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The existing theoretical cross section data for the charge exchange process of multiply
charged fully stripped ions with hydrogen atoms are evaluated in the energy range from
~10eV/uto ~10° keV/u. The evaluation has been performed on the basis of both pure
theoretical arguments-and-comparison-with-the most-accurate experimental cross sec-
tions. The ionic charge state ranges from Z = 2 to Z = 54. The theoretical methods for
calculation of the charge exchange cross sections are briefly discussed, and their regions of
validity and the accuracy of the produced data are assessed.
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1. Introduction

The collision processes of multiply charged ions with
atoms play an important part in many high temperature lab-
oratory and astrophysical plasmas. Among them, the charge
exchange process is of special importance, because for a wide
range of collision energies it is a dominant process (with the

highest cross section) and because it leads to the creation of -

excited (radiating) reaction products. The charge exchange
cross sections of multiply charged ions are needed for model-
ing and diagnostics of high temperature plasmas, in particu-
lar of the tokamak type of fusion plasmas, where multiply
charged ions are present as impurities.

In view of the important practical implications of the

charge exchange of multiply charged ions with atoms, exten-
sive investigations of this process, both experimental and

theoretical, have been carried out in the past decade. The

results of these investigations have been presented in several
review articles.!™ Theoretical studies of this process haveled
to important developments of the underlying collision dy-
namics and to the accumulation of a significant amount of
cross section data. A critical analysis of these data, as well as

of the methods used for their production, is now a necessary
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step, which will be helpful in the practical use of the data and
the methods.

The present paper attempts to provide such an analysis
of the theoretical methods and cross section data for charge
exchange reactions between hydrogen atoms and completely
stripped ions. :

H(is) + A%+ SH™ + A%~V (ndm), (1)

where n, £, m are the usual quantum numbers of the captured
electron and Z is the ionic charge. Our objectives are the
following: (1) to assess the intrinsic strengths and limitations
of various theoretical methods currently used for charge ex-
change cross section calculations with multiply charged ions
and thereby define the regions of their validity with respect
to the collision velocity and ionic charge, (2) on the basis of

- these assessments and by comparison with experimental

data (when such data exist), to evaluate the existing theoreti-
cal cross section data, and (3) to present the most accurate
data in a form useful for practical applications. 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
the ion (M ) expressed in atomic mass units (u). The energy
range covered is from ~10 eV/u to ~1 MeV/u, in which
almost all of the calculations have been done and which is the
chief region of practical importance. _

In two forthcoming papers, we shall present evaluated
theoretical cross section data for the reaction of hydrogen
atoms with incompletely stripped ions and for atoms other
than hydrogen with arbitrarily stripped ions.

The importance of an evaluated compilation of the
theoretical charge exchange cross section data stems from
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the lack of experimental data for many atomic and/or ionic
species. Even when such data exist they usually cover a rath-
er restricted energy range.

2. Theoretical Methods for Charge
Exchange: Validity Regions and Accuracies

The collision dynamics of a charge exchange process
depend on the relative velocity of the colliding particles v and
the ionic charge Z. With respect to the parameter v, it is
useful to distinguish three broad regions: vSv, (Vo
= ¢?/# = 2.19-10° cm/s iis the velocity of the electron in the

ground state hydrogen atom), v 2 v,, and v>V,. In each of
these velocity regions, different groups of theoretical meth-
ods have been developed to describe the charge exchange
process. Below, we shall analyze these methods briefly from
the point of view of their regions of validity with emphasis on
the accuracy they can provide in the cross section calcula-
tions. The laboratory collision energy per nucleon is related
to the collision velocity v by E /M = 25(v/v,) (keV/u).

2.1, Low-Energy Methods

In the low-velocity region v Sv,, the charge exchange
process is best described within the framework of a quasimo-
lecular picture. The collision dynamics are described by a set
of close-coupled equations obtained from an expansion of
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variance reduces the accuracy of the results obtained. The
accuracy of the PSS method also depends on the number of
states included in the basis set. A study of the very many PSS
cross section calculations (see Sec. 4) performed with straight
line trajectories for the nuclear motion lead to the following -
conclusions:

(1) If no translational factors are included, the uncer-
tainty of the computed-total cross sections may be of order of
100% at v~ 1v,, 20% at v=~0.2v,, and less than 10% for
v50.1v,, where it is assumed the number of basis states is
N=Z.

(2) With simple translational factors {e.g., plane wave
-phase-factors;-ete:);-the PSS method-can-produce-cross-sec-
tions within a 20% accuracy for v up to ~ 1v,, provided a
basis is used which includes all the important couplings.

(3) With elaborate, optimized translational factors,
cross sections can be obtained with expected accuracy better
than 10% for v up to ~ 1v,,.

(4) The size of the basis required for total cross section
calculations depends both on Z and ». For small Z, the num-
ber of important radial couplings is restricted and for small v
(<0.05 v,) the rotational coupling plays a negligible role. For
large values of Z, the number of important radial couplings
is large and for an accuracy of ~20% the basis should con-
tain at least N~ Z states.

(5) The calculations of partial charge exchange cross
sections (capture into a particular final n,/state) require

thescattering wave function intermsof molecular-orbitals-of
the colliding system. This method is generally referred to as
CC-MO (close-coupling of molecular orbitals). In certain ex-
treme physical situations, the CC-MO method can be re-
duced by the use of simplifying models. Three different ap-
proaches have so far been developed and used for charge
exchange cross section calculations in this velocity region:
the perturbed stationary state (PSS) method,® the multichan-
nel Landau—Zener model (M-LZ)° and different decay mod-
els (DM).™*

a. The PSS Method

The scattering equations in this method are obtained
from an expansion of the total wave function in terms of the
adiabatic molecular orbitals of the colliding system. The use
of this expansion basis leads to Galilean noninvariance of the
coupled equations, difficulties in satisfying the boundary
conditions for the problem, nonzero coupling matrix ele-
ments for the dipole transitions in the separated-atom limit,
and dependence of the results on the choice of the coordinate
system in which the matrix elements are calculated (see, e.g.,
Ref. 10). In order to overcome these difficulties, suitable
translational phase factors must be associated with the basis
functions, designed in such a way as to describe the electron
momentum transfer and to satisfy the-asymptotic condi-
tions. Although many attempts have been made in this re-
spect,’'~!3 no satisfactory solution of the problem has yet
been reached. The procedure of the variational optimization

“of the translational factors seems to be the most promis-
ing.'®* However, inclusion of sophisticated translational
factors in the basis functions leads to significant difficulties
in numerical computations. Reduction of these difficulties
by a simplified treatment of the problem of translational in-
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much larger basis sets which, depending on thecollision en-
ergy, may range from N=3Z to N=5Z.

The scattering equations of the CC-MO method in the
diabatic representation of molecular functions can be solved

- exactly under the following assumptions'*: (1) the n- and £

dependences of the coupling matrix elements are factorized;
(2) the differences of the ionic diabatic potential energies do
not depend on:£ (3) rotational coupling can be ignored. For
the hydrogen atom-fully stripped ion system, these assump-
tions are well satisfied when Z>1 and when the collision

- velocity is low (v $0.5v,). This analytical CC-MO method

will be referred to as CC-MO-An.

b. Multichannel Landau-Zener (M-LZ) Model

A straightforward application of the multichannel Lan-
dau—Zener (M-LZ) model® to the charge exchange process in
hydrogen atom-fully stripped ion system leads to a signifi-
cant underestimation of the cross section in the energy re-
gion below the cross section maximum and evén 1o an incor-
rect prediction of its position. This situation can be
substantially improved if the rotational coupling between

~ the degenerate Stark states in the ionic channels is taken into

account (M-LZ-RC model).’>!'¢ A particular limitation of
the M-LZ-RC model is that capture into states with #n>Z are
not allowed (absence of pseudocrossing points). With in-
creasing Z, however, this limitation becomes insignificant
for the accuracy of total cross section calculations as well as
for the partial cross sections with n close ton,,, ~Z /2, where
n,, is the principal quantum number of the maximum popu-
lated iomic level in the charge transfer process. For
0.1<(v/v,)<1 and 0.8<Z<30, the assessed accuracy of the
M-LZ-RC model is ~50%.
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c. Decay Models (DM)

Decay models {DM)’® assume a large number of open
reaction channels for the eleciron capture, densely distribut-
ed in energy. The simplest version of a decay model is the
absorbing sphere model (ASM).” The electron tunneling the-
ories (ETT)®® describe the process as decay of the atomic
state due to its interaction with a quasicontinuum of final
ionic states. The assumptions of the decay models are best
satisfied for 0.2v,<v<0.5v, and for large values of Z (% 15).
For this region of the parameters v and Z, the accuracy of
decay models is ~ 50% or better, and improves with increas-
ing Z. Outside the above region of v and Z, the accuracy of
‘DM calculations drops drastically.

2.2. Intermediate Collision Velocities

The treatment of the charge exchange problem at inter-
mediate collision velocities (v~ 1-4v,) is difficult because no
suitable expansion parameter in the theory exists for this
region. An atomic orbital expansion of the total wave func-
tion and a numerical treatment of the resulting close-cou-
pled equations seems to be the most appropriate approach to
the problem (CC-AQ method). Plane wave translational fac-
tors are sufficient to describe the momentum transfer effects.
The important role that continuum states play in this region
requires inclusion of suitable pseudostates in the expansion.
It turns out, however, that a classical description of the pro-
cess in this-energyregionisalsoadequateformany purposes—

a. CC-AO Method

The basis set for the CC-AO method should contain
atomic orbitals centered on each of the nuclei. This is espe-
cially important for low Z-values. For the case of high Z, the
basis can be reduced to a 1s orbital around the proton togeth-
er with the orbitals around the nucleus Z representing all the
important final states. For v lv,, there is little difference
between the results of the coupled multichannel calculations
and the sum of the cross sections from two-state calculations
in which each final state is taken in turn. For v < v, however,
al least the degencrate levels for a given n should be coupled
together. The contribution from the states with n 2 Z can be .
estimated from the Oppenheimer »~> rule, which reduces
the size of the CC-AQ calculations. The most extensive CC-
AO cross section calculations have been carried out for
He?* (Refs. 17-19) and C°* (Ref. 20).

The lower velocity limit of the validity region of the CC-
AO method is not known. It is certainly valid down to
v = 0.2v,, and good agreement between CC-MO and CC-
AO calculations has been reported for C** for velocities
down (o v = 0.030,.”" AL high velocitics, the continuum in-
termediate states become increasingly important, and this
requires the introduction of pseudostates into the basis.
Without the inclusion of psendostates, the use of the CC-AO
method can be extended up to v~3 — 4v,. The one and one-
half center expansion,”! which employs a large basis on the
ionic center with a simplified description of H(1s) channel,
appears to give a good account of both ionization and charge
exchange and promises to provide a practical method of cal-
culating without any definite upper velocity limit.

Like in the CC-MO method, the calculations of the par-

tial (n,¢) cross sections by the CC-AO method require a
much larger basis set than for the total cross section calcula-
tions.

b. Approximate Treatment of CC-AO Equations

A sufficient basis for the charge exchange problem in
the hydrogen atom-fully stripped ion system can be obtained
by taking only the H(1s) orbital together with a complete set
of orbitals representing the final (ionic) states.* The set of
equations formed from this basis can be approximated either
by the unitarized distorted wave approximation
(UDW),2%* or by an approximate analytical solution, ig-
noring the second and higher order transition effects.>* In
the UDW approximation, the coupling matrix elements are
calculated in the distorted wave Born approximation,
whereas in the second, analytical approach, they are calcu-
lated in the Vainshtein—Presnyakov-Sobelman (VPS) ap-
proximation. The second method will be referred to as multi- -
channel VPS approximation (M-VPS). Neither UDW nor
M-VPS take into account coupling with the continuum and
so can only be used up to v S 3—4v,. Because the omitted
second-order terms become important at low velocities, the
lower limit of UDW can be assessed to be v, ~0.7v,,
whereas for the M-VPS it is around v, ~0.2-0.3v,. Addi-
tional assumptions involved in M-VPS limit its application
toions with Z % 10. Both these methods tend to overestimate
the cross sections in the regions outside of those specified
above.

c. Classical Methods

Classical dynamics can also be used to calculate the
charge exchange cross section in the intermediate velocity
region. The classical three-body problem can be solved nu-
merically (using the Monte Carlo method) by making a ran-
dom selection of the initial conditions.?® This method, called
classical-trajectory Monte Carlo method (CTMC), is able to
provide both total and partial cross sections. Partly becausc
of the difficulty of obtaining statistically meaningful results,
the upper velocity limit of the CTMC method is about v,;,,
~ 3v,, while below v, ~v,. molecular effects may become
important. The method requires high Z-values, for which
capture into high » levels is dominant and for which the
classical picture is more appropriate.

A second classical model has been developed to de-
scribe the over-barrier electron transitions in the H + Z sys-
tem.?’ For v S v, approximate analytical solution of the clas-
sical transition probability can be obtained and the model is
therefore denoted by Cl M-An. Since the assumption of the
adiabatic motion of the nuclei is incorporated in Cl M-An,
its upper velocity limit is v, ~,, whereas the lower limit
Vpin =20.50, is imposed by the important quantum barrier
penetration effects. High values of Z are required (Z2 15)in
the C1 M-An model in order to obtain over-barrier transi-
tions in the H 4 Z system at v S vy,

The accuracy obtained by the CTMC method is surpris-
ingly high, while the C1 M-An model is less successful and

tends (o overestimate the cross section by a factor up to 1.5,
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2.3. High Velocity Region

In the energy region under consideration, first-order
perturbation methods for the H + Z charge exchange prob-
lem are completely inaccurate (sometimes by an order of
magnitude). At much higher velocities, outside our region of
interest, second-order perturbation theory provides the lead-
ing contribution to the cross section, but in the region of
interest it is likely that at least five or six terms in the pertur-
bation series are required. It follows that methods which
take into account the important higher order effects must be
used. The accuracy of first-order method(s) [such as the first-
Born approximation (B1), Jackson—Schiff (JS) approxima-

“tion, Coulomb~Born (CB) approximation, etc.] cannot be
specified in any meaningful way.

a. The Brinkmann~Kramers and Eikonal Approximations

The first-order term in the perturbation series for
charge exchange, omitting the internuclear potential, pro-
vides the Brinkmann—Kramers (BK) approximation. Al-
though an inadequale approximation in itself, it appears to
provide moderately accurate cross section ratios. At a given
velocity, this ratio is

o(n ny \?

(_)=(_0), n>ng, (2)
ainy) n

and becomes more accurate for large n,, with n > n,. This

expression, known as Oppenheimer’s > rule, is often used

tion with the CDW method, it has not been deduced from
the method, but it has been justified within the second-Born
approximation for #>1.>> The impulse approximation has
also been applied in the high-energy region, but in general is
less satisfactory than the CDW model.

2.4. Resumé of the Regions of Validity and
Accuracies of Theoretical Methods

The preceding analysis of the theoretical methods used
for charge exchange cross section calculations in the hydro-
gen atom-fully stripped ion system shows that two dynami-
cal parameters determine the region of applicability of a par-
ticular method: the relative velocity v and the ionic charge Z.
Also, some of the methods have intrinsic limitations due to
the character of the approximations involved, while other
methods (mainly based on MO or AO expansions) are limit-
ed only by the computer time constraints. In order to classify
the methods by the accuracy of their cross section results, we
introduce the following categories of accuracy:

Category Accuracy
(a) ’ Better than + 20%
{b) =+ 20%— + 50%
{©) + 50%- + 100%
(d) Worse than 100%

The discussion-on-the-validity-region-and-accuracy-of:

to extrapolate the results obtained by some other method for
the states with n<n, in the region n > n,. A good accuracy of
Eq. (2) is achieved for n,= Z. '

By representing the total wave function by an eikonal
{Glauber) approximation and using this function in the exact
T-matrix element for the transition, all higher order terms in
the Born series are allowed for approximately. For the
H(1s) 4+ Z system the cross section in this approximation
(BK-Eik) for capture into the nth shell?®*-° is

Uguli (n)= a(n,Z,v)aBK(n ) (3)

where a(n,Z,v) is a scaling function, weakly dependent on »
and Z, but relatively strongly dependent on ». For
2v,<v< 50, @ varies smoothly between 0.15 and 0.4. The
cross section for capture into individual (n¢) levels can also
be obtained. .

The BK-Eik method appears to provide reasonably ac-
curate cross sections for 2v,<v<7v,,.

b. The Continuum Distorted Wave and Related Modecls

In the continuum distorted wave (CDW) approxima-
tion (see, e.g., Ref. 31), the interaction in the initial state,
between the incident nucleus and the bound electron, is rep-
resented by a Coulomb function; a similar approximation is
made in the wave function representing the final state. The
approximate transition matrix element includes contribu-
tions to all higher order terms of the perturbation series and,
in particular, an important part of the second-order term. It
provides very accurate results for the (H + Z) system for

v> 2.5v,, and in the limit v— o0, it is practically equivalent to .

the second-Born approximation. Each partial cross section
is calculated separately and summed to provide the total
cross section. Although then > ruleis often used in conjunc-
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different methods is summarized in Table 1.

3. Review of Data Sources

The most extensive studies of the charge exchange colli-
sion between hydrogen atom and completely stripped, mul-
ticharged ions began about ten years ago. In the previous
period, cross section calculations have been performed for
low-Z ions (particularly for He?*), which subsequently have
been superseded by more elaborate calculations within the
same method. Moreover, the earlier data are presented in
several review papers.>>** Therefore, we have chosen to
cowpile and analyze the cross section data sources starting
from 1973. The information contained in these sources is
presented in Table 2. For each of the fully stripped ions with
charges between Z = 2 and Z = 54 (W74* is also included
for completeness), the energy range, the applied method, and
the character of the data (total or partial cross sections, or
both) are indicated. In some cases, the applied method or the
performed calculations are supplemented by comments
which, together with the accuracy assessments of the meth-
ods given in Table 1, may help in the estimation of accuracy
of the data. In Table 2, we do not assign the degree of accura-
cy of the data, since many of them are performed beyond the
validity region of the applied method. Moreover, a more pre-
cise evaluation of the data accuracy requires inclusion of
some other criteria, and this will be done in the next section.

4. Criteria for Evaluation of the Cross
Section Data

The evaluation of the accuracy of the theoretical cross
section data specified in Table 2 has been carried out on the
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basis of the following criteria:

(1) degree of sophistication of the calculations within a
given method (e.g., number of coupled states and the charac-
ter of translational factors in CC methods, number of chan-
nels included in the multichannel methods, account of dif-
ferent couplings in the calculations, etc.);

(2) degree of the intrinsic accuracy of the method itself,
as specified in Table 1;

(3) agreement with the most accurate experimental data
for cases where such data exist. -

It should be immediately noted that the experimental
charge exchange data for hydrogen atom-fully stripped ion
systems-are-extremely-scarce. Only-for-the-H-+He**
{and to a lesser extent, for the H 4+ Li®>* case) do data exist in
abroad energy region (~ 1-200keV/u). For B>+ experimen-
tal data are restricted in the energy region from ~ 80 to 250
keV/u, and for C°* they are available in the regions ~0.3—
3.5 keV/u and ~100-200 keV/u. For the ions N’* and
0%, experimental data are available only at restricted ener-
gies. The experimental sources which were used for data
comparison are Refs. 42 and 76-84. The lack of sufficient
experimental data has forced us to assess the accuracy of the
cross section data mainly on the pure theoretical criteria (1)
and (2). When applying these criteria to the data listed in
Table 2, only the energy ranges which conform with the va-
lidity region of the corresponding method, employed in the
calculations, were considered.

5. Evaluated Cross Section Data
5.1. Total Cross Sections

We have applied the criteria discussed in the last para-
graph to evaluate all the total cross section data listed in
Table 2. For those reactions for which comparison with ex-
perimental data is possible, the best agreement is obtained
with the results of the large-basis close-coupling calculations
(in the low and medium energy range) and with the results of
CTMC calculations (in the region 30-200 keV/u).

The evaluated total cross section data having an accura-
oy (a) or (b) are listed in Table 3, together with the energy
range in which that accuracy has been attained. The data
presented in this table may be considered as the best avail-
able at present and are recommended for use in practical
applications. The cross section data for this list for 2<Z<14
and Z = 18, 20, 26, 30, 36, 42, and 74 are presented graphi-
cally in Figs. 1-20. The data for all Z are given in Tabie 4. In
order to cover as wide an energy region as possible in the
figures and table, we have also included data which fall in the
accuracy category (c). In presenting these data, we have
adopted the following critcria:

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

If several methods provide data in a given energy range,

case—
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only those with highest accuracy are presented.

- The cross sections of the M-LZ-RC model'®”* for all
Z>16 and in the energy range from 4-1072 to 10? keV/u
{0.004 v,<v<2v,) can be represented by the formula

15v,

)X 10~ cm?, (4)
v

o=225Z1n (
within an accuracy of 5%.

From our analysis of the existing cross section data, the
following methods can be recommended for high accuracy
cross section calculations [category (a)}:

(1) Energy region below 25 keV/u:

~PSSmethod withralarge MO-basis (N<(2 = 3)Z yand appro-

priate translational factors.

(2) Energy region ~ 10-400 keV/u:
CC-AO method with a large basis (¥ =~ 5Z ) and plane wave
translational factors.

(3) Energy region above ~400 keV/u:
CDW method, applied separately to a large number of ﬁnal
states [up to the principal shell n ~(Z + 3)] and the use of the

—3 scaling afterwards.

5.2. Partial Cross Sections

Only the partial cross sections for electron capture into
a given final principal shell n(o,, ) have been evaluated using
the same criteria as for the total capture cross sections. The
wuncertainties of the v, and v, 4, partial crosssections are at™
present high, and only a restricted number of them can be
recommended for use. Generally, for most of the partial
cross section data, the accuracy attained is lower than for the
total cross section. This holds especially for the results pro-
vided by the M-LZ-RC, UDW, CTMC methods. The expan-
sion methods (CC-MO and CC-AO) with large basis sets and
the CDW method are able to produce the most reliable par-
tial cross sections in the energy region of their validity.

Most of the partial cross section data have been pro-

“duced by the M-LZ-RC, UDW, and CTMC methods. The

accuracy of o,, data obtained by M-LZ-RC s in the category
(b) when #-~Z /2 and decreases rapidly when in the differ-
ence |n — (Z /2)| increases. The UDW method gives results
of accuracy (b) for o, and o, when the collision velocity is
close t0 v~ 1-2v,. The accuracy of CTMC o, cross section
data is highest when 7 is sufficiently large. The evaluation of
the partial cross section data meets some difficulties due to
the lack of experimental information and because of the ab-
sence of clear theoretical criteria in assessing ¢, for many of
the theoretical methods. We have, therefore, decided to pres-
ent the existing information on o, in a slightly condensed
form. The data for o, for Hc?* arc presented graphically in
Figs. 21-24. For A% ions (with Z<12), the existing o, data
are presented in tabular form in Table 5, and for ions with
Z>13, o, data are presented in Figs. 25-35.

J. Phys. Chem. Ref. Data, Vol. 12, No. 4, 1983
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Table 1. Validity Regions and Accuracy of Different Theoretical Methods for Charge Exchange

Method Velocity Range Z-region Comments Accuracy
(vy)
Low-energy methods
1) PSS 0.01-0.5 all classical treatment of depends on the size
of nuclear motion of the bdasis
translational factors oﬁtional
0.5-1 ‘all classical treatment of
nuclear motion '
translational factors necessary same as above
2) CC-MO-An 0.02-0.5 210 - analytic modei (b) or (¢)
all states included
radial coupling only
no translational factors
3) M-1Z 0.02-0.5 25 - radial coupling only (c) or (d), v £ 0.3
- no translational factors (b) or (¢), v 2 0.3
4) M-1Z RC 0.02 0.5 25 rotational coupling within (L), v 0.1, 6 £z £30
given n included (c) or (d), otherwise
- no translational factors () or (¢), v2 0.1, Z < 10
5) ASM 0.2-0.6 214 — no rotationmal coupling overestimates o3 (b) or
(c), smaller v, high Z;
(d), higher v, low Z
6) DM 0.2-0.6 same same same
p. Intermediate—energy methods
1) CC-A0 0.2-~3-4 all - plane wave or Coulomb depends on number of
translational factors necessary close coupled states
2) M-VPS 0.3-~3-4 210 - unitarity preserved (b) of (¢), v£ 2
(d), v>2
3) U 0.7-~3~4 all — unitarity preserved same
4) cre 1o~ 34 all (a) or (b), Z > 6
(¢), Z <6
5) CL M-An 0.5-1 210 (b) or (c)
High-energy methods
1) BK >2 all —- mucleus-nucleus interaction excluded (d), overestimates
- incorrect asymptotic v-behavior o by a factor of
3 to 10
of ¢
2) Bl >2 all -~ all interactions included unspecified
Js, Coul-B - incorrect asymptotics
3) W 1-~3-4 all - unitarity not preserved (b) or (¢), v< 2
(d), v > 2.5
4) BK-Eik 2-7 all (b)), (c)
5) CDW p2) all (a), (b)

J. Phys. Chem. Ref. Data, Vol. 12, No. 4, 1983
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions:
Energy Range Energy b
Reference (keV/u) Region® Method Comments Data
H-eZt
48 0.25-17 L CC-MO 10~state: plane wave LA )
) translational factors
13 0.75~5 L CC~-MO T
63 0.25-5 L CC-MO 12-state GpaOng
36 1.5-4000 M(H) CC-AQ 8-state O 00
-37- 025150~ Nene CcC=A0 8= and li-state Ter%nr %y
40 1-50 (LM CC=A0 ~ no translational factors o,
17 5-200 M CC-AQ n £ 4: 2-state 7Rt
n> 4: n3 low
56 2.5-250 M CC-AO 8-state basis Sy %09
. n23byn?
61 1.5-100 (LM CC-AO O¢s0ng
68 25-110 M CC-AO Ts0ng
70 1-50 (LM CC—-AO plane wave factors Oy
(a) 8-state atomic
{b) 19-24 Sturmian states
73 3.5-220 M CC-AQ 20-state basis for n < 3 LY
74 3.5-220 M CC—-AO 2-state for n = 4 Ops0ng
-3
‘ n° rule for n 2 5
22 0.025-200 (LM UDW Oy
42 20-180 ¥ cme oy
46 100 (M)H BK Sng
46 100 (M)H Bl Ong
54 25-2000 {M)H Bl S5-state with variatiomal G, ,0
t’ ' nl
translational factor
55 6-200 M DW S0
59 130 (M)H B2 Gyy0y
35 6-750 (M)H CDW Gy 2004
38 25-500 (M)H cpw Ses%ng
39 625 - H CDW Cag
58 132 (M)H CDW capture into 1 { n { 15 to O
illustrate departure
from n™3 rule
B-Li3*
57 1-6 L CC-MO 5 states o,
. no translational factors
17 5-200 M CC-AO0 n < 4, 2-state Oys0,
n>4, n3 low -
67 1.4-200 (LM CC-A0 n < 3, 20 states Ops0y,
n = 4, 2 states
n > 4, 0”3 rule
72 50,100, 200 M CG-AO Sy
23 0.02-200 (L)M uDW o
69 0.01-5000 (L)M(H) UDW includes ionization channel o,
40 37.5-140 M CIMC Gt
26 37.5-140 M CTMC °,
65 50 M CTMC Ogs0s00g

835
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continued

Energy Range Energy b
Reference (keV/u) Reg on? Method Comments Data
H-—L13+
64 14-300 (M)H Bl 1s,2s,2p,3s,3p,3d G¢0ng
final states
53 1.3-258 (LY(MH BK-Eik n = 1-7 separately Oe
n > 8, n™° rule
60 30-1000 (M)H BK~-Eik oy
59- 130-- (MR- B2 00y
39 625 H cDW nt
31 28.6-286 M)A CDW - n = 1-3, separately Oy
’ n 24, 073 rule
53 1.3-258 L{M)H Cbw Ut
58 132 (M)H CDW capture into 1 { n 15 §o op
illustrate departure from n ~ rule
H-Be*t
41 0.1-20.3 L PSS 3 molecular states %
no rotational coupling
plane wave translational
factors
7 2.58 L ASM O,
45 1-100 L(M) DM o,
&0 1-130" M ‘CC-A0 sequence of 2-state CCj; ct
unphysical oscillations;
plane wave translational
factors
17 5-200 M CC-AO n £ 5; 2-st cc Gp20p
n> 5 n3 low
23 0.02-200 (LM UDw Oy
26 37.5-140 M CTMC O
65 50,100 M CTMC O s005%m
46 100 (M)H BK a <10 Onp
46 100 (M)H Bl o
59 130 (M))H B2 OsOp
39 625 H CcDW Sk
58 132 (M)H CDW capture inte 1 { n < 15 fo o,
illustrate departure from n ~ rule
H-B'
41 0.25-25 L PSS 3-states o
23 0.05-8 L PSS [
66 0.5,1 L CC-MO—-An n,% - separable interaction model A
16 0.49,1,10,25 L M-LZ-RC rotational coupling included O4a0png
7 2.58 L ASM o,
45 1-100 LM ™ op
9 2,58,47.3 L(M) DM o,
40 1-170 M CC-A0 sequence of two—state CC O¢
17 5-200 M CC-AO n 5, 2_—35tate cc 042052000
. n>n° low
23 0.02-200 (LM UDW O,
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions-~Continued

Energy Range

Energy

Method?

Reference (keV/u) Region® Comments Data
H-p>+
69 0.01-5000 (LM(H) UDW o,
26 37.5-150 M CTMC ot
49 25,32,55,73 M CTMC T¢39,30¢
65 50 M CTMC 043002008
59 130 (M)H B2 050y,
39 625 H CDW Sng
58 132 (M)H CDW capture into I { n 15 50 on
illustrate departure from n - rule
H-c&+
52 0.0625-25 L CC-MO o,
10 0.013-27.4 cCcM0 translational factors included Ots0%ng
nonlinear trajectories
below 1.3 keV/u
43 0.05-20 L PSS 6 molecular states; o,
coord. origin on at
rotational coupling included
44 0.0625-6.25 L PSS 11 states; {adiabatic molecular) o,
rotational coupling included
Coulomb trajectories for;
nuclei;
R-adjustable translational
factors
66 0.5,1 L CC-MO-An n,L - separable interaction model o,
6 0.04-2.8 L M-LZ rotational coupling excluded Oy
15 0.01-25 L M-LZ-RC rotational coupling included O,
16 0.04-50" L M-LZ-RC GsTnsTng
7 0.1,1,10 L M-LZ-RC G20y
7 2.58 L ASM -
45 1-100 L(M) DM O
9 2.58,47.3 "L(M) DM oy
40 1-180 M CC-AOQ sequence of two-state CC O
20 0.1-1 (LM CC-A0 curved line trajectory o
23 0.02-2000 (L)M(H) UDW O
69 0.01-5000 (LM(H) uDW includes ionization and o
excitation channels
26 37.5-150 M CTMC Oy
43 20-200 M CTMC o4
49 25,33,55,76 M CTMC G000
65 25,50,75,100 M CTMC Oys00>Snp
47 50, 500, 5000 (M)H BK-Eik On
62 40~-200 (M)H BK-Eik O¢»0050n9
59 130 (M)H B2 Oys0y
39 500-5000 H 1] Ong
58 132 (M)H [6)7) capture into 1 { n £ 15 to

illustrate departure from n - rule
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continued

Reference Ene(ti(ggv/l(:)nge lgt:geii)g:a Methodb Comments Data
B-NT+
66 0.5;1 L CC-MO~An (n,L) separable interaction model oy
6 0.028-2.8 L M-LZ rotational coupling excluded oy
16 0.49,1,10,25 L M-LZ-RC rotational coupling included T30y
71 0.01-100 LM) M-LZ-RC rotational coupling included O¢
7 2.58 L LASM_ O
45 1-100 L(M) DM Op
9 2.58,47.3 L(M) DM O
40 1-200 M CC-A0 sequence of 2-state CC . O¢
26 37.5-150 M CTMC o’t
65 - 50 M CTMC Ogs0ps0ny
39 625 H CDW o
o8t
66 0.5,1. L CC-MOo (n,4) separable interaction model 5t
75 0.01-35 CC~-MO 33 states O¢s0,20 s
41 0.25-25 L PSS 3-molecular states O¢
+ rotational coupling;
origin on 08
50 0.025=7.56" L PSS 8-molecular states Oy
+ rotational coupling;
origin on 08
origin on t
6 0.028-2.8 L M-LZ no rotational coupling O¢
15 0.01-25 L M-LZ-RC rotational coupling included Cp
16 0.01-50" L M-LZ-RC Op»05:0ng
71 0.1,1,10 L(M) M-LZ-RC G¢s0,
7 2.58 L ASM o,
45 1-100 L(M) DM ¢
9 2.58,47.3 L(M) DM o,
40 1-180 M CC-AO sequence of 2-state CC Oy
22 0.02-200 (L)M ubw Gt
26 37.5-150 M CIMC oy
49 25,32,55,76 M CTMC O¢s0,9000
50 25-900 A(H) CTMC Oy
65 505100 M cmHC O 20200y
27 0.5-100 M CIM-An o
30 100 (M)H BK-Eik Sne
62 40-200 (MH BK-Eik 04 300>0ng
39 625 H CDW Sns
g-pIt
66 0.5,1 L CC-MO~-An  n,R - separable interaction model ve
16 0.49,1,10,25 L M-LZ-RC rotational coupling included G20,
71 0.01-100 L(M) M-LZ-RC Op
7 2.58 L ASM o]
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continued

Energy Range Energy b
Reference (keV/u) Regiona Method Comments Data
B-FH
45 1-100 L(M) DM o,
9 2.58,47.3 L(M) DM L
40 1-225 M CC~AO sequence of 2-state CC o
65 50 M CIMC O¢s00s0ng
7 625 H CDW Sne
H-NelOt
66 0.5,1 L CC-MO-An o,
6 0.028-2.8 L M-1Z rotational coupling excluded O
16 0.49,1,10,25 L M-LZ-RC rotational coupling included O¢s0ns0ng
71 0.01-100 L(M) M-LZ-RC Oy 10y
7 2.58 L ASM o
8 50 L(M) DM ] o,
45 1-100 L(M) o o
9 0.002-337 L(M) DM O
25 0.01-1600 (LIM(H) CC-A0 VPS approximation for Oy
. 2-state amplitudes
40 1-225 M CC-A0 Oy
2% 5-2000 (LYM(H) " UDW O¢s0 “: Ong
26 37.5-200 M CTMC gy
65 50,100 M CIMC O¢»00s0ng
27 0.5-100 (LM CIM-An oy
39 625 H CDW Ie
H—Na“+
66 0.5,1 L CC-MO-An n,L - separable interaction model Oy
16 0.5,1 L M-LZ-RC rotational coupling included G¢s0n
71 0.1,1,10 L(M) M-LZ-RC o,
7 2,58 L ASM g,
45 1-100 L(M) DM o,
9 2.58,47.3 . L) DM o,
39 625 H CDW O
H—Mg12+
66 0.5,1 L CC-MO-An oy
16 0.49,1,10,25 L M-LZ-RC rotational coupling included 040,
71 0.1,1,10 L(M) M-LZ-RC o¢
7 2.58 L ASM o,
45 1-100 M) DM o¢
9 2.58,47.3 L(M) - DM o
40 1-225 M CC-AO o,
65 100 M CTMC Sy -
39 625 : cow ’ O
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continuec

Reference Ene(];cgey;”;lka)nge lf::irf:a Method® Comments Data -
B-agl3*
66 0.5,1 L CC-MO-An O¢
16 0.5,1 L M-LZ-RC rotational coupling included O450n
71 0.01-100 L(M) M-LZ-RC O¢s%,
7 2.58 L ASM o
45_ 1-100_ L(M) DM o
9 2.58,47.3 L(M) DM o
39 625 H CDW o
u_gi L4+
66 0.1-350 LM CC-MO-An oy
6 . 0.028-2.8 L M-1Z rotational coupling excluded o
16 0.01-50 L. M-LZ-RC rotational coupling included 043005000
71 0.01-100 L(M) M-LZ-RC O
7 2.58 L ASM a,
45 1-100 L(M) DM oy
9 2.58,47.3 LM DM oy
40 1-225 M CC-AO o
24 ~5=2000.- (LM(H)- UDW- R
69 0.01-5000 (L)M(H) UDW a£
26 37.5-200 M CIMC Oy
65 100 M CTMC %0 9ng
27 0.5-100 (LM CIM-An oy
39 625 H CDW LY
pg-pl3*
66 0.5.1 L CC-MO-An O,
16 0.84 L M-LZ-RC oL
71 0.1,1,10 L M-LZ-RC oy
7 2.58 : L ASM Se
45 1-100 L(M) M Ot
9 2.58,47.3 L(M) DM o
39 625 H CDW Onp
g-gl6+
66 1 L CC MC-An o
16 0.5,1 L M-LZ-RC Ops0p
7 0.1,1,10 L M-1Z-RC oy
7 2.58 L ASM Crs
45 1-100 L(M) - DM o
9 2.58,47.3 L(M) DM oy
40 1-225 M CC-AO o,
65 100 M CIMC S
39 : 625 H CDW S
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continued

Energy Range Energy Methé db

Reference (keV/u) Re giona Coments Data
66 1. L CC-MO-An O
71 0.01-100 L M-LZ-RC ay

7 2.58 L ASM o,
45 1-100 L(M) M o
9. ~2.58; 473 LM)- ‘DM Lr
39 625 H CD‘T! One
H—-Ar18+
66 1 L CC-MO—-An op
6 0.028-2.8 L M-LZ o
16 0.5,1,10,25 L M-LZ-RC o,
71 0.01~100 L(M) M-LZ~-RC O¢
7 2,58 L ASM o,
45 1-100 L(M) ™ o
9 2.58,47.3 L(M) DM o,
40 1-225 M CC-AQ g
26 ) 37.5-200 M CTMC G,
65 100 M -CTMC— T 03000y
27 0.5-100 (LM CIM-An o
39 625 H oW It
g-g19*
66 1 L CC-MO-An O¢
71 0.01-10 L M-LZ-RC oy
7 2.58 L ASM S
45 1-100 L(M) D Op
2.58 L(M) DM ’ Oy
39 625 H CDwW It
H—Ca20+
66 0.05-500 L(M) CC-MO-An o,
16 0.5,1 L M-LZ-RC oy
71 0.01-100 L(M) M-LZ~RC o,
7 2.58 L ASM Gy .
50 L(M) DM I,
45 1-100 : L(M) DM ) op
9 '0.02-300 L(M) DM o,
25 0.01-2000 (L)M(H) CC-AO VPS approximation for oy
2-state coupling
65 100 M CIMC T .
24 0.1-10 (m UDW- Gt
39 625 H CDW Ong
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions~--Continued

Energy Range Energy . b
Reference (keV/u) Reg jon? Method Comments Data.
B-sc2l¥
66 0.5,1 L CC-MO-An op
7 0.5,1,10 L M-LZ-RC oy
7 2.58 L ASM oy
45 1-100 L(M) D St
9 .2.58,45.3. CL(M). DM. -0y
39 625 H (%) g
H—T122+
66 0.5,1 L CC-MO-An o,
71 0.01-100 L(M) ' M-LZ-RC 0ps0g
7 : 2.58 L ASM o,
45 1-100 ) DM op
9 2.58,47.3 M) DM -G,
39 625 H Chu Sne
H-y23+
66 0.5,1 L CC-MO-An oy
71 0.5,1,10. L M=LZ=RC- G
7 2.58 L ASM o
45 1-100 L(M) M e
9 2.58,47.3 L(M) DM o,
39 625 H CDW o
H—Cr24+
66 0.5,1 L CC-MO-An oy
16 0.4,100 L(M) M-LZ-RC Ges9q
71 0.01-100 L(M) M-LZ-RC Oy 10, .
7 2.58 L ASM g
45 1-100 L(M) DM oy
9 2.58,47.3 L(M) .1 O
39 625 H CcDW Y
VAL
66 0.5,1 L CC-MO~An o,
71 0.1,1,10 L M-LZ-KG ot'
7 2.58 L ASM Oy
45 1-100 L(M) DM ct
9 2.58,47.3 L(M) DM ) o,
39 A 625 H CDW . )
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions-—-Continued

P ra=s==

Energy Range Energy b
Reference (keV/u) Regiona Method Comments Data -
H-Fe26t
51 J.21,1.3,5.3 L PSS 17-state S
66 0.5,1 L CC-MO~An o,
16 1,10,25 L M-LZ—-KG o,
71 0.01~-100 L(M) M~LZ-RC 0420y
7 2.58 B s o
45 1-100 L(M) DM gy
9 2.58,47.3 L(M) DM oy
27 0.5-100 L CIM-An o,
26 37.5-200 M CTMC O
51 84-258 M CTMC Oy
39 625 H CDW Sng
H—0027+
66 0.5,1 ‘L CC-MO-An Op
71 0.1,1,10 L M-LZ-RC o
7 2.58 L ASM O
45 1-100 L(M) DM o
i) 2.58,47.3 L) i o,
39 625 H CDW o
H-Nj 28+
66 0.5,1 L CC-MO-An Oy
16 10,25 L M-LZ-RC o,
71 0.01-100 L(M) M-LZ-RC G450,
7 2.58 L ASM o,
45 1-100 L) D ¢
9 2.58,47.3 L(M) DM o
39 625 H CDW Sne
H—Cu29+
66 0.5,1 L CC-MO-An Oy
81 0.01-100 L(M) M-LZ-RC oy
8 2.58 L ASM Sy
45 1-100 L(M) M o
9 2.58,47.3 L(M) DM o
39 625 H Cbw St
B-zn30F
66 0.075-750 L(M) CC-MO-An oy
71 0.1,1,10 . L M-LZ-RC O¢
2.58 L ASM vy
8 50 L(M) b or
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continued

Energy Range Energy b
Reference (keV/u) Reg fond Method Comments Data
H-Zn30F
45 1-100 L(M) DM o,
9 0.2-337 L(M) M oy
39 625 H cow Ine
" _Ga.’i 1+
71 0.1,1,10 L M-LZ-RC O
2.58 L ASM Oy
2,58,47.3 L(M) DM o
H—Ge32+
71 0.1,1,10 L M-LZ-RC ‘ct
2,58 L ASM o
9 2.58,47.3 L(M) DM I
H-ag 33+
71 0.1,1,10 L M-LZ-RC oy
7 2.58 L ASM O,
9 2.58,47.3 L(M) DM o
H-Se34+
71 0.1,1,10 L M-LZ-RC Oy
2.58 L ASM O¢
9 2.58,47.3_ L(M) DM o
H-Bp35t
71 0.1,1,10 L M-LZ~RC o,
2.58 L ASM Oy
9 2.58,47.3 L(M) DM [
H-Kr36+
16 10,25 L M-LZ-RC o,
71 0.01-100 L(M) M-LZ~RC o
7 2.58 L ASM o,
9 2.58,47.3 LM) . Ut o
26 37.5-200 M CTMC oy
27 0.5-100 (LM CIM-An Oy
H-RB37T
71 0.1,1,10 L M-LZ-RC oy
2.58 : L ASM Op
9 2.58,47.3 L(M) DM o
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continued

i Energy Range Energy b
Reference (keV/u) Reg fond Method Comments Data
H-sr38%

71 0.1,1,10 L M-LZ-RC o,
7 2.58 L ASM o
9 2.58,47.3 L(M) DM o,

H—Y39+
71 0.1,1,10 L M-LZ-RC O¢
2.58 L ASM oy
2.58,47.3 L(M) DM g

H-zr40t
71 0.01-100 L(M) M~LZ-RC o,
2.58 L AsM o,
2.58,47.3 L(M) DM O¢

B-cp*it

71 0.1,1,10 M-LZ-RC o
7 2.58 ASM o,

71 0.01-100 L(M) M-LZ-RC Srs%n
7 2.58 L ASM o

H—Tcl"3+

71 0.1,1,10 L M-LZ-RC o

7 2.58 L ASM o,
H-R: ulo4+

71 0.1,1,10 M-LZ-RC oy

7 2.58 ASM o
H-Rh%5t

71 0.1,1,10 M-LZ-RC o,

7 2.58 L ASM oy
H-pa6+
71 0.1,1,10 L M-LZ~-RC Oy
7 . 2.58 ASM o,
H—Ag“"'
B! 0.1,1,10 L M-LZ-RC o,
7 2.58 L ASM Il
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continued

Energy Range Energy b
Reference (keV/u) Reg 1ond Method Comments Data
H-ca48*
71 0.01-100 L M-LZ-RC o
7 2.58 L ASM oy
B-In?%*
Ji -0.1,1,10 L -M=LZ-RC o
7 2.58 L ASM oy
I-I-Sn5 O+
71 0.1,1,10 L M-LZ-RC o
7 2.58 L ASM O¢
H—Sb5 1+
71 0.1,1,10 L M-LZ-RC Ut
H_Tesz-i-

71 0.1,1,10 L M-LZ~-RC O¢
71 0.1,1,10 L M-LZ-RC O
H-xe34+
71 0.01-100 L(M) M-LZ-RC O
B-w/4+
71 0.01~-100 L(M) M-LZ-RC o,

aL, M, H stand for the low-, medium-, and high-energy regions, respectively. _Tﬁese letters in

parentheses indicate regions in which the methods were applied, although invalid.

bpefinition of abbreviations for methods ilsed in table:

CC-M0 Close .coupling - molecular orbital method

PSS Perturbed stationary state method

CC-MO0-An Close-coupling molecular orbital, analytical model

M-LZ Multichannel Landau-Zener model

M-LZ-RC Multichannel Landau-Zener model with rotational coupling
ASM Absorbing sphere model

DM Decay model

CC-AQ Cluse coupling — atomic orbital mechod

M-VPS Multichannel Vainstein-Presnyakov-Sobelman approximation
UDW Unitarized distorted wave approximation

CTMC Classical trajectory Monte Carlo method

CR*M-An Classical model, analytical

BK - Brinkmann-Kramers approximation

Bl First Born approximation

Js Jackson—Schiff approximation

W Distorted wave approximation

BK~Eik Brinkmann-Kramers — Eikonal approximation

B2 Second Born approximation :

CDW Continuum distorted wave approximation
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Table 3. Evaluated Best Total Charge Exchange Cross Sections Data for Hydrogen Atom~Fully Stripped lon Systems

847

Energy Range

Ton Energy Range Accuracy® References Ion Accuracy? References -
(keV/u) (keV/u)
HeZ* 0.25-500 (a) or (b)  36,38,13,48,63,70,56,73 g2+ 0.5-80 (b 7
1;2.6 ) 66,7
L3t 1.5-25 (a) or (b) 67
25-100 (a) 69 v2* 1,10 ) 71
30-140 (2) or (b) 26 1;2.6 (b) 64,45,7
100-200 (a) or (b) 72 it
cr 0.5-100 (b) w
Bt 0.1-10 (a) or (b) 41 1;2.6 )
1~200 ) 26,23,17
e w25t 1,20 (b)- I
Bt 0.05-10 (a) or (b) 23,69,16 152.6 ) 45,7
10-200 ‘(a) or (b) 69 26+
40-200 b 26 Fe 0.5-100 ) 27,71
. 40~200 (b) 26
i 0.013-27 (2) 10,66 -
0.5-50 (a) or (b) 69,16 Co 1,10 (b) 71
25-200 (a) or (b) 69,26 ;2.6 () 45,66,7
. 28+ 29+
N 5=
N7+ 0.5-80 eS| n 177, Cu' 0.5~100 (b) 17
37150 pres 26 132.6 (b 45,66,7
30+
0¥t 0.01-32 (a) 75 Zo 0.2-10 () 66
0.02-0.8 () or (c) 22,50,16 ;2.6 (®) 45,71,7
0.8-80 (D) 22,16,27 Ga31+, Ge32+’ As33
40-150 (a) or (b) 26,22 s C34+' B35 1;2.6;10 (b) n,7
o -
F 0.7-80 ®) 7
g6+ 0.4-100 (b 71
wel0t _0-8-50 ® 71,2 o ® ki
40-200 (2) or (b) 26,24 0-200 ® 2%
37+ 38+ 39+
R, S 23 52,63
yall*, g2+ 10 ® n ot 152.6;10 (b) 71,7,71
1 ) 45,66 2 40F 0.4-100 » 71
al¥ 0.8-80 (b) 71 2.6 ®) 7
41+
Cb 1;2.63
sg 14+ 0.5-50 @ _ ;26510 1) 7,7,71
35-200 ® 26 Mo42* 0.4-100 (b 71
1
plst gl6+ 1,10 ) 71,16 143, R4t RuASH
100 (a) or (b) 65 pattt, a7+ 132.6510 (b) 7,7,71
17+
% 48+ !
ot ‘ 0.8-70 (b) n cd 0.2-100 ) 7
arl® 0.5-100 () 27,26 %, sa50%, gpSi+
40-200 {b) 26 Iesz«:-, 53+ 0.1,1,10 (b) /1
19+
54+
Kr 1,10 (b) 71 e . 0.1-100 ) 71
152.6 (b) 45,7 y .
+
W 0.2-100 (b 7
ca20+ 0.4 100 (o) 71
100 ) 65
st 1,10 (b) 71
1,2;2.6 (b) 45,7

®Accuracies defined in section 2.4.
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FIGURE 1. Evaluated total charge exchange cross sections for
H + He?*—H™* + He™ as functions of £ /M.
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FIGURE 2. Evaluated total charge exchange cross sections for
H+ L —H* + Li**.
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FiGURE 3. Evaluated total charge exchange cross sections for
H + Be**—=H™* 4 Be**.
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H+ N*SH* 4 N+,

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



866

o, (10™cm?)

FiGURE 7. Evaluated total charge exchange cross sections for
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FIGURE 8. Evaluated total charge exchange cross sections for
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