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The existing theoretical cross section data for charge exchange of partially stripped ions
on atomic hydrogen are evaluated in the energy range from ~ 10 eV/u to ~10° keV/u.
The evaluation has been carried out by using both pure theoretical arguments and com-
-parison with the most-accurate experimental-data-Jons with-atomic numbers Z—=3=8;10,
12, 13, 14, 16, 18, 22, 26, 30, 36, 41, 42, 48, 54, 73, and 74, in charge states g betweeng = 2
and g = (Z — 1), have been examined. A brief discussion of the evaluation criteria is also
given.
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1. Introduction

This paper continues the presentation of evaluated
theoretical cross section data for charge exchange of multi-
ply charged ions on atoms. In the previous paper,' we evalu-
ated the cross section data for hydrogen atom-fully stripped
ion systems, as well as the validity regions and accuracies
provided by different theoretical methods employed in the
calculations. In the present paper, we shall evaluate and
present cross section data for the reactions

H(ls) + AT+ SHY 4 Al—D T, ' (1)
where ¢ is the charge of an incompletely stripped ion, rang-
ing from g = 2 to ¢ = Z — 1 (Z being the corresponding nu-
clear charge). The energies in this paper are quoted in the
form of the laboratory energy of the ion (E ) in eV (or keV or
MeV) divided by the mass of ion (M) expressed in atomic
mass units (u). The energy range covered in the present study
isfrom ~ 10eV/uto ~1 MeV/uin which the overwhelming
majority of the calculations have been done. However, in the
presentation of the data sources, we shall go beyond the
above energy limits for reasons of completeness.

Since most of the theoretical methods for treating reac-
tion (1) are the same as those for the hydrogen atom-fully
stripped ion charge exchange reactions, and since a detailed
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discussion of their main features and validity regions has
been given in Ref. 1, in their presentation here we shall be
very brief, emphasizing only those differences which are spe-
cific for their application to the incompletely stripped ion
case. Nevertheless, we shall keep the presentation self consis-
tent and give all the necessary informnation for the use of
evaluated data contained in this article. Unlike Ref.- 1, this
paper analyzes only the total cross sections. There exist very
few partial cross section calculations, and they will be identi-
fied when discussing the data sources.

2. Theoretical Methods

In contrast to the hydrogen atom-fully stripped ion sys-
tem, in the case studied here more than one electron is in-
volved in the system. This circumstance has the following
important implications for the collision dynamics.

(i) The high intrinsic symmetry of the H + Z system is
broken in the case of many-electron systems. As a conse-
quence the Wigner—von Neuman noncrossing rule becomes
less restrictive and the number of the quasimolecular states
interacting via a radial coupling mechanism at low collision
cncrgics is substantially increcased. Mcthods which cxplicitly
utilize the symmetry properties of the H + Z system {like
the multichannel Landau~Zener model with rotational cou-
pling (M-LZ-RC) or the classical analytical model (Cl M-An)
discussed in Ref. 1] cannot be applied to the case of
H + A?* collision system.

(i) The molecular-orbital expansion methods meet
much more serious difficulties in dealing with the electronic
structure calculations.(i.e., determination of the basis wave
functions, potentials and coupling matrix elements) in the
H -+ A®' system than in the case of the H + A”™* systom.
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(iii) At sufficiently high collision energies, the electron
capture process becomes strongly coupled with processes in-
volving transitions of the ion electrons, and the whole colli-
sion dynamics becomes extremely complex.

Below we shall discuss how the above mentioned fea-
tures of the H + A?* system influence the accuracy of the
cross section results obtained by different methods. In this
section, we shall use atomic units (e = # = m_ = 1). The lab-
oratory collision energy per nucleon is related to the colli-
sion velocity v by E /M = 25 (v/v,)* (keV/u), where v, = ¢%/
#i=2.19X10® cm/s.

2.1. Low-Energy Methods

In the low-energy region (E S 25 keV /u, v S v,), only the
perturbed stationary state (PSS) method, the Landau-Zener
(LZ) model and the absorbing sphere model (ASM]) have
been used for cross section calculations in the hydrogen
atom-partially stripped ion collision systems. The decay
modcls (DM) and the multichannel Landau-Zener (M-LZ)
model can in principle also be used for charge transfer calcu-
lations in this energy region, but so far they have not been
applied to the H + A?% collisions. The PSS method has
been widely used in the thermal energy region and for low
charged ions in connection with the astrophysical applica-
tions.? In this energy region, the impact parameter version
of the PSS method is not applicable and the full quantal

scattering equations have to be solved numerically. (The
quantal version of the PSS method we designate as PSS-Q.)
The electronic structure part of the calculations has been
carried out either using the laborious configuration interac-
tion (CI) method®* or by applying the pseudopotential meth-
od.?* Translational factors in the basis functions are not es-
sential in this energy region. The results of the calculations
are frequently presented in form of reaction rate coefficients
ko

In the energy region above ~ 10 eV/u, PSS calculations
in the impact parameter version of the method have also
been performed for B>+, C**, C°*, N°*, and 0%+ jons.%’

The accuracy of the PSS cross section calculations cru-
cially depends on the size of the molecular basis used and, for
the higher energies, on the treatment of the electron momen-
tum transfcr cffects. Assuming a high accuracy in solving the
electronic structure part of the problem, all the conclusions
concerning the accuracy of the PSS method discussed in Ref.
1 remain valid for the H 4+ A?% system.

Regarding the accuracy of the data provided by the de-
cay model (DM) or the absorbing sphere model (ASM), one
can expect that it is higher forthe H 4+ A?™* case than in the
H + Z system. The larger number of interacting states in the
H + A?* system (or, equivalently, the larger number of
open reaction channels) provides a better fulfillment of the
basic asumptions of these models. Using the weak energy
dependence of the cross section predicted by decay models
and the existing experimental data, the following scaling rule
can be established:

o=~7.0%X10" % g ecm?, g>4, 0.1<Eg—'?<20, (2

where E is expressed in keV/u. In most cases, the accuracy
provided by the scaling rule (2) is better than + 50%.
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2.2. Intermediate-Energy Methods

Only two methods have been applied so far for cross
section calculations in the H -+ A?* system in the interme-
diate energy range (between ~ 10keV/u and ~300 keV/u):
the Vainshtein—-Presnyakov-Sobel’'man (VPS) method®?
and the classical trajectory Monte Carlo (CTMC) method.°
The VPS method is essentially a two-state method. Its appli-

_cation to the H + A?* multichannel electron transfer prob-

lem is based on a separate treatment of the interaction of the
initial state with each particular final state. This permits the
calculation of the partial cross sectionso,,,and o, = 2, o,
The total cross section is.obtained by summing o-,-over n for
all significantly populated states. The VPS transition prob-
ability behaves correctly in both the adiabatic and high ener-
gy limits (to the first approximation). However, since the
first-order approximation for charge cxchange (the Brink-
man-Kramers approximation) is by itself incorrect, and em-
pirical factor of 1/3 is introduced in the calculated cross
sections®® to account for the higher order effects. While for
the 1s—1s transition this factor is close to the proper value
{ = 0.295), for other transitions (1s—n/where n5# 1, £#0) it
may be substantially different.!’ Therefore, the accuracy of
this method (referred to below as VPS-emp) is rather uncer-
tain.
The CTMC method is based on numerical solution of
the classical equations for the three-body problem. Its appli-
cation to the H =A% collisionsystenr assumes-that the fomr
is a structureless particle with an effective charge .. There
is some uncertainty in the determination of g.; which is di-
rectly reflected in the accuracy of the cross section results. In
any case, the CTMC method is based on a classical treatment
of the three-body system and cannot be applied to the
H + A?* multielectron system at energies where the ionic
structure cannot be adequately represented within the effec-

- tive charge concept.

2.3. High-Energy Methods
Except for the extension of the VPS-emp method in the

_ region of high energies (E R 300 keV/u), the eikonal exten-

sion of the Brinkman-Kramers approximation'? (further re-
ferred to as BK-Eik) and the continuum distorted wave
(CDW) method"’ have been used for charge exchange calcu-
lations in the H 4+ A?* collision systems. The application of
the BK-Eik theory to this system is based on the fact that the
factor a(g,v) which comes from the eikonal phase in the cross
section formula (see Ref. 1),

Opx.Eik = q:V)0pk » (3)
depends very weakly on the ionic charge ¢. This result, ob-
tained for the hydrogen atom-fully stripped ion systems, is
also extended to the case of incompletely stripped ions, the
many-electron structure of which is taken into account by
using an effective charge g..!* The CDW method has been
used only for the H + Li®>* collision system.!?

3. Review of Data Sources

The theoretical studies of charge exchange processes in
hydrogen atom-incompletely stripped ion systems are less
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extensive than in the hydrogen atom-fully stripped ion case
due to the multielectron structure of the collision system and
its implications on the complexity of collision dynamics. The
available data sources are compiled in Table 1. For each
atom-ion pair, the energy region, the computational method,
and the character of the data (total or partial cross section, or
reaction rate coefficient) are indicated in the table. The data
sources for the thermal energy region are also included in
this table, but the data contained in them will not be further
analyzed.

4. Evaluation Criteria

The evaluation criteria for the accuracy of the charge
exchange cross section data are the same as in Ref. 1:

(1) degree of sophistication of the calculations (i.e., size
of the basis, inclusion and character of translational factors,
way of representation of the ion electronic structure);

{2) degree of the intrinsic accuracy of the method itself
(as specified in Table 1 of Ref. 1); -

(3) agreement with the most accurate experimental
data.

Contrary to the case of the H + Z systems, experimen-
tal data are much more available for H + A * ?systems, and
the agreement with them is used as the main evaluation crite-
rion for the accuracy of the theoretical data. In the cases
when no experimental data exist, the accuracy of the data

has-been-assessed onthe basisof thecriteria (1) and(2)-All—

methods, by themselves, have the same validity region and
intrinsic strengths as given in Table 1 of Ref. 1. However, for
the multielectron H + A?™ system, to achieve a high degree
of sophistication of the calculations [criterion (1)], much
more laborious calculations must be performed than in the
H + Z case. The use of the effective charge concept in the
CTMC and BK-Eik calculations introduces an uncontrolla-
ble uncertainty which may reduce the accuracy of these
methods by ~20%-30%. In general, the accuracy of the
cross section data for the H 4+ A?* system is significantly
lower than in the case of the H + Z system.

5. Evaluated Cross Section Data

‘We have applied the criteria discussed in the preceding
section to evaluate the total cross section data listed in Table
1 and belonging to the energy interval 10 eV/u-1 MeV/u.
The data having an accuracy within a factor of two (or better)
are presented in Table 2, with example cases shown in Figs.
1-12. The numbers in the figure legend give the references
from which the data were taken. Experimental data, where
available, are also given in these ﬁgxires,and,ihefrefercnce
number is followed by a letter E. Only the experimental data
at the end points of the investigated energy range are shown.
Other experimental points are represented by a broken line
obtained by using a fitting procedure. In such cases, the com-
parison of theoretical results with the experimental data can
provide more precise information about the accuracy of the

-theoretical predictions. When experimental data do not ex-
‘ist, the accuracy of the theoretical cross sections can be as-
sessed on the basis of the accuracy provided by the method
itself (Table 1 of Ref. 1) and the information on the sophisti-
cation of the calculations contained in Table 1 of the present
paper. .

In presenting the theoretical data in Table 2 and Figs.
1-12, we have adopted the following criteria:

h From all the available calculations using the same

method, only those with highest accuracy are presented;

If the calculations are also extended outside the region
of validity of the applied method, only the part which con-
forms with the validity region is presented;

The data provided by the VPS-emp method are present-
ed in their entirety, since no reasonable assessment of their
accuracy can be made on the basis of theoretical arguments.
In cases where experimental data exist, the accuracy of these
calculations can be estimated by comparing them with such
data. Using these cases, one can conclude that the accuracy
of the VPS-emp results is within a factor of two.
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Table 1. Theoretical data for charge exchange of atomic hydrogen with partially stripped ions

Reference Energy Range MH? Methodb Comments Data
g1t
9 0.25-625 keV/u (L)M(B) VPS—~emp 1/3 empirical factor STy
14 . 40-600 keV/u (M)A BK-Eik ogg multiplied by eikonal factor; o,
Effective charge
13 6.25-1225 keV/u (LY(M)H CDW o,
H-B2+
21 0.03-9 keV/u L(M) CC-MO 2 states; oy
Exponential model
n-p>*

6 0.053-5.3 keV/u L PSS 8 molecular states; g,
10 37.5-130 keV/u M CTMC Effective charge o
-4t
10 37.5-130 keV/u M CTMC Effective charge o,
H-C2+
3 0.5-5 eV (TL PS5-0 __Full quantum treatment K

Cl-basis; Og-
14 40-700 keV/u - (M)H BK-Eik Effective charge o,
H—C3+
15 0.1-1.75 eV (T)L PSS-0 2 states o
19 0.001-4 eV (T)L PSS-Q 2 states Oy okp
3 ) 0.5-5 eV (T)L PSS~-0 CI - basis; . ke
: Full quantum treatment
23 0.27-8.1 eV (T)L PSS—Q CI - basis; a,
10 37.5-150 keV/u M CIMC Effective charge Oy
14 40-1000 keV/u (M)H BK-Eik "Effective charge Oy
g-ci+
0.01-100 eV (T)L PSS-Q 5 coupled states Ut’k'r
0.053-5.26 keV/u L PSS 7 coupled states oy
20 0.1-2.7 eV (T) Lz
16 2.58 keV/u L AS Accuracy ~40% o,
10 37.5-150 keV/u M CTMC Effective charge L
22 25~2500 keV/u (LM VPS—emp 1/3 empirical factor o
14 5031003145;1000 keV/u (M)H BR-Eik Effective charge -
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Table 1. Theoretical data for charge exchange of atomic hydrogen with partially strippedv ions--Continued
Reference Energy Range v Methodh Comments Data
H-¢o+
7 0.0132-7.58 keV/u (T)L PSS 5 coupled states o,
16 2.58 keV/u L ASM Accuracy ~140% oy
10 37-150 keV/u M CTMC Effective charge o,
14 503100;145;1000 keV/u (M)H BK~-Eik Effective charge o,
g-n2t+
3 0.5-5 eV (T)L PSS-Q CI - basis kq
23 2.7 x 1074 - 8.1 (T)L PSS-Q CI - basis o
14 40~800 kaV/u (M BK-Eik Effective charge o,
H_N3+
19 0.001-4 eV (T)L PSS-Q 2 states Oy oKy
3 0.5-5 eV (T)L PSS-0 CI - basis kyp
5 1074-100 ev (T)L PSS-Q - 4 states Oy ske
10 37.5-150 keV/u M CTMC Effactive charge ’ at
14 40-1000 keV/u (M)H BK-Eik Effective charge oy
H-N4t
20 Ot-2:T eV (DL 12z e
16 2.58 keV/u L ASM Accuracy ~+40% o
10 37.5-150 keV/u M CTMC Effective -charge o
22 0.25-2500 keV/u M(H) VPS—-emp 1/3 empirical factor oy
14 50;100;145;1000 keV/u (M)A BK-Eik Effective charge o,
BNt
7 0.0132-7.58 keV/u (T)L PSS 5 molecular states S,
16 2,58 keV/u L AsM Accuracy ~1407% Oy
10 37.5-150 keV/u’ M CTMC Effective charge o,
14 50;100;145;1000 keV/u (M)H BK-Eik Effective charge L1
H-N6+
16 2.58 keV/u L ASM Accuracy ~+40% o,
10 37.5-150 M CIMC Effective charge Oy
22 0.25-2500 M(H) VPS-emp 1/3 empirical factor o
14 50;1003145;1000 keV/u (M)H BK~Eik Effective charge O
3 0.5-5 eV (T)L PSS—Q Full quantal treatment kT
14 40-800 keV/u o) BR-Eik Effective charge o
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Table 1. Theoretical data for charge exchange of atomic hydrogen with partially stripped ions--Continued
Reference Energy Range MH2 Methodb Comments Data
n-o3+

3 0.5-5 eV (T)L PSS~Q kT

4 0.5-5 eV (DL PSS—Q Production of (02F)* oy
10 37.5-100 keV/u M CIMC Effective charge O¢
14 40-1000 keV/u M)H BK-Eik Effective charge op

g-0%t
20 0.1-2.7 eV (L 1z Ky

16 2.58 keV/u L ASM Accuracy ~+40% ot
10 37.5-125 keV/u M CTMC Effective charge oy
14 50;100;145;1000 keV/u M)H BK-Eik Effective charge op

H-05*

16 . 2.58 keV/u L ASM Accuracy ~+40% o,
10 37.5-125 keV/u M CTMC Effective charge Ot
14 50;100;145;1000 keV/u (M)H BK-Eik Effective charge O

0%

7 0.013-7.6 keV/u (T)L PSS 8-state molecular CC Oy
16 .2.58 keV/u_ L ASM \ccuracy-~+40% oF
10 37.5-125 keV/u M CTMC Effective charge o
14 503;100;145;1000 keV/u (M)H BK~Eik Effective charge o

n-o’*
16 2.58 keV/u L ASM Accuracy ~t407 o,
10 37.5-150 keV/u M CTMC Effective charge o
14 50;100;145;1000 keV/u (M)H BK-Eik Effective charge o,
B-NeZ*

3 0.5-5 eV (T)L PSS-Q kp
H-Ne3t

3 0.5-5 eV (T)L 'PSS-0 Ky
H-Ne‘H'

20 0.1-2.7 eV (TIL Lz ke

22 0.25-2500 keV/u (L)M(H) VPS—emp 1/3 empirical factor o,
H-Ne-6+

22 0.25-2500 keV/u (L)M(H) VPS—emp 1/3 empirical factor oy
) H—Ne8+

22 (LOM(H) VPS-emp 1/3 empirical factor o

0.25-2500 keV/u
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Table 1. Theoretical data for charge exchange of atomic hydrogen with partially stripped ions-~Continued

Reference Energy Range JA0 1 Met: odb Comments Data
H-Mg2+

20 0.1-2.7 ev (T)L | #4 ky

21 10~-10,000 keV/u L(M)(H) CC-MO 2 states; O

Exponential. model

a-Mg®h; q = 3,4

20 0,1-2,7 eV (L 12 Ko

1-A29%; q = 4,6,8,10

22 0.25-2500 keV/u (LIM(H) VPS-emp 1/3 empirical factor %

B-s12*
z . 1R - 2567 (D)L PSS-Q oy kg

w513t

20 0.1-2.7 €V {T)L LZ kp
B-si 4t

20 0.1-2.7 eV (T)L 1z kT

22. _0.25-2500 keV/u. (LIM(H) VPS~emp_ 1/3 empirical factor oy

1-519%; q = 6,8,10

22 0.25-2500 keV/u (L)M(H) VPS~emp 1/3 empirical factor Oy

H-8%F; g = 2,3,4
20 0.1-2.7 oV (THL 1z ke

B-Ar?t; g = 2,3

20 0.1-2.7 eV ¢ 1z oy
H—Arlﬁ'

29 0.1-2.7 eV (ML 1z ke
8 0.2-2000 keV/u (LM VPS—-emp 1/3 empirical factor Oy
n-ar®*; q = 6,8,10
8 0.2-2000 keV/u (LM VPS~emp 1/3 empirical factor oy
n-11%% g = 4,6,8,10
22 0.25-2500 keV/u (LYM(R) VPS-emp 1/3 empirical factor o,
B-Felt; g = 4,6,8
8 0.2-2000 keV/u (LOM(H) VPS—emp 1/3 empirical factor Oy
g-Fal0t
18 47.3-340 keV/u M CTMC o
17 50-300 M cne oy
8 0.2-2000 keV/u (LIM(H) VPS-emp 1/3 empirical factor o,
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Table 1. Theoretical data forx charge exchange of atomic hydrogen with partially stripped ions--Continued

Reference® Energy Range b Method® " Comments Data
H-Fel5
18 47.3-340 keV/u M CTMC L
17 SU-300 M CmC oy
H-Fe20F
17 50-300 M cmMe oy
H—Fe24+
24 40-200 (M) Bk-Eik O4+04+%ng
H_FEZS"'
17 50-400 M CIMC Oy
HzaZt
21 0.01-4 keV/u L CcC-MO 2-gtate exponential model o,
H-krTh; q = 4,6,8,10
8 0.2-2000 keV/u (L)M(H) VPS-emp 1/3 empirical factor o,
H-0%Y; g = 4,6,8,10
22 0.25-2500 keV/u (L)M(H) VPS—emp 1/3 empirical factor oy
H-4o%%; q = 4,6,8,10
8 0.2-2000 keV/u (L)M(H) VPS—emp 1/3 empirical factor L
_gaqo et
18 47.3-340 keV/u M CTMC L
H-Cd%*
21 0.0025-9 keV/u L CcC~-Mo 2-state exponential model oS¢
H-Xeq+
8 0.2-2000 keV/u (L)M(H) VPS—emp 1/3 empirical factor Oy
B-Ta®*; g = 3-5,7,9,11-15
14 102 keV/u (MH BR-Eik Oy
B-TaTt
22 0.25-2500 keV/u (LIM(H) VPS—amp 1/3 empirieal fartar .
14 ‘102 keV/u (MH BR-Eik o,
8wl g = 4,6,8,10
8 0.2-2000 keV/u (L)M(H) VPS—-emp 1/3 empirical factor O,

ar, L, M, H stand for the thermal-, low-, medium—, and high-energy regions,

respectively. These letters in parentheses indicate reglons in which the
methods were applied, although with a restricted validity.

bpefinition of abbreviations for methods used in Table 1:

cc-M0
PS5-Q
PSS

Lz

ASM
CTMC
VPS—emp
BR-Eik
CDW

Close coupling - molecular orbital method

Perturbed stationary state method - quantal version
Perturbed stationary state method - impact parameter version
Landau-Zener model

Absorbing sphere model

Classical trajectory Monte Carlo method

' Vainstein-Presnyakov-Sobelman approximation, empirical

Brinkmann-Kramers - Eikonal theory
Continuum distorted wave approximation

J. Phys. Chem. Ref. Data, Vol. 12, No. 4, 1983
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