ preserved (a,b)
Ik
CC-AO (48+]1 states)
15 Ne Li +03 400-4000 unitarity :og preservgd (a,b)
3% Ne Li +03 © 770-3100 BK-EH:(, Zoge )
37 Ne B +05 1.5 M, opo” (b,c)
37 Ne c +06 C1.s oM, o, (b,c)
39 Ne N +02 0.7-16 RF; stat. average {d)
37 Ne N +07 1.5 M, o, " (b,e)
45 Ne N +07 1000~1400 CC-A0 (2 states); oy y (b)
10 Ne o] +02 0.2-14 LZ; RF; stat. average (c)
37 Ne [ +08 1.5 DM, °tot* (b,c)
45 Ne 0 +08 1500~2200 CC-A0 (2 states); OK-K (b,c)
37 Ne F +09 1.5 _ M, opor (b,c)
45 Ne F +09 1000-1600 CC-A0 (2 states). oy ¢ (b,e)
42 Ne Ne +10 0.76 DY, Opor (b,¢)
37 Ne Ne +10 1.5 M, o, (b, &)
37 Ne Na +11 1.5 M, 0ygr (b,c)
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Table 1. Sources of theoretical data for charge transfer between atoms (Z 2 2) and ions (q 2 2) (cont'd.)
(]

Target Projectile Ionic, Energy Range . a
Reference Atomlic Ionic Charge (keV/amu) Method and Comments Accuracy
Species Species State

37 Ne Mg +12 1.5 oM, o (b,¢)
37 Ne A +13 1.5 DM, Opgr (b,e)
37 Ne si +14 1.5 o, o, F (b,c)
37 Ne P +15 1.5 DM, Opor (b,c).
37 Ne s +16 1.5 oM, oy, (b,¢)
37 Ne o +17 1.5 DM, opg” (b,c)
42 Ne AT +03 0.75 oM, o, (e)

42 Ne Ar +04 0.75 DM, 0oy (c)

42 Ne. Ar 405 0.75 oM, o, (e)

42 Ne Ar +06 0.75 DM, Opor )

42 Ne Ar +07 0.75 DM, 0. ¢ (c)

42 Ne Ar' +08 0.75 DM, 0pop ()

42 Ne Ar +09 0.75 DM, 0,0, (c)

37 Ne Ar +18 1.5 DM, 0pop (b,
37 Ne K +19 1.5 DM, Oy (b,c)
37 Ne Ca +20 1.5 DM, opor (byc)
37 Ne Sc +21 1.5, DM, o (b,c)
37 Ne T +22 1.5 DM, Opor (b,c)
37 Ne v +23 1.5 o, o~ (b,c)
37 Ne cr +24 1.5 DM, oy (b,c)
37 Ne Mn +25 1.5 DM, o, . (b,c)
46 Ne Kr +03 0.005-1.4 ¥-vPS (b)

40 Ne Xe +02 2-9000 vps-Emp, o " —

40 Ne Xe +04 2-13500 VPS—Emp, ogyn! —

40 Ne Xe +08 1-23400 vPS-Emp, o -—

40 Ne. Xe +10 1-35000 vPS-Emp, o ' -—

37 Na B +05 1.32 o, o " (b,c)
37 Na c +06 1.32 DM, 0o (b,c)
37 Na N +07 1.32 DM, o, (b,c)
37 Na 0 +08 1.32 DM, opop (b,c)
37 Na F +09 1.39 M, nwc* (b,0)
37 Na Ne +10 1.32 DM, 0y, (bye)
37 Na Na - +11 1.32 DM, 0y (b,c)
37 Na tig +12 1.32 DM, Opop (b,¢)
37 Na At +13 1.32 DM, 0yop (b,e)
37 Na si 44 1.32 DM, 6pop (b,c)
37 Na P +15 1.32 DM, 0y, (b,¢)
37 Na s +16 1.32 DM, opop (b,c)
37 Na ce +17 1.32 oM, o~ (b,c)
37 Na Aar +18 1.32 DM, ooy (b,0)
37 Na ¥ +10 1.32 DM, ctot* (b,e)
37 Na ca +20 1.32 CDM, oo (b,c)
37 . Na i +22 1.32 M, o, " (b,e)
37 Na v +23 1.32 DM, Gppny (b,e)
37 Na cr +24 1.32 DM, 00" (b,c)
37 Na Mn +25 1.32 DM, Gpop (b,c)
37 Na Fe +26 1.32 ™, o,." (b,c)
37 Na co +27 1.32 DM, opo. (b,e)
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Table 1. Sources of theoretical data for charge transfer between atoms (Z < 2) and ions (q < 2) (cont'd.)
[

Reference E:EE::: me’oencitcue CI:;“:; -Ene(lii}'v}tf)ﬂge ' Method and Comments® Accuracy
Species Species State
37 Na N +28 1.32 o, o " (b,e)
37 Na Ca +29 1.32 DM, Opop (b,¢)
37 Na Zn +30 1.32 ™, o, (b,c)
37 Na ca +31 1.32 DM, 0pop (b,¢)
37 na Ge +32, 1.32 DM, v (b,
37 Na As +33 1.32 YR (b,e)
37 Na Se +34 1.32 DM, 0o, (b,c)
37 Na Br +35 1.32 DM, 0y (b,c)
37 Na Kr +36 1.32 DM, 0o (b,c)
37 Na Rb +37 1.32 DM, opo” (b,0)
37 - Na sr +38 1.32 DM, atot: (b,e)
37 Na Y +39 1.32 DM, Gyop (b,c)
37 Na +40 1.32 DM, a0 (b,e)
47 si F +09 400-2400 PSS (2 states), ogy (b,c)
48 81 F +09 70-770 Varisgzgosiie::;s;odel (e,d)
. CC-A0 (2 states)
49 Si F +09 400-2200 " Herman-Skillman potential (b,e)
“K-K
21 si si +14 100-90000 N-BK —
16 Ar He +02 11000-9000 cc;ﬁ(i’ti:ig;e;g‘t’s ;:;::z;egx§ (a,b)
37 Ar B +05 1.5 oM, o * (b,¢)
16 Ar c +04 1000-8000 CC-40 (+ pseudostates), oy’ (a,b)
37 Ar c +06 1.5 o, o (b,e)
16 Ar c +06 1000-0000 CC-AD (+ pscudostates), oy’ (a,b)
45 Ar c +06 1000-2000 CC-A0 (2 states), oy g (a,b)
39 Car N +02 0.7-16 RF, stat. average L (d)
37 Ar N +07 1.5 o, o, (b,c)
45 Ar N +07 1000-2000 CC-A0 (2 states), oy g (b,e)
10 Ar 0 +02 0.2-14 LZ; RF, stat, average (e)
37 Ar 0 +08 1.5 DM, 0yop (b,0)
4u Ar F +07 6-56000 VPS—=Enp, Usum —_—
37 Ar F +09 1.5 DM, Oyq¢ (b,c)
CC-A0 (2 states;
49 Ar F +09 1000-4000 Herman-Skillman screening (b,c)
OR-K

45 Ar F +09 1000-4000 CC-A0 (2 states), og_g (b)
42 Ar Ne +10 0.76 DM, ooy (b,¢)
37 Ar Ne +10 1.5 oM, o, * (b,¢)
37 ar Na +11 1.5 DM, Oyop (b,c)
37 Ar Mg +12 1.5 DM, %ot (b,c)
3 Ar AL +13- 1.5 M, o, (b,c)
37 ar si +14 1.5 DM, o, . (b,c)
37 Ar P +15 1.5 DM, Opgp (b,e)
37 Ar s +16 1.5 DM, 0,0, (b,c)
37 Ar ce +17 1.5 DM, op0 (b,c)
50 Ar Ar +04 1.1

50 Ar Ar +05 1.1

42 Ar Ar +06 0.05-3.4 DM, vyo” (b)
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Table 1. Sources of theoretical data for charge transfer betweéen atoms (Z < 2) and ions (q £ 2) (cont’d.)

Targ?t Projec.ti le Ionic Energy Range a
Reference SAconuc Iom‘c Charge, (keV/u) Method and Comments Accuracy
pecies Species State

50 Ar Ar 406 1.1
42 Ar Ar +07 0.06-3.3 DM, 0pop (b,c)
50 Ar Ar +07 1.1
37 ar A +18 1.5 DM, Oy (b,c)
37 Ar K +19 1.5 DM, 0, (b,c)
37 ar Ca +20 1.5 DM, oo (b,0)
37 Ar sc +21 1.5 oM, o, (b,c)
37 ar Ti +22 1.5 DM, 0pop (b,0)
37 ar v +23 1.5 DM, 0,0, (b,¢)
37 Ar cr +24 1.5 DM, Opop (b,0)
37 ar Mu, +25 1.5 oM, oo (b,e)
37 K B +05 1.32 DM, oo (b,¢)
37 X c +06 1.32 DM, 00 (b,c)
37 K N +07 1.32 DM, 0y0c (b,c)
37 K 0 +08 1.32 DM, 00" (b,¢)
37 K F +09 1.32 DM, 0p0 (b,¢)

a2 K Ne +10 0.76 DM, gy (b,0)
37 K Ne +10 1.32 ™, oy (b,e)
37 K Na o+ 1.32 DM, 000 (b,0)
37 K Mg +12 1.32 DM, 0pop (b,¢)
37 K A +13 1.32 DM, oo (b,c)
37 K si +14 CL32 DM, 0pop (b,0)
37 K P +15 1.32 M, o, " (b,¢)
37 X s +16 1.32 DM, 0ppe (b,c)
37 K ce +17 1.32 o, o~ (b,¢)
37 K ar +18 1.32 DM, Opop (b,c)
37 K K +19 1.32 o, o " (b,e)
37 K ca +20 1.32 DM, Opop (b,c)
37 K sc +21 1.32 oM, o, * : (b,e)
37 K i +22 1.32 DM, 0ppp (b,e)
37 K v +23 1.32 pr, utot* (b,c)
37 K cr +24 1.32 DM, 0pop (b,c)
37 K ¥n +25 1.32 DM, crtot* (b,c)
37 K Fe +26 1.32 DM, opop (b,c)
37 K Co +27 1.32 o, o, " (b,c)
37 X N +28 1.32 DM, 0pop (b,¢)
37 X Cu +29 1.32 o, o~ (b,c)
37 K Zn +30 1.32 DM, 0op (b,c)
37 X Ga +31 1.32 o, o~ (bc)
37 K Ge +32 1.32 DM, Opop (b,0)
37 K As +33 1.32 DM, qtot* (b,c)
37 X Se +34 1.32 DM, Opop (b,c)
37 K Br +35 1.32 DM, otot* (b,c)
37 K Kr +36 1.32 DM, opop (b,c)
37 K Rb +37 1.32 oM, o (b,c)
37 K s +38 1.32 DM, opo” (b,e)
37 K Y +39 1.32 oM, o, " (b,e)
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Table 1. Sources of theoretical data for charge transfer between atoms (Z < 2) and ions (q < 2) (cont'd.)

Reference 'f\ta::iif: ) Profoencitci te CI;anrigce Ene(l;‘gzv/Rua)nge ' Method and Comments?® Accuracy
Species Species State
37 K zr +40 1.32 o, o, " (b,c)
19 Sc si +14 1930 CC-A0 (2 states), oy y (c)
16 Ti He +02 2000-8000 CC-A0 (+ pseudostates) (a,b)
19 Ti 3 +14 1930 CC-A0 (2 states), oyg_y (c)
CC-AO0 (+ pseudostates)
17 Cu He +02. 6070 27+1 states (a,b)
% %
CC-A0 (+ pseudostates)
17 Cu C +06 6070 27+1 states (a,b)
GK > UL
. CC-A0 (+ pseudostates)
17 Cu 0 +08 6070 - 2741 states (a,b)
OK > GL
19 Cu Si +14 1930 CC-A0 (2 states), oy_y (d)
19 Cu S +16 . 1710 CC-40 (2 states), oy g (b)
19 Cu e +17 1710 | CC-AO (2 states), og_y )
37 Kr B +05 1.5 M, oyo" (b,¢)
37 Kr c +06 1.5 DM, 0,g " (b,¢)
37 Kr N +07 1.5 o M, o, (b,c)
3a Kr N +02 3-15 RF, state average (ay
10 Kr 0 +02 0.3-14 LZ; RF stat. average (c)
37 Kr 0 . +08 . 1.5 o, o, " (b,c)
37 Kr F 409 1.5 DM, 0pop (b,c)
45 Kr F +09 12400-4000 CC-A0 (2 states), og_yg (b,c)
42 Kr Ne +10 0.76 DM, oo (b,¢)
37 Kr " Re +10 1.5 oM, o, " (b,c)
37 Kr Na +11 1.5 M, oo, (b,¢)
37 . Kr Mg +12 1.5 _ o, o, " (b,e)
37 Kr AL +13 1.5 DM, Opop” (b,c)
37 Kr s1 +14 1.5 oM, o, " (b,c)
37 Kr P +15 1.5 DM, opop (b,¢)
37 Kr 5 +16 1.5 o, o * (b,¢)
45 Kr c2 +17 2800-4500 CC~A0 (2 states), og_g (b,c)
37 Kr ce +17 1.5 : oM, o * (byc)
37 Kr Ar +18 LS DM, omt: (b,e)
37 Kr K +19 1.5 DM, ctot* (b,c)
37 Kr Ca +20 1.5 DM, cfot* (b,c)
37 Kr Sc +21 1.5 DM, ctot* (b,c)
37 _Kr Ti +22 1.5 DM, otot* (b,c)
37 Kr v +23 1.5 DM, ":ot* (b,c)
37 Kr Cr +24 1.5 M, o0, (b,c)
37 Kr Mn +25 1.5 DM, atm:"r (b,c)
42 Kr Xe +03 0.23 ™, oot (byc)
42 Kr Xe +04 0.23 DM, °:o:: (b,c)
42 Kr Xe +05 0.23 DM, Gtoc* (b,c)
42 Kr Xe +06 0.23 DM, ctot* (b,c)
42 Kr Xe +07 0.23 DM, atot* : (b,c)
42 Kr Xe +08 0.23 DM, %ot (b,¢)
42 Kr Xe +09 0.23 DM, omt* (b,c)
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Table 1. Sources of theoretical data for charge transfer be,twgen atoms (Z < 2) and ions (q £ 2) (cont'd.)

Reference it:ﬁ:z Pmlj:ncit: le CIhoan:gcé Ene(rkgg'v /Rua)nge.' Method and Comments? Accuracy
Species Species State -
37 Rb B +05 1.32 M, oo, b,c)
37 Rb c +06 1.32 DM, Gpgp (b,c)
37 Rb N +07 1.32 ™, o~ (b,¢)
37 Rb ) +08 1.32 DM, Opop (v,0)
37 Rb F +09 1.32 DM, 0., (b,e)
37 RD Ne +10 1.32 DM, Opop” (b,¢)
37 Rb Na +11 1.32 DM, o, " (b,e)
37 Rb Mg +12 1.32 DM, 0pop (b,c)
37 Rb. A +13 1.32 DM, oo, (b,e)
37 Rb 51 +14 1.32 DM, Oyop (b,c)
37 Rb P +15 1.32 DM, 0y (b,c)
37 Rb s +16 1.32 DM, opop” (b,¢)
37 Rb L +17 1.32 DM, 0,0, (b,c)
37 Rb Ar +18 1.32 DM, Oyop (b,¢)
37 Rb K +19 1.32 M, o, " (b,c)
37 Rb Ca +20 1.32 DM, Opop ’ (b,¢)
37 Rb sc +21 1.32 ™, o, ." (b,c)
37 Rb T +22 1.32 DM, ooy’ (b,c)
37 Rb v +23 1.32 M, o, (b,c)
37 Rb cr +24 1.32 DM, Opor (b,0)
37 Rb Mn +25 1.32 oM, o, (b))
37 Rb Fe +26 . 1.32 DM, Opgp (b,c)
37 Rb Co +27 1.32 DM, omt* (b,c)
37 Rb Ni +28 1.32 M, oy, (b,e)
37 Rb Cu +29 1.32 oM, o, " (b,¢)
37 Rb Za +30 1.32 DM, 0po," (b,¢)
37 Rb Ga +31 1.32 o, o, (b,c)
37 Rb Ge +32 1.32 DM, 0pop (b,c)
37 Rb As +33 1.32 oM, o F (b,c)
37 Rb Se +34 1.32 DM, Oyop (b,c)
37 Rb Br +35 1.32 M. o~ (h,e)
37 Rb K - +36 1.32 DM, 0pop (bsc)
37 Rb - Rb +37 1.32 o, o " (b,¢)
37 “Rb st +38 1.32 DM, 0po” (b,e)
37 Rb b +39 1.32 M, oy, (b,¢)
37 Rb zr | +40 1.32 DM, Oyop (b,c)
37 Xe B +05 1.5 oM, o, " (b,c)
37 Xe ¢ +06 1.5 DM, Opop (b,¢)
39 Xe N +02 2-15 RF, stat. average (a)
37 Xe N +07 1.5 DM, Oyop (b,¢)
10 Xe n +0?2 Nn.3-14 17; RF; etat. average (o)
37 Xe 0 +08 1.5 DM, Opop (b,c)
37 Xe F +09 1.5 pM, "to:* (b,c)
42 Xe Ne +10 0.76 M, Opop (byc)
37 Xe Ne +10 1.5 oM, o * . (b,e)
37 Xe Na +11 1.5 DM, Opgp (b,c)
37 Xe Mg +12 1.5 DM, °coc* (b,c)
37 Xe A +13 1.5 DM, 0po” (b,¢)
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Table 1. Sources of theoretical data for charge transfer ber.weep Ia‘\:m-ns (Z € 2) and ions (q < 2) (cont'd.)

Reference :i;i:ct: ) Prof]:ncit; te CIhc:lx:igce vEne(i%/lt}a)nge ' Method and Comments? Accuracy
Species Species State
37 Xe 8i’ +14 1.5 M, o " (b,c)
37 Xe P 415 1.5 DM, Opor (b,c)
37 Xe s +16 1.5 o, o (b,c)
37 Xe ct +17 1.5 DM, 0oy (b,c)
42 Re Ax +03, 0.75. DM, “tot* (b,c)
42 Xe Ar +04 0.75 DM, opg (b,0)
42 Xe Ar +05 0.75 o, o, " (b,
42 Xe Ar +06 075 D, ooy (b,¢)
42 Xe Ar +07 0.75 DM, ctot* (b,e)
42 Xe Ar +08 0.75 DM, 0yg (b,¢)
42 Xe Ar +09° 0.75 DM, 0y, (b,c)
37 Xe Ar +18 1.5 DM, 0pop (b,c)
37 cs B +05 1.32 oM, o, " (b,e)
7 cs c +06 1.32 M, opo, (b,e)
37 cs c +06 1.32 M, o, (b,¢)
37 cs N +07 1.32 DM, opop (b,¢)
37 cs 0 +08 1.32 o, o, (b,e)
a7 s F +09 1.32 M, g, (b,
42 Cs Ne +10° .75 M, o " (b,e)
37 cs Ne +10 1.32 DM, 0o (b,c)
37 cs Na +11 1.32 M, oo (b,c)
37 Cs Mg +12 1.32 ™, oo, (b,c)
37 cs AL +13 1.32 oM, o, (b,c)
37 cs si +14 1.32 DM, 00" (b,¢)
37 cs 3 15 1.32 oM, °cot* (b,c)
37 cs s +16 1.32 DM, Ogop (b,c)
37 cs c2 +17 1.32 DM, owt* (b,c)
37 Cs Ar +18 1.32 DM, Opop (b,c)
37 cs K +19 1.32 o, ot (b,c)
37 Cs Ca +20 1.32 M, opgp (b,e)
37 Cs Sc +21 1.32 M, o, " (b,c)
37 Cs T4 422 1.32 DM, oo (b,e)
37 Cs . v +23 ' 1.32 oM, o .~ (b,¢)
37 cs cr +24 1.32 DM, 0oy ' (b,c)
37 Cs o +25 1.32 DM, oo, (b,c)
37 cs Fe +26 1.32 DM, oy, (b,e)
37 Cs Co +27 1.32 oM, o " (b,c)
37 cs Ni +28 1.32 DM, 0po” (b,¢)
37 Cs Cu +29 1.32 DM, oo, (b,e)
37 cs Zn +30 1.32 DM, opo” (b,0)
37 cs Ga +31 1.32 ™, o, (b,c)
37 cs Ge +32 1.32 DM, 0y (b,0)
37 cs As +33 1.32 o, o (b,c)
37 cs Se +34 1.32 DM, o0 (b,c)
37 Cs Kr +36 1.32 DM, o, (b,c)
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@abbreviations used in Table 1:

CC-MO - molecular—orbital close-coupling method

PSS - perturbed stationary state method

DM - decay model (electron tunneling thedry)

ASM - absorbing sphere model

Lz ~ Landau-Zener model (2 states)

RF - Rapp-Fransis formula (2 states)

AM ~ asymptotic method (2 states)

AM-Res - asymptotic method for resonant processes (2 states)
RZD - Rosen—-Zener-Demkov model (2 states)

CC-A0 - atomic-orbital close-coupling method

UDWA - unitarized distorted wave approximation

CTMC - classical trajectory Monte Carlo method
VPS-Emp - Vainshtein-Presnyakov~Sobelman approximation, with empirical normalization

M-VPS - Multichannel. VPS approximation

BK -~ Brinkmann-Kramers approximation

BK-Emp ~— BK with empirical normalization factor (of 0.138)
NBK - non-empirically normalized BK

Bl -~ first Born approximation

B~-Bl - Bates-Born approximation

CPB - Coulomb projected Born approximation

BK-Eik - eikonal Brinkmann-Kramers approximation

CDW — continuum dictorted wave method
'

*

Seot contains' the contribution of one-, two- and more-electron capture.
Tcontribution to usum‘from inner-shell electrons included.

§To!:al cross section for K- (or L-) vacancy production by charge transfer.

#Reaction rate constant.
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Table 2. Sources of theoretical data for charge exchange cross‘sections in ion-ion collisions

Energy Range

Reference Projectile Target KeV/u Methpd Comment Accuracy
a. Single charge exchange

25 He?t et 0.005-25. AM~-Res Correct exchange coupling (b,e)
25 113+ Li%t 0.015-25 AM-Res . (b,¢)
25 et B3t 0.025-25 - AM—Res - (b,¢)
25 p* B4t 0.04-25 AM—Res " (bye)
25 cb* et 0.09-25 AM-Res . (b,¢)
25 N+ No*. 0.12-25 AM-Res " (b,c)
25 o8t o't 0.18-25 A-Res . (b,c)
27 ne?* ot 0.031-31 RZD

27 el B 0.018-18 RZD (b,c)
27 w3t c2* 0.016-16 RZD * (b,c)
27 ot ¥ 0.013-13 RZD , (b,¢)
27 P ot 0.012-12 RZD (b,e)
27 Neb* Pt 0.010-10 RZD (b,0)
51 ot c®* 0.15, 0.73 Lz tens, traisetoy (c,d)
51 ¢t Nt 0.16, 0.77 Lz - : (c,d)
51 3 Nt 0.16, 0.77 12 " (e,d)
51 N N 0.14, 0.71 Lz " (c,d)
51 I ad Nt 0.13, 0.67 ") " (c,d)
51 Nt o8F 0.134' 0.67 1z - (e,d)
51 o o8+ 0.13, 0.63 Lz " (c,yd)
51 o3t o8t 0.13,.0.63 - 1z " (c,d)
52 ne?* He' 100-300 CcTMC “ (b)
53 pel* o3* 250-500 cTMC Zogs (b,c)
53 He?? o** 250500 ce Zoge )
53 ¢ neZ* o>t 250-500 CTMC Zoss (b,c)
29 ue?* He' 100, 500 cow O1s,18} 91s,25 (a,b)
29 He?t i 100, 500 oW 91,18 I1s,2s (a,b)
29 HeZ* pe3* 100, 500 cow 916,180 Ols,2s (a,b)
24 He?* Lt 25-750 cow oy (077 rule) (a,b), E 2 100

35-term, CI w.f. (c), E < 100
54 HeZt Bet 25, 5000 CPB (c,d)
54 HeZt 112 50, 5000 cPB (c,d)
54 He?t B3t 50, 5000 CcPB (c,d)
54 HeZt ¢t 125, 50,000 CPB (c,d)
54 HeZt Fe2%* . 2500, 125,000 CPB (c,d)
28 Bat Bat 0.18-3.64 ccmo i 015 and six atf?g"’e‘e” (a,b)
b. Double electron capture

26 i3t it 0,0086-43 AM-Res correct exchange coupling (b,c)
26 Belt Be?* 0.0222-22 AM~Res ° - (b,c)
26 B> el 0.046-28 AM~Res " (bye)
26 cb* c** 0.075-25 AM-Res - (b,¢)
26 Nt Nt 14-57 AM-Res - (b,c)
26 o8t of* 19-53 AM-Res - T (b0
26 Al Pt 21-42 AM-Res . (b,c)
26 NelOF Ne8* 25-40 AM-Res - (b,c)
26 B3 Bt 0.0026-28 AM-Res - (b,c)
26 cht c** 0.0079-25 AM-Res o (b,c)
26 Nt n2t 0.014-21 MM-Res - (b,c)
26 obt o4t 0.022-20 AM-Res - (b,c)
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Table 3. Sources of theoretical data for double charge exchange cross sections in ion—atom collisions

Energy Range

Reference Projectile Target XeV/u Method Comment Accuracy
4. 24 - = 2-states; correct
55 He He 0.05-2.5 cc-Mo lecalat eooreten )
56 3pe2t He 0.5-6.67 AM-Res 2-states (b)
30 3pe2* He 0.5-12 AM-Res 2-states )
5 3pe?t He 3.33-33.3 PSS 16-states (a,b)
57 He?* He 25-250 cCc-40 3-states, o’ (b,c)
59 HeZ* He . cC-A0 3-states, ogy¢s —
29 . He?t He 1.25-375 CC-A0 + 9-states; (b,c)
perturbation 3 strongly (b,c)
method coupled (b,c)
2+ _ _ Independent o
33 He He 25-250 B-Bl o
2 \ Chw, for
58 He He 125-350 single " (b,c)
. capture
4t . ~ Correct (AM)
30 c* He 0.003-2.5 Lz . Aoliceing (b)
6 c* He 0.07-1.7 PSS 4-states (b)
59 ar® He 0.05-2.5 classical -
57 Nt Ne - 700-4000 cC-40 3-states, o, ()
57 of* Ne 900-2900 CC-A0 " (c)
57 Pt Ne 1000~2000 CC-20 - (e)
CDW, for
58 g9t Ar 1580~3260 single o’y 0.} (b,e)
capture

Ssee footnote to table 1.
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Table 4. Validity regions and accuracy of different theoretigal. methods for charge exchange
Method Velocity Range Comments Accuracy
' (ve)
A. Low-energy methods
1) pss/(cc-M0) 0.01-0.5 - numerical solution of coupled equations
; : depends on the size
classical (quantum) of nuclear motion, of the basis
- translational factors optional
0.5-1 - numerical solution of coupled equations
— classical nuclear motion,
) , depends on the size of
- translational factors necessary, the basis and the form
of translational factors
2) LZ, RF, RZD 0.02-0.6 - two-state models with (b) or (e), if coupling
AM AM1R ’ radial coupling onl with other channels
4 es pling y small; otherwise (d)
!
3) ASM 0.2-0.6 ~ g includes single- and (b) or (¢), smaller v,
more—electron captures, high Z; (d), higher v,
- no rotational coupling low z
4) oM 0.2-0.6 same same
B. Intermediate-energy methods
1) cCc-a0 0.2- ~3-4 - numerical solution of coupled equations
- plane wave or Coulomb depends on number
translational factors necessary of basis states
2) 0.3- ~3-4 - unitarity preserved (b), (), v$2 (d), w>2
3) UDWA 0.7- ~3-4 - unitarity preserved same
4) CIMC 1- ~3-4 {(a) or (b), v <3
{b) or (¢), v >3
5) VPS-Emp 0.3-3-4 unspecified
C. lligh—energy methods
1) BK 2 - nucleus-nucleus interaction excluded (@)
- incorrect v-asymptotics
2) Bl, B-Bl, CPB >2 -all interactions included unspecified
- incorrect v-asymptotics
3) BR-Eik 2-7 (b), (e
4) CDW 34 (a), (b)
5) BK—Emp, N-BK >2 unspecified
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Table 5. Theoretical cross sections for nonhydrogenic¢ atoms and iomns (q 2 2), (continued)

A+ B ATy plZ-1)t
Yot (10 "7em“) at E = 1.53 keV/u. Ref. 37
A He Ne Ar Kr ’ Xe
B ‘
B 0.262 0.394 0.75 1.13 1.31
o 0.304 0.500 0.87 1.28 1.51
N 0.346 0.505 0.99 1.43 1.72
0 0.387 ) 0.561 1.11 1.58 1.93
F 0,429 0.616 1.23 1.73 2.13
Ne 0.471 0.672 1.35 1.88 2.34
Na 0.513 0.728 1.47 2.03 2.55
Mg’ 0.555 0.783 1.59 2.18 2.75
Al 0.596 » 0.839 1.71 2.33 2.96
8i 0.638 0.89 1.83 2.48 3.17
P 0.680 0.950 1.95 2.63 3.37
s 0.722 1.0006 2.07 2.78 3.58
cl 0.764 1.06 2.19 2.93 3.78
Ar 0.805 1.12 2.31 3.08 4,00
K 0.847 1.17 2.43 3.23
Ca 0.889 l.23 2.55 3.38
Sc 0.931 1.28 2.67 3.53
Ti , 0.973 1.34 2.79 3.68 -
v 1.014 1.39 2.91 3.83
cr 1.056 , 1.45 3.03 3.98
Mn 1.10 1.51 3.15 4,13
B + ardt 5 gt 4 ar(a"DF Ref. 42
Yot (10 “'cm”) at E = 0.76 keV/u.
q 3 4 5 6 7 8 9
B
He' 19.2 23.3 28.0 32.6 37.5 42.0 45.8
Ne 25.1 31.6 38.4 44,9 51.2 57.2 63.5
Xe 91.8 114. 137. 159. 182. 203. 226.
Kr +_ g+q2+ ket + xe (DT
%ot (10 ""cm”™) at E = 0.23 keV/u. Ref. 42
aq 3 4 5 6 7 ] 9
78.0 95.3 112 129 147 163 179
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Table 5. Theoretical cross sections for nonhydrogenic atoms and ions (q 2 2), (continued)

A+ BZT o a7 4 p(ZDF Ref. 37
O or (10 " cm ) at E = 1,32 keV/u.

A Li Na K Rb Cs
B
B 4,58 4,80 7.98 7.97 9.28
C 5.38 5.58 9.09 9.19 10.5
N 6.18 6.35 10.2 10.4 12.2
0 6.98 7.13 11.3 11.6 13.6
F 7.78 7.90 12.4 12.9 15.0
Ne 8.58 8.61 13.5 14.1 16.4
Na 9.38 9.44 14.6 15.3 17.8
Mg 10.2, 10.2 15.7 1645 19.2
Al 11.0 11.0 16.8 17.6 20.6
Si 11.8 11.8 17.9 19.0 22.0
P 12.6 12.6 19.1 20.2 23.4
S 13.4 13.4 20.2 21.4 24.8
Ccl 14.2 14.3 21.3 22.6 26.2
Ar 15.0 15.1 22.4 23.9 27.6
K 15.8 15.9 23.5 25.1 29.1
Ca 16.6 16.7 24.6 26.3 30.5
Sc 17.4 17.5 25.7 27.5 31.9
Ti 18.2 A18.3 26.8 28.8 33.3
\Y 19.0 19.1 27.9 30.0 ' 34.7
Cr 19.8 20.0 29.0 31.2 36.1
Mn 20.6 '20.8 30.1 32.4 37.5
Fe 21.4 '21.6 31.2 33.6 38.9
Co 22.2 22.4 32.3 34.9 40.3
Ni '23.0 23.2 33.4 36.1 41.7
Cu 23.8 24.0 34.5 37.3 43.1
Zn 24.6 24.8 35.7 38.5 44.5
Ga 25.4 25.6 36.8 39.8 45.9
Ge 26.2 26.4 37.9 41.0 47.3
As . 27.0 27.2 39.0 42,2 48.7
Se 27.8 28.0 40.1 43.4 . 50.1
Br 28.6 28.8 41.2 44,7 51.5
Kr 29.4 . 29.6 42.3 45.9
Rb 30.2 30.4 43.4 47.1
Sr : 31.0 31.2 44,5 48.3
Y 31.8 32.0 45.6 49.6
ir 32.6 ) 32.9 46.7 50.8
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