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1. INTRODUCTION

The investigation of charge exchange processes between highly charged

ions and neutral atoms has been strongly stimulated during the past decade

by the recognition of the extremely important role of these reactions in high-

temperature plasmas. Particular impetus for these studies has come from the

requirements of thermonuclear fusion research for cross section data [1], In

the last ten years, a better understanding of the collision dynamics has led

to the development of important new theoretical and experimental methods which

has allowed the accumulation of a significant amount of charge exchange cross

section data, and a critical analysis of this information is now required.

This review attempts to provide such an analysis of the theoretically produced

data and of the theoretical models employed, for charge exchange between

positive ions and atomic hydrogen.

Our analysis has two main objectives. First, to define as closely as

possible the ranges of physical parameters (energy, charge state, etc.) in

which each currently used theoretical model for charge exchange between

charged ions and atomic hydrogen is expected to attain a specified accuracy;

and second, to review the theoretical data that have been produced. This

review will be from a mainly theoretical standpoint, although the experimental

cross sections have been included in the accompanying diagrams for comparison.

The overall objective is to provide a selection of the most reliable theoretical

data and of the most reliable models for producing new data, keeping in mind

the priorities that have been established in the current thermonuclear fusion

research programs [2J.

The cross sections of interest are both the total cross section and the

partial cross sections leading to electron capture into a given final state.

Specifically we have:
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A Z + + H(ls) + A(Z~1)+ + H+ (1)

where AZ+ may be a fully or partially stripped ion. If Az+ is a fully

stripped ion, the ion A'2"1'"1" contains one electron and the final state is

then characterized by the usual hydrogenic quantum number (nXm). Since the

relative velocity of the colliding ions is the relevant parameter, energies

will be quoted in the form of the laboratory energy of an ion in eV (or keV)

incident on a stationary target divided by the mass of the incident ion in

atomic mass units. In these terms the range of energies of interest [2]

extends from 10 eV/arau to a few MeV/arau. In theoretical expressions atomic

units are used (aQ = mg = n = 1), except where otherwise specified, while in

graphical representations of data, cross sections are given in units of cm .

2. THEORETICAL METHODS

In this section we briefly discuss the intrinsic strengths and limitations

of the theoretical models that have been used to produce cross sections for

charge exchange between charged ions and hydrogen atoms. We do not go into

technical details but rather outline the essential features and character of

the approximations involved. A detailed account of the current theoretical

models can be found in several recent reviews [3-6].

2.1. Classification of Methods

The theoretical methods employed can be most naturally classified according

to the parameter (v/vQ) where v is the relative collision velocity and vo is the

Bohr velocity of the electron in the target hydrogen atom (vQ = 1 a.u. = 2.18 x

Q

10 cm/sec). We shall distinguish three broad regions in which the collision
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dynamics and associated theoretical models are different, although of course

there is no hard and fast division between these regions. These are: (a)

(v/vQ) « 1 — the adiabatic region; (b) (v/vQ) ~ 1 — the intermediate

velocity region, and (c) (v/vQ) » 1 — the high velocity region.

The collision dynamics also depend qualitatively on the number of

+Z
electrons in the projectile A . If this number is large, there are very

many interaction paths and, in the adiabatic region, this fact allows the

introduction of some simple pictures of the electron transfer mechanism. To

take the other extreme, in the one-electron system in which the incident ion

is fully stripped, the number of interaction paths is comparatively small

because of the high degree of symmetry of the system. The one-electron system

is of particular theoretical simplicity because the electronic structure of

the system can be considered known, since in the limit of large internuclear

distances the wave function reduces to that of a hydrogen-like atom, while at

finite distances the adiabatic eigenvalue problem can be solved exactly by

well-known numerical procedures. For this reason, theoretical cross sections

for the one-electron system differ only in the method used to solve the

scattering equations and this system provides an excellent test of the

accuracy of different scattering approximations in a given energy region.

2.2. Low Energy Charge Transfer

From a dynamical point of view the collision system A + II at low

energies (v « Z , E « 25 Z1'2 keV/amu) is best described within a molecular

framework. The transitions between the molecular electronic states are either

caused by the nuclear motion (which in the energy interval considered can be

treated semi-classically), or by any interactions excluded from the molecular

Hamiltonian. The number of interacting discrete molecular states is extremely



large (infinite for the one-electron case), but usually only a restricted

number is effectively involved in the dynamics of charge transfer. In extreme

cases, the main couplings are highly localized, each being separated from the

others, or, in contrast, the couplings can be densely distributed. In both

these extremes simple, physically transparent, models for charge transfer have

7-4-

been devised. Quite generally, the system (Ar + H) can be described by a set

of coupled equations for the state amplitudes, obtained by expanding the full

Schro'dinger equation in terms of the molecular orbitals. These equations can

be solved approximately in three ways: (a) If only a limited number of states

is of importance, a directed solution of the truncated set of equations is

possible, either numerically or through some analytical approximation; (b)

the Landau-Zener nonadiabatic theory can be generalized to the multichannel

solution, and (c) the concept can be introduced that the initial electronic

state decays because of the interaction with the effective continuum of final

ionic states. Each approach emphasizes some particular aspects of the physics

of the process, and we should now analyze each in turn to assess the accuracy

to be expected from the computed cross sections.

2.2.1. Multi-state close coupling models

If a truncated molecular orbital expansion is combined with a semi-

classical approximation for the nuclear motion, the collision problem consists

of solving a set of first-order differential equations for the state amplitudes,

the size of the set depending on the number of terms retained in the expansion.

Provided only a finite number of terms is important in the expansion, the

results will converge as the size of the basis is increased. This general

approach is referred to as the CC-MO (close coupling of molecular orbital

method). In practice, the calculations can be divided into two steps. In the
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first, electronic structure calculations are carried out to provide molecular

orbitals and energies, which in turn are used to calculate the potential motion

coupling the channels; in the second step the coupled equations themselves must

be solved. The accuracy of the computed cross section depends on the success

with which both these steps can be carried out. As we have already noted, for

the case of a fully stripped ion incident on atomic hydrogen (Z + H), the

electronic structure calculations can be performed to any required degree of

accuracy without difficulty, but on the other hand, for several- or many-

electron systems the standard of accuracy that can be achieved in practice is

sometimes poor. The molecular structure calculations can either be performed

using a basis which diagonalizes the electronic Hamiltonian — an adiabatic

basis — or with a basis chosen in some other way, for example to minimize some

particular coupling terms — a diabatic basis. Although with sufficiently large

basis sets the final cross sections obtained should be the same, the form of the

scattering equations is different in each case, and with small unconverged basis

sets the final cross sections obtained will be different. Usually an adiabatic

basis is more appropriate for the lower part of the adiabatic energy region,

and a diabatic basis is more appropriate in the upper part. The CC-MO method

employing an adiabatic basis and neglecting the momentum transfer of the

captured electron constitutes the original form of the perturbed stationary

state (PSS) approximation introduced in the 1930s.

a. The PSS approximation. Using an adiabatic basis, two different types

of coupling induce transitions: radial coupling (depending on the rate of

change of the internuclear distance) and rotational coupling (depending on the

rate of change of the orientation of the internuclear axis). The size of the

expansion basis must be sufficient to include all the important couplings at a
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given energy. The radial couplings are usually peaked at internuclear distances

for which a pseudocrossing of the potential energy curves occurs for molecular

states of the same symmetry. The rotational coupling connects states of

different symmetry and is effective at smaller internuclear distances and

these distances are only accessible, for the excited states of the H + A

system, at energies above ~10 eV. (Below this energy, a semi-classical

treatment becomes inadequate and the full quantal formulation of the PSS

approximation should be used [7].)

In the PSS method the origin of coordinates is chosen to be some point in

the internuclear line. Asymptotically the electron shares the translational

motion, relative to the origin, of the nucleus to which it is attached. This

translational motion is neglected in the PSS method and the method is not

Galilean invariant [8]. This has the consequence that the individual terms in

the PSS expansion do not satisfy the Schro'dinger equation in the asymptotic

limit of large separations, so that the couplings between channels do not

vanish in this limit. Further the results obtained using a finite basis set

can be altered significantly with the choice of origin. To remedy these

defects suitable translational phase factors can be associated with the

basis functions, which describe the asymptotic translational motion of the

electron. Two difficulties arise in the use of translational factors: first,

the form of these factors in the interaction region is not defined; and

second, a considerable increase in numerical complexity may result. The

former difficulty can in principle be overcome by optimizing the translational

factors at finite internuclear separations using the variational method,

but this again may result in formidable computational problems.

If only a total cross section is required, the origin of coordinates can be

placed on the target nucleus, in which case the initial asymptotic conditions
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are satisfied trivially, and the translational factor for the final rearranged

state can be omitted. Although the spurious long-range interactions remain,

the total charge exchange probability summed over all the final states converges

and can be calculated correctly [9]. However, in order to calculate cross

sections for capture into individual levels, the translational factor associated

with the final translational motion must be included [8,10,11].

When the translational factors are ignored completely, the results of

total cross section calculations using different origins differ by as much as

20% at v - 0.2 and 100% at v = 1 even if a fairly large number of terms have

been used in the basis set [12].

A study of the very many PSS total cross sections (see Section 3),

performed with straight line trajectories for the nuclear motion leads to the

following conclusions (for the case of H + fully stripped ions):

1) If no translational factors are included the uncertainty in the

computed total cross sections may be of the order 100% at v = 1 a.u., 20% at

v => 0.2 a.u., and less than 10% for v < 0.1 a.u., where it is assumed the

number of basis states is N * Z.

2) With simple translational factors, the PSS method can produce cross

sections within a 20% accuracy for v up to ~1 a.u., provided a basis is used

which includes all the important channels.

3) With elaborate, optimized, translation factors cross sections can be

obtained with an expected accuracy of less than 10% for v up to ~1 a.u.

4) The size of the basis required for total cross section calculations

depends on Z, the charge on the ion, and v. For small Z, the number of

important radial couplings rQ is restricted, but this number increases with

Z. An estimate of r is given by the formula [13]:
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rQ - (Z
1 / 2 - 1) [Z 1 / 2 + 1 - (1 + 2

Thus for large Z and for an accuracy of £20%, the minimum number of states

included in a total cross section calculation should be of the order of Z.

Within the same accuracy the effects of rotational coupling can be neglected

at low velocities v < 0.05.

5) The calculation of partial cross sections, particularly when both the

distributions in n, the principal quantum number, and A, the angular momentum

quantum number, are required, necessitates the use of much larger basis sets.

For example, to determine the (n,Jt) distributions in the H + C system, just

for the n = 3, 4, 5, 6 and 7 levels requires in principle about 80 terms in

the basis. Recently [10], it has been found that of these only 33 are

important, if 10% accuracy is sufficient.

It should be noted that the PSS method gives rise to additional problems

when applied to the interaction of partially stripped ions with atomic hydrogen.

The required molecular structure calculations are much more elaborate;

furthermore, the number of interacting states becomes much larger.

b. An analytic approximation to the CC-MO model. The coupled differential

equations of the CC-MO model in the diabatic representation can be solved

exactly, under the following assumptions [14]:

(1) The n and H. dependences of the coupling matrix elements can be factored;

(2) the energy differences between the ionic diabatic potentials do not

depend on the orbital quantum number A; and

(3) the rotational coupling of the molecular states can be neglected.

All these assumptions are compatible and are reasonably well satisfied for

the H + Z system provided Z » 1 and the velocity is low so that the important
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internuclear distances are restricted to the region (2Z)1' & R£ 2Z. This

model (denoted by CC-MO-An), predicts strong oscillations of the total cross

section as a function of Z for Z £ 30. This feature has not been confirmed

experimentally because of the paucity of data. Another feature of the model

is that the distribution in I of the captured electron is:

(2A+1) r lU+D-, _ ss , ,..
l " — z — exp !• z—-I » z » l , (2)

a result which is independent of the dynamical equations. The validity of the

CC-MO-An model is restricted to Z £ 10 and v < 0.2-0.5 a.u.

2.2.2. Multichannel Landau-Zener model

Z+The multichannel Landau-Zener model for the H + A system [15] assumes

that the pseudo-crossings of the potential energy curves are well separated so

that each pseudo-crossing can be treated in isolation by the two-state Landau-

Zener model. This model, denoted by M-LZ, can be applied to the H + Z system

if Z is not too small (Z }> 5); it is usually not applicable to the collision of

H with a partially stripped ion, since in this case the crossing regions usually

overlap. Rotational coupling between the degenerate ionic levels is important

and this can be included in the model [16] (M-LZ-RC). When this is done much

better agreement with experiment is obtained [17]. Since the M-LZ-RC is an

approximation to the CC-MO model, its domain of validity is restricted both

by that of the CC-MO model and by the additional approximations. Since

translational effects are ignored, for a required accuracy of ~30%, the

velocity must satisfy v < 0.5 a.u. A particular limitation of the M-LZ-RC

model is that transitions to states with n > Z are not allowed, because there

are no curve crossings from these states to the initial Z + H(ls) state. It

is also clear that captures to states with n £ Z are underestimated. These
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limitations are reduced as Z increases since for large Z captures are

predominately into the levels close to n - Z/2. The cross section calculations

of the M-LZ-RC model are much more rapid than those of the PSS method, and this

advantage is particularly marked for large Z for which the PSS method requires

an impractically large basis.

Within the M-LZ-RC model the n-distributions are accurate to better than

~50% for v <; 0.5 at Z > 10 (except for n > Z). In the region v < 0.2 to

0.3 a.u., the relative JL distributions are given by [17]:

2

^•(2**1) (n-i)Kn-W)! ' (3)

For large v, the model predicts a statistical distribution in 2. of the capture

electrons.

2.2.3. Decay models (DM)

Decay models [18-20] are based on the concept that the number ot open

charge exchange channels in the (H + A ) system is very large and that the

open channels are densely distributed in energy. In the simplest model of

this kind, the absorbing sphere model (ASM) [18], electron capture takes place

with unit probability once R reaches a critical value Rc. In the electron

tunneling models (ETT) [19,20], the transition probability is determined by

the decay rate of the initial state due to its interaction with the quasi-

continuum of final ionic states. The assumptions of the decay models are best

satisfied for many electron systems and for 0.2 ̂  v £ 0.5 a.u. The concept of

a quasi-continuum requires large values of Z, higher than ~14 for the H + Z

Z+
system and higher than 8 for H + A . Even in this region, these models

appear to overestimate the cross section, sometimes by a factor of up to 2.
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The most likely value of n in the final state is

m , Z » 1 (4)

but the n and A distributions cannot be predicted.

2.3. Intermediate Energy Charge Transfer

In general, the charge exchange problem at intermediate velocities (v ~

1 a.u.) is difficult because no suitable small expansion parameter exists.

Often many states are coupled together and the electron momentum transfer

cannot be ignored. Although an expansion in molecular orbits, which form a

complete set, could in principle be employed, a practical alternative is to

employ an atomic orbital expansion based on both centres, supplemented by

pseudostates to represent the continuum (CC-AO method). In contrast, methods

based on purely classical mechanics have been also devised for this region.

2.3.1. CC-AO model-numerical treatment

In applications, care must be taken when using a two-centre atomic orbital

basis to avoid obtaining impractically larger sets of differential equations.

For example, if all atomic orbitals with n £ 4 were placed on each centre for

the (H + Z) system, the basis would contain 30 terms. However, for a system

such as (H + Z) where the interaction is strong, the basis can be reduced to

a Is orbital about the proton together with the orbitals representing the

most important final states about the nucleus Z. For v j> 1, there is little

difference between the results of such a calculation and the sum of the cross

sections from two-state calculations taking each final state in turn. However

for v < 1 at least, the degenerate levels for a given n of the final ionic

state should be coupled together. The contribution to the total cross section
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from states with n £ Z can be estimated from the Oppenheimer n rule. For

z+
the H + A system, extensive calculations using the full CC-AO method have

2+ 3+
only been performed at intermediate velocities for He and Li ions [21],

and at low energies for the C ion [22], but calculations for Z < 10 should

certainly be feasible.

The lower limit in velocity for the CC-AO method is not known. It is

certainly valid down to v = 0.2 a.u., and good agreement between MO and AO

calculations has been reported for C for velocities down to v = 0.03 a.u.

At high velocities, it is known that continuum intermediate states become

increasingly important, which requires the introduction of pseudostates into

the basis for a proper description and thus may restrict the use of the CC-AO

method without pseudostates to v < 3-4 a.u. The one-and-one-half centre

expansion of Reading and coworkers [23] which employs a large basis set on the

ionic centre, with a simplified description of H(ls) channel appears to give

a good account of both ionization and charge exchange and promises to provide

a practical method of calculating without any definite upper velocity limit.

It should be noted that as with the MO method, the calculation of partial (ni.)

cross sections always requires a much larger basis than is needed for single

total cross section calculations, and that the practical information now

available is insufficient.

2.3.2. Approximate treatments of the CC-AO equations

For the II—Z system, with Z > 1, a sufficient basis is obtained by

including only the H(ls) orbital together with a complete set of orbitals

representing the final (ionic) states [5]. For convenience, the discrete

ionic orbitals can be orthogonalized to the H(ls) orbital, for all values of

R. The set of equations formed from this basis can be approximated in either
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of two ways: 1) by the unitarized distorted wave approximation (UDW) [24], in

which the couplings between the final ionic states are ignored, and 2) by making

an approximate analytical solution of the infinite set of coupled equations in

which the second and higher-order transition effects are ignored [25], and in

which the potential matrix is calculated within the Vainshtein-Presnyakov-

Sobel'man (VPS) approximation (this method will be denoted as M-VPS). Neither

the UDW nor the M-VPS methods take into account coupling with the continuum

and so can only be used for velocities v less than v m a x » 3-4 a.u. Because

at lower velocities the omitted second-order terms become important, the UDW

approximation is accurate only for v m i n > 0.8 a.u. and for the M-VPS method

the lower limit can be estimated as 0.2-0.3 a.u., however in this case

additional approximations restrict Z to Z £ 10.

Both these methods tend to overestimate the cross section, and when used

outside the specified regions, the computed cross section can exceed the true

cross section by a factor of up to 2. The UDW method should be used with

caution in the prediction of the X. distribution because this will be sensitive

to the omitted second-order terms. The M-VPS method is capable of systematic

improvement but this has not been done to date.

In the two-state version, the M-VPS method has been applied to the

interaction of partially stripped ions and atomic hydrogen [26], and to

account for the omitted effects an empirical factor of 1/3 has been

introduced. We shall refer to this as VPS-emp method.

2.3.3. Classical methods

By representing the hydrogen atom with a classical microcanonical

distribution in momentum space, classical dynamics can be used to calculate

charge exchange cross sections for the H + Z system in the intermediate energy
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region. Having done this, the classical three-body problem can be solved

numerically by making a random selection of initial conditions [27] . Within

this classical trajectory Monte Carlo method (CTMC) both total and partial

capture cross sections can be calculated.

A second classical model [28] relies on the fact that the transition

of the electron from the atomic to the ionic well is classically allowed

when R < R , where RQ = 2(22-1) . This is the classical analogue of the

absorbing sphere model and can be treated analytically (C.J. M-An).

Partly because of the difficulty of obtaining statistically meaningful

results, the upper velocity limit of the CTMC model is about v m a x » 3 a.u.,

while below v , = 1 a.u., molecular effects may become important. The

approximation will be more accurate for higher Z because capture takes place

to states with large values of n, for which a classical description is taore

appropriate. The CZ M-An model assumes the motion of the nuclei can be

treated adiabatically, which gives an upper limit of v m a x = 1 a.u., while

below Vjjj^ = 0.5 a.u., quantum barrier penetration effects are large. High

values of Z are required (Z 2 15). The accuracy obtained by the CTMC method

is surprisingly high, and this method can also be applied to partially

stripped ions if these are represented by an effective charge. The CJl M-An

model is less successful and tends to overestimate the cross section by a

factor of <1.5.

2.4. High Energy Methods

In the energy region under consideration (<5 MeV/amu), the first-order

perturbation approximation is completely inaccurate (sometimes by an order of

magnitude) and second Born approximation (which ultimately dominates the cross

section as v + « ) is worse. It follows that methods that take into account the
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iraportant higher-order effects must be used. These include those based on the

eikonal (Glauber) approximation and the continuum distorted wave method (CDW).

2.4.1. The Brinkman-Kramers and Eikonal Methods

The first-order term in the perturbation series for charge exchange,

omitting the internuclear potential, provides the Brinkman-Kramers (BK)

approximation. Although an inadequate approximation in itself, it appears

to provide moderately accurate cross-section ratios. At a given velocity,

this ratio is

3

a(nQ) " Ln J

and thus becomes more accurate for large nQ, with n > nQ. This expression is

often used to extrapolate the results obtained by some other method to obtain

a large n correction.

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(ls) + Z system the cross section in this

approximation (BK-Eik) for capture into the n t h shell [29] is

aEik(n) » a(n,Z,v) a (n) (6)

where

BK, . 2 8 TtZ5 , Z2 U ,-v
a (n) = — , 2 J5 • % = 7̂T -1) ' (7)

c 3 2r,-v , its L Z 1 2n5n v [ (- + — ) + —J
n

and <x(n,Z,v) is a scaling function, weakly dependent on n and Z, but relatively
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strongly on v. The cross section for capture into individual (a£) levels can

also be obtained.

The BK-Elk method appears to provide reasonably accurate cross sections

for 2 < v < 7 and like other methods it can be applied to a partially stripped

ion by introducing an effective charge.

2.4.2. The continuum distorted wave and related models

In the continuum distorted wave (CDW) approximation [30], the interaction

in the initial state, between the incident nucleus and the bound electron, is

represented by a Coulomb function; a similar approximation is made in the wave

function representing the final state. The approximate transition matrix

element includes contributions 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 > 2.5 a.u., and in

the limit v •> <=, it is practically equivalent to the second Born approximation.

Although applications can be made in the case of partially stripped ions, most

work to date has been for (H + Z) with low values of Z. Each partial cross

section is calculated separately and summed to provide the total cross section.

3
Although the 1/n rule is often used in conjunction with the CDW method, it

has not been deduced from the method, but it has been justified within the

second-Born approximation for n » 1 [31] • The impulse approximation has also

been applied in the high-energy region, but in general is less satisfactory

than the CDW model.

2*5. Resum£ of the Regions of Validity of Models for Charge Exchange

As we have seen, the accuracy of theoretical charge exchange models for

A + H(ls) can be specified with respect to ranges of two parameters: the
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velocity v, and charge on the incident in Z. In some theories (for example,

methods based on perturbation theory) these parameters are connected, but in

others the collision dynamics depends on v and Z separately. It is convenient

to combine v and Z in a reduced velocity v • v/Z and to classify domains of

validity in terms of v and Z. The parameter v appears naturally both in the

adiabatic region and at high energies [32]. At intermediate velocities, where

the cross section behaves like Z /v (for v •» 2-3 [33]) the combination v/Z^'^

is, perhaps, a more appropriate parameter.

With these remarks in mind, the domains of validity of the various models

we have discussed are illustrated in Fig. 1, while in Table 1 a summary appears

of the various points raised in our discussion together with specific comments

on the methods and assessed accuracy. It will, of course, be realized that

the boundaries of the domain of validity of the various models are not hard

and fast, but are intended to serve as a guide. In order to specify the

degree of accuracy provided by different methods, we have introduced the

following categories (last column in Table 1):

Category Accuracy

(a) Better than ±20%

(b) ±20% - ±50%

(c) ±50% - ±100%

(d) Worse than 100%
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TABLE 1. Validity Regions and Accuracy of Different Theoretical Methods for Charge Exchange

Method Velocity Range Z-region
(a.u.)

Comments Accuracy

1) CC-MO

a) PSS-Quant.

b) PSS-lpm

2) CC-MO-An

3) M-LZ

4) M-LZ-RC

5) ASM

6) DM

A. Low-energy methods

^0.01 all - quantum-mechanical treatment
of nuclear motion

- translational factors
unnecessary

0.01-0.5 al l - classical treatment of
of nuclear motion

- translational factors optional

0.5-1 all - classical treatment of
nuclear motion

- translational factors necessary

0.02-0.5 "210 - analytic model

- all states included

- radial coupling only

- no translational factors

- applicable only to H + Z

0.02-0.5 ^5 - radial coupling only

- no transnational factors

O.02-O.5 "> 5 - rotational coupling within

given n included

- no translational factors

- applicable only for H + Z system

0.2-0.6 714 (H+Z) - no rotational coupling

78 (H+A^+) - no translational factors

0.2-0.6 same same

depends on number of
states coupled

same as above

same as above

(b) or (c)

(c) or (d), v ^ 0.3

(b) or (c), v ? 0.3

(b) , v y o . i , z y io

(b) or ( c ) , v J 0 . 1 , Z ̂  10

(c) or (d) , v £ 0.1

overestimates a;

( £ ) ( c ) , saal ler v , X ? (<f
( C ) ( d ) , higher v , ~Z< \<i

satae



TABLE 1. (cont'd.)

Method Velocity Range Z-region
(a.u.)

Comments Accuracy

1) CC-AO

2) M-VPS

3) UDW

4) CTMC

5) CX M-An

6) VPS-emp

1) BK

0.2—3-4

0.3—3-4

0.7—3-4

1—3-4

0.5-1

0.3—6

>2

B. Intermediate-energy methods

all — plane wave or Coulomb
translational factors necessary

- unitarity preserved

all

all

all

all

2) Bl

JS, Coul-B

3) DW

4) BK-Elk

5) CDH

>2

1—3-4

2-7

54

all

all

all

all

depends on number of
close coupled states

(b) or (c), v £ 2
(d), v > 2

- unltarlty preserved

- effective charge for
incompletely stripped ions

- effective charge for
incompletely stripped ions

- applicable only for
H + Z system

- 2-state VPS for each final state

- empirical factor 1/3 introduced

C. High-energy methods

- nucleus-nucleus interaction excluded

- incorrect asymptotic v—behavior
of a

- all Interactions included

- incorrect asymptotlcs

- unitarlty not preserved

(a), (b), Z > 6
£)/c>, Z £ 6

(b). (c)

(b), (c)

(d), overestimates
a by a factor of

3 to 10

unspecified

(b) or (c), v £ 2
(d), v > 2.5

(b), (c)

(a), (b)
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3. REVIEW OF THEORETICAL CROSS SECTION DATA

3.1. General Remarks

In this section we critically review the theoretical charge exchange data

for hydrogen atom-highly charged ion collisions in the energy region above

10 eV/amu. We restrict ourselves to those ionic species that are of major

interest to magnetic fusion research. In Table 2, we group the ions that,

according to the IAEA data [2], have the highest priority with respect to

obtaining charge exchange data in collisions with hydrogen atoms.

TABLE 2. Groups of Ionic Species with Highest

Priority for Fusion Research

Group Ions, A z + Priority

1

2

3

4

5

C, 0 , T i , Fe

He, A i , Cr, Ni

Ne, Ar, Kr

B, N, F, S i , CZ, Xe

Cu, Zr, Mo, W

1

1

1

2

2

.1

.3

.8

.0

.1

The priority number is determined also with

respect to other processes of these ions by an

averaging procedure. The highest priority is

1 and the lowest is 3.
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The evaluation of the data was based on the following:

a) use of criteria established in Section 2 for the validity regions of

the theoretical methods and the accuracy they provide in the calculations;

b) comparisons with the most accurate experimental data.

From the point of view of the accuracy of theoretical calculations, it

is convenient to analyze the data for completely and partially stripped ions

separately. For the first category, the quality of the data mainly depends

on the model, whereas for the second category the results depend also on the

electronic structure calculations.

The data are presented in two ways: 1) in the form of tables, in which

all the cross section information is presented, and 2) selected cross section

data (with the highest accuracy in a given energy region obtained by using a

particular method) is presented graphically. Some of the most accurate

experimental data are also presented on the figures, for comparison purposes.

3.2. Total and Partial Cross Sections for Completely Stripped Ions

A compilation of the available theoretical charge exchange cross section

data for completely stripped ions of the elements listed in Table 2, is

presented in Table 3 (given at the end of the paper). For each ion, this

table contains the references in which the original data can be found, the

energy ranges in which the cross sections have been performed, the applied

method (with some comments on it, when necessary), and the character of the

information contained (total/partial cross section, or both). The accuracy of

the data can be judged by using Table 1. The references mentioned in Table 3

are given separately at the end of this review (see Appendix A). By comparing

the energy ranges in Tables 1 and 3, it can be seen that some of the cross

section calculations are carried out well beyond the limits of validity of the



applied method. If such data are selected to be included in the recommended

list of cross section data (which are represented graphically, see below),

then only the part of them that conforms with the validity region of the

corresponding method is taken.

When selecting the cross section data for a graphical presentation, the

following criteria have been adopted:

- to cover as much as possible the energy range considered in this

review (0.01-103 keV/amu);

- from all the available calculations using the same method, only

those with highest accuracy are graphically presented;

- in some cases, when the results of two or more methods are

available in the same energy region, only those with highest

accuracy are included in the graphical presentation.

These criteria enabled us to give information about the cross section in a

wide energy range, preserving the clarity of the presentation.

The graphically represented total cross section data are collected in the

GRAPH.SET No. 1, given at the end of the review. As a source for the experi-

mental data we have used Ref. 34. The original experimental references, men-

tioned on the figures of Graph.Set No. 1, are given at the end of Appendix A.

The presentation of the partial cross section aa (capture into a particular

final principal shell n) and an^ (capture into a particular final n,Jt-substate)

is given either in tabular form (for low Z-values) or graphically (for high Z-

values). The set of tables for a and a. are given in the TABLE SET No. 1 at

the end of the review, and the graphical presentations of an and 0 ^ are given

in GRAPH.SET No. 2. The accuracy of an and a ^ provided by some methods (e.g.

M-LZ-CR, UDW, CTMC) is generally lower than the accuracy of the total cross

sections. The expansion methods (CC-MO and CC-AO) with a large basis and the
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CDW method produce the most accurate partial cross section data for charge

exchange.

3.3. Total Cross Sections for Partially Stripped Ions

A classification of the references containing charge exchange cross section

data for hydrogen atoms with incompletely stripped ions, is presented in Table 4

(given at the end). The presentation is similar to that for completely stripped

ions (Table 3). The list of references associated with Table 4 is given in

Appendix B. The evaluation of the data has been performed by using the same

criteria that were applied in the completely stripped ion case. The accuracy

of the cross section data for the incompletely stripped ion case is, generally

speaking, lower than for the case of fully stripped ions. It is noticeable

that the close-coupling cross section calculations are not as numerous for the

case of incompletely stripped ion-hydrogen atom charge exchange collisions,

due to the necessity of performing complex electronic structure calculations.

Selected cross section data are presented graphically in the GRAPH.SET No. 3.

The selection was performed using the same criteria as in the case of completely

stripped ions. The solid curves in some of the figures of GRAPH.SET No. 3

represent experimental data. Again, as the main source for the experimental

data we have used the recent IPP Nagoya compilation [34]» The experimental

references which were the sources of data are presented in the figures of

GRAPH.SET No. 3, are given at the end of Appendix B.

3.4. Summary on the Available Theoretical Cross Section Data and

Recommendations for the Future Calculations

Although the amount of charge exchange cross section data presented in

Tables 3 and 4 and on the GRAPH.SETS Nos. 1-3 may look impressive, the general
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situation of data basis is still far from adequate to meet the needs of fusion

research programs. The accuracy of the existing data is still insufficient

(with a few exceptions) and for an overwhelming number of incompletely stripped

ions no data exist at all.

The situation is particularly unsatisfactory regarding the status

of partial cross section data. For example, no partial cross section

calculations have as yet been performed for incompletely stripped ions.

The main conclusions of our analysis of the available theoretical data

are summarized below.

3.4.1. Total and partial cross sections of completely stripped ions

The most reliable (with an accuracy better than ±50%) total cross

section data for completely stripped ions are summarized in Table 5. For only

a restricted number of ions (He2+, B5+, C6+, 0 8 + and F9+) and in limited

energy intervals, do some of the calculations provide an accuracy better than

±20%. Most of the reliable data lie in the range from ~0.5 to 200 keV/amu.

The absence of experimental data (except for He , B , C in very restricted

7+ 8+energy regions, and for N , 0 at only one energy) forced us to assess the

accuracy of the cross section data mainly on pure theoretical arguments (see

Table 1 and discussions in Section 2). Where the comparison with experimental

data is possible, the best agreement is achieved with the results of the large

basis dose-coupling calculations (in the low and medium energy region) and with

the results of CTMC (in the region 30-200 keV/amu). Above =300-400 keV/amu

the most accurate results can be obtained by the CDW method.
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TABLE 5. Reliable Total Charge Exchange Cross Section Data for

Completely Stripped Ions

Ion

He 2 +

c6+

N7+

°

F9+

Ne 1 0 +

AA13+

Si 1 4 +

« 1 7 +

Ar 1 8 +

Ti 2 2 +, Cr 2 4 +

Fe 2 6 +

Ni 2 8 +, C u 2 ^

Kr 3 6 +

Zr 4 0 +, Mo 4 2 +, Xe 5 4 +, W 7 4 +

Energy Range
(keV/amu)

0.25-500

0.05-25

0.8-200

0.013-27
0.5-50
25-200

0.5-80
37-150

0.25-1
0.5-50
37-150

1-50
500-5,000

1-50
30-200

0.8-50

0.8-50
35-200

0.8-60

0.5-70
37-200

0.5-80

0.5-80

37-200

0.5-80

0.5-90
37-200

0.5-100

Accuracy

(a) or (b)

(a) or (b)

(a) or (b)

(a)
(b)
(b)

(b)
(b)

(a) or (b)
(b)
(b)

(b)
(a) or (b)

(b)
(b)

(b)

(b)
(b)

(b)

(b)
(b)

(b)

(b)
(b)

(b)

(b)
(b)

(b) or (c)

References

3, 36, 24, 38, 44,

35, 48, 9

12, 25 (PSS - data of
Salop and Olson)

25, 13

41, 15
43, 46, 17

13, 43

47
13

28
21, 46
13, 15

47
39

26, 47
13, 26

47

43, 47
13, 47

47

33, 47
13

47

47

13

47

33, 47
13

47

References from Appendix A.
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Thus, to reach an accuracy of ~20% or better In the total charge exchange

cross section data, the following methods are recommended:

1) Energy region below 25 keV/amu:

PSS with a large MO-basis (N « 2Z) and appropriate

translational factors

2) Energy range ~10-~400 keV/amu:

CC-AO with a large (N » 5Z) basis (centered around both the

proton and highly charged ion) and plane wave translational

factors

3) Energy region above 400 keV/amu:

CDW method, applied to a large number of final states (this

number increases with increasing Z).

Such calculations are usually very lengthy and time consuming, even on the

biggest existing computer facilities.

The charge exchange partial cross section data are much more scarce than

those for the total cross sections. This is a result of the fact that capture

to specific final states has only recently become experimentally measurable (and

is still restricted to low charged ions and/or high energies). In most of the

theoretical methods, the calculation of the partial cross sections an, a ^ and

ani.m *s a n e c e s s a r y step for obtaining the total cross section. (To this group

of methods belong all A0- or MO-expansion methods, UDW, CDW, VPS, etc.) In M-LZ-RC

and CC-MO-An, only a is obtained directly from the calculations, and for calculat-

ing a^n or o"_£_ additional assumptions have to be made. An additional procedure

is also needed to obtain a and a^, within the CTMC method. The partial cross

sections cannot be obtained at all within the decay models and CZ M-An.

The most accurate data for the partial cross sections can be obtained

again using CC-MO, CC-AO and CDV7 methods in the region of their validity.
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However, due to the coupling of sub-states, in order to obtain a distribution

of the captured electrons over the final state quantum numbers n or 2., one

must use an extremely large basis, whose size increases dramatically with

increasing Z.

3.4.2t Cross sections for partially stripped ions

The theoretical charge exchange cross section data for incompletely

stripped ions are rather scarce due to the following circumstances:

a) not all of the methods discussed in Section 2 (see also Table 1) are

applicable to this case (e.g. M-LZ-RC, CZ M-An, CC-MO-An);

b) in any of the CC methods, the basis set increases dramatically as the

number of electrons in the colliding system increases;

c) in some of the methods (e.g. CTMC, BK-Eik, UDW) the presence of

electrons in the ionic core can be taken into account by introducing

the concept of "effective charge," but this procedure may produce an

uncontrollable error in the result.

The last two circumstances inhibit extensive and systematic charge exchange

cross section calculations for incompletely stripped ions.

The application of the CC methods with a restricted basis or the

introduction of effective charge for the ion necessarily implies a reduced

accuracy of the obtained results. At very high collision energies, the

structure of incompletely stripped ions more directly influences the dynamics

of the collision event. At these energies, the ion-core electrons may also

make transitions either in the discrete or into the continuous spectrum. In

this situation, the methods of Section 2 become inadequate to describe the

collision dynamics. Their formal application to calculate the charge exchange

cross section may include uncontrollable errors.
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All of the above discussion illustrates that charge exchange cross section

calculations for partially stripped ions involve considerable conceptional and

technical difficulties. Extensive CC calculations seem to be unavoidable for

obtaining cross section data of high accuracy in the low and intermediate

velocity region. In the high energy region (but below the energies when

inner-shell processes dominate) the concept of effective charge, combined with

the usual high-energy models, may be sufficient for obtaining cross section

data of modest ((b) or (c)) accuracy.

A. SCALING LAWS FOR THE CHARGE EXCHANGE CROSS SECTIONS

Another approach to meet the needs for cross section data in a wide

region of dynamical parameters v and Z, is to try to establish firmly some

scaling relationships which will provide an easy estimate of the cross section

with a given accuracy. It should be immediately said, however, that the very

existence of a scaling law with respect to a given collision parameter (say Z)

is connected with the predominance of a single physical mechanism that governs

the charge exchange process. As discussed in Section 2, the mechanisms

responsible for the charge exchange process are different in different velocity

regions, and one should expect that the corresponding scaling laws are also

different. It is thus necessary to employ a setniempirical matching procedure

to connect the scaling relations valid in different velocity regions.

The most important, from a practical point of view, is the scaling of the

total charge exchange cross section with respect to the ionic charge Z. This

has recently been discussed in detail elsewhere [32]. We would like to mention

at once that the close-coupling methods (CC-MO or CC-AO), both because of their

conceptual and practical aspects, cannot provide scaling relationships in a
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physically transparent way. Yet, under the condition that a large number

of dose-coupling cross sections are performed (for different Z and with

accordingly sized basis sets), one may expect that some suitable analytical

formulae, generalizing such results, can be established (as in the case of the

UDW results, for example; see below). At present, very limited numbers of CC

calculations are performed, mostly for the H + Z system with low values of Z

and using different basis sets, translational factors, etc.

Simplification of the collision dynamics in certain velocity regions with

reference to a particular model is the easiest way to obtain a cross section

scaling law for the process. However, the accuracy of the models is in most

cases within a factor of two, and this accuracy is transferred also in the

scaling. For the H + Z system, the following scaling laws, within the models

discussed in Section 2, have been established [5,32,35]:

i , , r t ~
1 7 . 2 r69O 2 690

aASM = 1*1 X 1 0 Z l n [ ~ i 7 A n ~"zV

am = 1.5 x i o " 1 6 Z An (—•) (cm2) , (9)

aCl M-An * 7 * 1 0 " 1 6 Z C c m 2 ) » 2 ? 10, v ^ 1 (10)

aCTMC * 4*6 X 1 0 1 6 Z ( c m 2 ) » V * 1 ' ( 1 1 )

The validity region of the scaling laws O"ASM
 anc* aTM ^s determined by the

validity regions of the ASM and DM themselves.

The results of the M-LZ-RC can be analytically represented by the

formula [36]

aM-LZ-RC = 2'25 * 10"16 Z in (-T)

16 £ Z £ 74 , 0.04 £ v £ 2

with an accuracy of
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In all the above formulae, (8)-(12), the velocity v is expressed in atomic

units. These formulae are valid in the region below v ~ 1-2. A semi-empirical

formula for the cross section in a wide energy region (~10~ -10 keV/amu) has

recently been proposed [34] on the basis of the UDW calculations and existing

experimental data. By introducing scaled (or reduced) quantities

a = 7 i f o 7 • E = 757465 ( 1 3 )

and expressing E in units of eV/amu/charge, the "universal" cross section

formula reads:

a) 1 1 log1QE 1 4

log1Qa = -15.0706 - 0.0224531 %x - 0.0144073

b) 4 £ log1QE £ 5

log1Qa = -15.2676 - 0.474885 £2 ~ 1-04186 l^ - 0.301838 ^ (14b)

- 4

) 5 £ log1QE 1 6

log1Qa = -17.0862 - 4.39144 £3 - 0.221343

- 5

(14c)

where a is expressed in cm .

The expression (14) for a is compatible within a factor of two with

almost all existing theoretical and experimental data for 10 < Z < 50.

The BK-Eikonal model has also provided a scaling formula for the H + Z

charge exchange cross sections in the region 2 < v < 5. That formula is given
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by Eqs. (6) and (7) in which the correction function oc(n,Z,v) is given by [29]

/ , N (TI/V) r 2 ,. ,v A % i
a(n,Z,v) - h( / \ exPL arctan [y + — J J x

r23 ,1 5 V 1 5 wni
L48 ^ " 6 > ~1 U ~4 J U : > ;

v v

where un = [(Z
2/2n2) - (1/2)]. For v » Z/n, the function oc(n,Z,v) very

weakly depends on n and Z, and it increases smoothly between the values 0.15

and 0.4 when v increases from v = 2 to v = 5.

Starting with an integral representation of the Brinkraan-Kramers cross

section, one can derive the following Z-dependences of the electron capture

cross section at medium and high collision velocities [37,38]

3 1/ 2 "-
a ~ Z , Z > v (16a)

a ~ Z , v » Zl/* (16b)

The Z -dependence of a in the region of v = 2-5 is consistent both with the

CDW results and the experimental data [33]. The Z -dependence of a can be

reached only at very high collision velocities and experimentally has been

proven [39] for Z < 20 and v ~ 100.

In order to summarize our discussion on the Z scaling of the charge

exchange cross section, let us represent a in the form

a - ff (v) Z
a ( ^ , v = v/Z1/4 . (17)

o

In the interval 0.1 ^ v i 100, the function a(v) behaves as shown in Fig. 2.

In the region v <, 1, a takes a value of *1.1. The two-state coupled channel

calculations [37] have predicted an increase of a from the values a = 2 to

a - 5 in the region between v * 1 and v » 25. However, the correct scaling
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law in this region cannot be considered as well established. The experimental

data (obtained mostly for many-electron targets and/or with incompletely

stripped ions) are fairly scattered and cannot provide a conclusive answer for

the scaling law in the velocity region v ~ 1-20 (see the open symbols in Fig.

2) . For many-electron colliding systems, the cross section in the region of

v between «3-20 strongly depends on the structure of the colliding particles.

For such systems it is difficult to expect a simple Z-scaling.

5. CONCLUDING REMARKS

In the past decade, theoretical investigations of the charge exchange

process between multiply charged ions and atomic hydrogen have been

characterized by developing and testing different methods for describing

the process. The cross section calculations were primarily illustrative in

character and, with a few exceptions, neither their accuracy nor systematic

cross section data production was their ultimate goal. This situation changed

only very recently when suitable improvements in some of the methods made them

adequate for high accuracy cross section calculations. Still, the current rate

of production of charge exchange cross section data for the multiply charged

ions is far short of meeting the needs for such data in the controlled fusion

programs. The methods capable of providing high accuracy data (such as CC-MO,

CC-AO and CDW), require a hugh amount of computer time, especially for the

cross sections of high-Z ions. Nevertheless, it seems at present that such

extensive calculations are necessary to perform, at least for a reasonably

large number of ions with charge states covering a wide range, in order to

obtain rigorous results which could serve as benchmarks and criteria for

clarifying or checking some of the uncertainties still present in some of the
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theoretical methods. Such rigorous results could be especially useful in

setting up the Z-scaling laws, the n- and S.-distributions of captured

electrons (and their velocity and charge state dependences), as well as for

establishing sufficiently accurate serai-empirical formulae for the cross

sections. In order to support such an approach in reducing the task for a

straightforward accumulation of all charge transfer cross section data needed

for fusion, it would be desirable to have also accurate experimental data for

the corresponding colliding pairs, for which the detailed calculations are

done. At present, such a program has been accomplished, only for the low charge

completely stripped ions He2+, Li3+ and C6+ (partly).
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Table 3. Theoretical Data for Charge Transfer Between Atomic Hydrogen and Totally Stripped Tone

Reference

24

36

38

1

3

4

11

30

35

37

42

44

48

49

21

14

19
19

32

34

2

9

10

34

12

25

40

46

7

18

Energy Runge
(keV/nmu)

0.25-17

0.75-5

0.25-5
1.5-250

1.5-4000
0.25-150

1-50
5-200

2.5-250

1.5-100

25-110
1-50

3.5-220

3.5-220

0.025-200

20-180

100
100

25-2000

6-200

6-750

25-500

625

132

0.25-25

0.05-8

0.5,1

0.49,1,10,25

2.58

1-100

Region

L t

h

L

(DM

M(H)

(DM

(DM

M

M

(DM

M

(DM

M

M

(DM

M

(M)H
(M)H

(M)H

(M)H

(M)H

(M)H

H

H

h

L

L

L

L

L(M)

Method 3

H-l tc 2 *

CC-MO

CC-MO

CC-MO

CC-AO

CC-AO

CC-AO

CC-AO

CC-AO

CC-AO

CC-AO

CC-AO

CC-AO

CC-AO

CC-AO

UDW

CTMC

BK
Bl

Bl

DW

CDW

CDW

CDW

CDW

PSS

PSS

CC-MO-An

M-LZ-RC

ASM

DM

Comments

10-state including plane
wave functions

12-etate
5-staie

8-state
8- and 11-stata

No translational factors
n < 4: 2-state

n > 4: n~3 low
8-state basis

it i 3 by n""3

Plane wave factors
(a) 8-state atomic
(b) 19-24 Sturmian

20-state basis for n < 3
2-state for n » 4

n~3 rule for n i> 5

5-state with variational
translational factor

Capture into 1 < n < 15 to
i l lus t ra te departure
from n~3 rule

3-states

n, i separable
interaction model

Rotational coupling Included

Data

<w
0-fO-nX

al'a.U

Vnj.
ct'°ta

a t > ( V o n
a t

<W

o-t,ani

afcnX

"f ani

°t

afanl

WJ.

n

at
at

°t

°fanX

The references in this table are given in Appendix A.

L, M, K stand for Low-, Medium- and High-energy region.t
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Rcfcrence Emsrgy
(VeV/ami)

Energy
Region

Method" Comments Data

H-B5*

20

11

30

25

43

13

27

39

10

31

41

15

16

40

8

17

46

47

7

18

20

11

25

43

13

15

27

39

23

10

2.58,47.3

1-170

5-200

0.02-200

0.01-5000

37.5-150

25,32,55,73

50

625

0.0625-25

0.013-27,4

0.05-20

0.0625-6.25

0.5,1

0.04-2.8

0.01-25

0.04-50

0.1,1,10

2.58

1-100

2.58,47.3

1-180

0.02-2000

0.01-5000

37.5-150

20-200

25,33,55,76

25,50,75,100

50,500,5000

500-5000

KM)
M

M

(DM
(L)M(H)

M

M

M

H

L

L

L

L

L

L

L

L

L

L

L(M)

KM)
M

(L)M(H)

(L)M(H)

M

M

M

M

(M)H

H

DM

CC-AO

CC-AO

UDW

UDW

CTMC

CTMC

CTMC

CDW

H-C 6 +

CC-MO

CC-MO

PSS

PSS

CC-MO-An

H-LZ

M-LZ-RC

M-LZ-RC

M-LZ-RC

ASM

DM

DM

CC-AO

UDW

UDW

CTMC

CTMC

CTMC

CTMC

BK-Elk

CDW

Sequence of two-staLe CC

n £ 5, 2-state CC
n > n~3 low

Translational factors
nonlinear trajectories
below 1.3 keV/amu

6 molecular states
coord, origin on H +

rotational coupling included

11 states (adiabatlc molecular)
Rotational coupling included
Coulomb trajectories for

nuclei
R-adjustable translational

factors

Separable interactions model

Rotational coupling of
degenerated states
not taken Into account

Rotational coupling included

Rotational coupling included

Rotational coupling included

Sequence of two-state coupling

Includes ionization and
excitation channels

"rJ.
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Table 3. (cont'd.)

Reference
Energy Kant;c

Re j: Ion
Method'1 Comments DaLu

H-N7+

40
8

46

47

7

18

20

11

13

39

10

40

12

28

0.5-1
0.028-2.8

0.49,1,10,25

0.01-100
2.58

1-1000
2.58,47.3

1-200

37.5-150
50

625

0.5,1

0.25-25

0.025-7.56

L
L

L

L(M)

L

L(M)

L(M)

M

M

H

H

L

t

h

CC-MO-Art

M-LZ

M-LZ-RC

M-LZ-RC

ASM

DM

DM

CC-AO

CTMC

CTMC

CDW

H - O 8 +

CC-MO

PSS

PSS

7
17

46

47

7

18

20

11

21

13

27

28

39

33

22

10

0.028-2.8
0.01-25
0.01-50
0.1,1,10

2.58

1-100
2.58,47.3

1-180
0.02-200
37.5-150

25,32,55,76
25-900

50-100

0.5-100

100

625

L

L

L

L(M)

h

L(M)

L(M)

M

(DM
M

M

MOD

M

M

(M)II

H

M-LZ

M-LZ-RC

M-LZ-RC

M-LZ-RC

ASM

DM

DM

CC-AO

UDW

CTMC

CTMC

CTMC

CTMC

CIM-An

BK-Eik

CDW

n,X - separable model

Rotational coupling excluded

Rotational coupling included

Rotational coupling included

Sequence of 2-state coupling

u,X - separable
coupling interaction

3-molecuiar states
+ rotational coupling

Origin on 0 3 +

8-niolecular states
+ rotational coupling

Origin on 0 3 +

Origin on H +

No rotational coupling

Rotational coupling included

Rotational coupling included

Rotational coupling included

Sequence of 2-state CC

at'an

3 a*
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Tablc 3. (contM.)

Reference
Energy Ranpe
(kcV/nmu)

Enorsy
Region

Method" Comments Data

it-r

40

46

47

7

18

20

11

39

7

0.5,1

0.49,1,10,25

0.01-100

2.58

1-100

2.58,47.3

1-225

50

625

h

L

UM>

L

L(M)

L(M)

M

M

H

CC-HO-An

H-LZ-RC

M-LZ-RC

ASM

DM

DM

CC-AO

CTMC

CDW

H-He10+

40

8

46

47

7

6

18

20

5

11

26

13

39

33

10

0.5,1

0.028-2.8

0.49,1,10,25

0.01-100

2.58

50

1-100

0.002-337

0.01-1600

1-225

5-2000

37.5-200

50,100

0.5-100

625

L
L

L

L(M)

L

L(M)

UM)
L(M)

(L)M(H)

K

(L)M(H)

M

M

(DM
H

CC-MO-An

M-LZ

M-LZ-RC

M-LZ-RC

ASM

DM

DM

DM

CC-AO

CC-AO

UDW

CTMC

CTMC

CXM-An

CDW

Rotational coupling Included

Rotational coupling included

Sequence of 2-state CC

Rotational coupling excluded

Rotational coupling included

Rotational coupling Included

VPS approximation for
2-state amplitudes

H-A

40

46

47

7

18

20

10

0.5,1

0.5,1

0.01-100

2.58

1-100

2.58,47.3

625

L
L

L(M)

L

L<M)

L(M)

H

CC-MO-An

M-LZ-RC

M-LZ-RC

ASM

DM

DM

CDW

Rotational coupling included

Rotational coupling included
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Table 3. (coiit'd.)

Reference
Energy Rnm;e
(keV/nnu)

Energy
Region

Met hoda Comments Data

.,,.14+H-Sl

40

8

46

47

7

18

20

11

26

43

13

39

33

10

40

47

7

18

20

10

0.1-350
0.028-2.8
0.01-50

0.01-100
2.58

1-100

2.58,47.3

1-225

5-2000

0.01-5000

37.5-200

100

0.5-100

625

1

0.01-100

2.58

1-100
2.58,47.3

625

L(K)

L

L

L(M)

t
L(M)

L(M)

M

(L)M(H)

(L)H(H)

M

K

(L)M

H

L

L

L

L(M)

L(M)

H

CC-MO-An

M-LZ

M-LZ-RC

M-LZ-RC

ASM

DM

DM

CC-AO

UDW

UDW

CTMC

CTMC

CiM-An

CDW

CC-MO-An

M-LZ-RC

ASM

DM

DM

CDW

K-A

40

8

46

47

7

18

20

11

13

39

33

10

1

0.028-2.8

0.5,1,10,25

0.01-100

2.58
1-100

2.58,47.3

1-225

37,5-200

100

0.5-100

625

L

I.

L

L(M)

L

L(M)

L(H)

M

M

H

(DM

H

CC-MC-An

M-LZ

M-LZ-RC

M-LZ-RC

ASM

DM

DM

CC-AO

CTMC

CTMC

CAM-An

CDW

Rotational coupling excluded

Rotational coupling Included

Rotational coupling included

Rotational coupling Included

Rotational coupling Included

Rotational coupling included
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Tablc 3. (cont'd.)

Reference
En«rj;y Range
(ki'V/rtnu)

Energy
Ri'gton

Method* Comment8 Data

Lt_T|22+

40

47

7

18

20

10

0.5,1

0.01-100

2.58

1-100

2.58,47.3

625

I.

L(M)

L

t(M)

KM)
H

CC-MO-An

M-LZ-RC

ASM

DM

DM

CDW

n-cr2/i+

40

46

47

7

13

20

10

29

40

46

47

7

18

20

33

13

29

10

0.5,1

0.4,100

0.01-100

2.58

1-100

2.58,47.3

625

0.21,1.3,5.3

0.5,1

1,10,25

0.01-100

2.58

1-100

2.58,47.3

0.5-100

37.5-200

84-258

625

L

L(M)

MM)
L

KM)
L(M)

H

L

L

L

L(M)

L

KM)

KM)
L

M

M

H

CC-MO-An

M-LZ-RC

M-LZ-RC

ASM

DM

DM

CDW

H-Fe26+

PSS

CC-MO-An

M-LZ-RC

M-LZ-RC

ASM

DM

DM

CAM-An

CTMC

CTMC

CDW

H-Ni'

40

46

47

7

18

20

10

0.5,1

10,25

0.01-100

2,58

1-100

2.58,47.3

625

L

L

KM)

L

KM)
KM)
H

CC-HO-An

M-LZ-RC

M-LZ-RC

ASM

DM

DM

CDW

Rotational coupling included

Rotational coupling included

Rotational coupling included

17 molecular states

Rotational coupling included

Rotational coupling included

Rotational coupling included

Rotational coupling included

"at

JnJt
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Tablc 3. (cont'd.)

Reference
Energy Rau^
(keV/atnti)

Enerpy
Region

L

L(M)

L

L(M)

L(M)

H

Method"

H-Cu29+

CC-MO-An

M-LZ-RC

ASM

DM

DM

CDW

Comments Data

40

47

7

18

20

10

46

47

7

20

13

33

47

0.5,1

0.01-100

2.58

1-100

2.58,47.3

625

10,25

0.01-100

2.58

2.58,47.3

37.5-200

0.5-100

0.01-100

L

L(M)

L

L(M)

M

(DM

L(M)

H-Kr36+

M-LZ-RC

M-LZ-RC

ASM

DM

CTMC

CAM-An

H-Zr40+

47

7

20

47

7

0.01-100

2.58

2.58,47.3

0.01-100

2.58

L(M)

L

L(M)

L(M)

L

M-LZ-RC

ASM

DM

H-Mo42+

M-LZ-RC

ASM

H-Xe54+

Rotational coupling Included

Rotational coupling Included

Rotational coupling included

Numerical

Analytical

Rotational coupling included

Rotational coupling included

Rotational coupling included

47 0.01-100 L(M) M-LZ-RC Rotational coupling included
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^efinition of abbreviations for methods used in Tables 3 and 4:

CC-MO Close coupling - molecular orbital

PSS-Q Perturbed stationary state - quantal version

PSS Perturbed stationary state - impact parameter version

LZ Landau-Zener

CC-MO-An Close-coupling molecular orbital, analytic

M-LZ Multichannel Landau-Zener

M-LZ-RC Multichannel Landau-Zener with rotational coupling

ASM Absorbing sphere model

DM Decay model

CC-AO Close coupling - atomic orbital

M-VPS Multichannel Vainstein-Presnyakov-Sobelman

UDW Unitarized distorted wave

CTMC Classical trajectory Monte Carlo

C£»M-An Classical model, analytical

VPS-emp v-\instein-Presnyakov-Sobelman, empirical

BK Brinkmann-Kramers

Bl First Born

BK-Eik Brinkmann-Kramers - Eikonal

CDW Continuum distorted wave
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Tul i lc 4 . T h e o r e t i c a l Drtta f o r Ch.irj;** r.xch.ini;u of A t o m i c H y i i i o j v n » H l i 1 ' n r t i n U y S t r l p p c i l l o n o

R e f e r e n c e Rnnj;i' LXil HCUHHI ' 1 Comments

11

10

14

1

S

10

16

l,

14

15

5

9

3

A

12

0.03-9

0.053-5.3 kcV/.Tiu

37.5-130 keV/mcj

(L)H

L

M

H-B

H-B

H-B

2+

CC-AO

3+

PSS

CTMC

4+

37.5-130 keV/arau

0.5-5 eV

40-700 keV/asw

0.1-1.75 eV

0.001-4 eV

0.5-5 cV

0.27-8.1 eV

37.5-150 kcV/a=u

40-1000 keV/anu

0.01-100 cV

0.053-5.26 keV/anu

0.1-2 .7 eV

2.58 keV/amu

37.5-150 teV/anu

0.25-2.5 keV/arau

50; 100; 145; 1000 ».eV/a-u

M

(T1)L

(M)H

(T)L

<T)L

<T>L

(T)L

H

(K)H

(T)L

L

(T)

L

M

(DM

(M)H

CTKC

H-C 2 + '

PSS-Q

Bk-Eik

H-C3+

PSS-Q

PSS-Q

PSS-Q

PSS-Q

CTKC

BK-Eik

H - C A *

PSS-Q

PSS

u
ASH

CTMC

VPS-eop

BK-Eik

The references In this table are given In Appendix 5.

^Thermal energy region; L, M, H have sacoc meaning as in Table 3 .

'Reaction rate coef f ic ien t .

*Confij;ur3tion in te rac t ion method.

2 stater.
Exponential factor

£ nolecular states

Effective charge

Effective charge

Full c,u2i>tun treatment
C r - basis

Effective charge

2 states

2 states

CI - large basis

Full quatituQ creatraent

CI - large basis

Effective charge

Effective charge

5 coupled 6tates

7 taolccular states

Accuracy ~40«

Effective charge

1/3 empirical factor introduced

Effective charge

Vr
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Table 4. (cont'd.)

Reference Energy Range LMH Method3 Comments Data

17

3

4

14

0.0132-7.58 keV/amu

2.58 keV/anu

37-150 keV/amu

5O;1OO;145-,1OOO keV/amu

H-C5"1"

(T)L

L

M

0 0 H

PSS

ASM

CTMC

BK-Eik

5 molecular s tates

Accuracy -+40Z

Effective charge

Effective charge

10

16

14

8

10

15

14

9

3
4

12

0.5-5 eV
2.7 x 10"4 - 3.1

40-800 keV/amu

0.001-4 eV

0.5-5 eV

1 0 - 1 0 0 eV

37.5-150 keV/amu

40-1000 keV/amu

0.1-2.7 eV

2.58 keV/amu

37.5-150 keV/arau

0.25-2500 keV/anu

(T)L
(T)L

(M)H

(T)L

(T)t

(T)L

M

00 H

(T)L

L

M

M<H)

PSS-<}

PSS-Q

BK-Eik

U K

PSS-Q

PSS-Q

PSS-Q

CTMC

BK-EiTc

U

ASM

CTMC

VPS-emp

CI - large basis
CI - large basis

Effective charge

2 states

CI - large basis

4 states

Effective charge

Effective charge

Accuracy -+40Z

Effective charge

1/3 empirical factor

14 50; 100;145;1000 keV/amu 3K-Eik

second order effects

Effective charge

"T

17

3

4

14

0.0132-7.58 keV/amu

2.58 keV/aou

37.5-150 keV/amu

50:100:145:1000 keV/anu

(T)L

L

M

(M)H

PSS

ASM

CTMC

SK-Eik

5 molecular states

Accuracy ~±40Z

Effective charge

Effective charge

3

4

12

14

2

50;100;

.58 kaV/arau

37.5-150

0.25-2500

145; 1000 keV/amu

1

M

M(H)

(M)H

ASM

CTKC

VPS-emp

BK-Eik

1/3

Accuracy
Effective

empirical.

Effective

~i40%

charge

fator ln a.

charge
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Reference Energy Range LMH Method* Comments Data

H-0

10

14

9

3

4

14

3

4

14

0.5-5 cV

40-800 keV/amu

(T)L

(M)H

PSS-Q

BK-Eik

H-0

H-04+

0 .1 -2 .7 eV

2.58 keV/amu

37.5-125 keV/amu

50;100;145;1000 keV/amu

2.58 keV/amu

37.5-125 keV/amu

50; 100;145;1000 keV/aou

(T)L

L

M

(M)H

L

M

(M)H

U
ASM

CTMC

BK-Eik

ASM

CTMC

BK-Eik

H-06+

17
3

4

14

3

4

14

10

0.013-7 .6 keV/amu

2.58 keV/amu

37.5-125 keV/amu

50;100;145;1000 keV/amu

2.58 keV/amu

37.5-150 keV/anru

50;100;145;1000 keV/amu

0.5-5 eV

(T)L

L

M

(K)H

L

M

<M)H

<T)L

PSS

ASM

CTMC

BK-Eik

H-07 +

ASK

CTMC

BK-Eik

H-Ne2*

PSS-Q

Full quantal treatment

Effective charge

10
13

4

14

0.5-5 eV

0.5-5 eV

37.5-100 keV/amu

40-1000 keV/amu

(T)L

(T)L

M

(M)H

PSS-<5

PSS-Q

CTMC

B K - E i k

Production of (0" )

Effect ive charge

Effect ive charge

Accuracy ~±40X

Effective charge

Effective charge

Accuracy ~±402

Effective charge

Effective charge

8-etate molecular CC

Accuracy ~±40%

Effective charge

Effect ive charge

Accuracy ~ ± 4 0 A

Effect ive charge

Effect ive charge

"T



Table 4. (cont'd.)

Reference Energy Range LMH Method* Comments Data

10 0.5-5 eV PSS-Q

9

12

12

12

12

0.1-2.7 e?

0.25-2500 keV/atmi

0.25-2500 keV/amu

0.25-2500 keV/amu

0.25-2500 keV/amu

10"4 - 2.5 e7

0.1-2.7 eV

LZ

(L)M(H) VPS-emp 1/3 empirical factor i a a t

(L)M(H) VPS-enp

B-Ne8*

(L)M(H) VPS-emp

H-AJtq+; q - 4 ,6 .3 ,10

(L)M(H) VPS-emp

H-S12+

pss-q

LZ

1/3 eapirical factor In

1/3 empirical factor la

1/3 empirical factor ia

9
12

12

9

0

0

0.1-2 .
.25-2500

.25-2500

0.1-2.

7 eV
keV/amu

keV/aatu

7 eV

cm LZ
(L)M(H) VPS-emp

R - S i 1 + ; q - 6 , 8 , 1 0

(L)M(H) VPS-emp

H-Ar« + ; q > 2 , 3

CT)L LZ

H-Ar4~

0.1-2.7 eV

0,2-2000 VtaV/aau

(T)L LZ

1/3 empirical factor la az

1/3 empirical factor i a <JC

1/3 empirical f a c t o r In fft IJJ
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Tablc A. (cont'd.)

Reference Energy Range LMH Method* Comments Data

12

O.2-2OOO keV/amu

0.25-2500 keV/amu

0.2-2000 keV/amu

47.3-340 keV/amu

0.2-2000 keV/amu

H-Art+; q - 6,8,10

(L)M VPS-emp

H-Tiq*; q - 4,6,8,10

(L)M(H) VPS-eap

H-Fe^; q - 4,6,8

(L)M(H) VPS-emp

H-Fe10+

K CTMC

(L)M(H) VPS-emp

1/3 empirical factor in c^

1/3 empirical factor in a

1/3 empirical factor in ot

1/3 empirical factor in ot

47.3-340 keV/amu M CTHC

H-nr^; q - 4,6,3,10

0.2-2000 keV/amu (L)M(K) VPS-eap 1/3 empirical factor in at

H-Moq+; q - 4,6,8,10

0.2-2000 keV/amu (L)M(H) VPS-emp 1/3 empirical factor in o

47.3-340 keV/amu

0.2-2000 keV/amu

0.2-2000 keV/aou

K CTMC

H-Xe"+

(L)M(H) VPS-emp

H-W<i+; q • 4,6,8,10

(L)M(H) VPS-emp

1/3 empirical factor in ot

1/3 empirical factor in at

"Methods defined in footnote to Table 3 (see p. 44).
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GRAPH.SET No. 1

Evaluated total charge exchange cross section

for hydrogen atom-fully stripped ion systems.

Note: References after the symbol in the

Legend of each figure are given in

Appendix A. The reference number

accompanied by letter E denotes the

reference from which the experimental

data have been taken (Appendix A.2).
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TABLE SET No. 1

Partial cross sections a and g ^ for H + A (Z » 5-18)

Notes:

1) The partial cross sections a - for

H + He2+ and an for H + A
Z+, with

Z > 13 are given in GRAPH.SET No. 2,

following this set of tables.

2) The references used in these tables are

given in Appendix A.1.



H - B 5 +

Reference 30, E - 5.0 keV/amu

o (10"16cm2) 2.10 49.6 13.0 0.140
n

Reference 30, E - 10.0 keV/arau

n 2 3

o (10~16cm2) 2.10 49.6 13.0 0.140

1 ° (10"16cm2)

0 0.0690
1 0.204
2 0.315
3 0.358
4 0.430

Reference 27, E - 25 keV/amu

an(10~16cm2) 0.518 10.3 10.3 0.855 0.473

I ant<10~16c.n2)

0 0.194 0.0878 0.113
1 1.18 0.846 0.126
2 5.94 2.97 0.180
3 6.19 0.475
4 0.0968



H - B 5 +

Reference 46, E - 0.49 keV/an

on(10 16cm2) 8.95 1.26

Reference 46, E - 1.0 keV/amu

onO<f16cm2) n . 6 0 # 8 8 6

Reference 46, E - 10.0 keV/amu

o (10 16cm2) 0.0190 15.1 0.284

Reference 46, E •• 25.0 keV/amu

on(10"16cm2) 0.104 15.4 0.179



H - B
5+

Reference 27, E - 32 keV/amu

On(10~l6cm2) 0.329 8.41 9.96 1.58 0.879 0.307

cm2)

0.
1.
5.

215
35
30

0.0679
1.30
3.18
4.88

0.182
0.353
0.545
0.679

Reference 39, E - 50 keV/amu

10

o (10 cm2)
n

0
1
2
3
4
5

0

a

0
0

.397

.532

.302

4.92

cm2)

0.110
1.04
3.38

6.13

0.0830
0.601
1.61
3.84

3.26

0.0890
0.360
0.727
1.31
0.889

1.65

0.0280
0.227
0.365
0.615
0.360
0.0100

l . l l

0.0220
0.135
0.186
0.320
0.212

0.512

0.0140
0.0840
0.129
0.191
0.0650

0.322

0.0440
0.0840
0.102
0.0550

0.214

Reference 27, E - 73 keV/amu

0.262 2.71 3.43 3.91 1.66 0.924 0.339 0-477

cm )

0.
0.
1.

0647
588
53

0.149
0.257
1.33
1.62

0.363
0.901
1.33
1.33

0.0308
0.194
0.319
0.671
0.477



Reference 46, E - 0.49 keV/arau

o (10~16cm2) I.00 44.3
n

0 0.324 10.9
1 0.508 19.4
2 0.157 10.9
3 2.17

Reference 46, E - 1.0 keV/amu

o (Uf 16cm2) 2.10 45.1
n

onl(10"16cm2)

0 0.691 11.4
1 1.08 19.7
2 0.343 11.1
3 2.21

Reference 46, E - 10.0 keV/amu

o acT16cm2l 5.95 31.2
n

Reference 46, E - 25.0 keV/amu

a (10"16cm2) 6.91 24.0
n



H - C 6 +

Reference 39, E - 25 keV/amu

10 11

(10"l6cm2) 0.0695 5.49 16.8 3.76 0.842 0.376 0.141 0.0868 0.0497 0.0189

Reference 39, E - 50 keV/arau

10

0.142 2.91 7.10 6.01 3.06 1.36 0.747 0.492 0.315

0
1
2
3
4
5

0.0380
0.0820

0.113
0.678
1.67

0.0980
0.452
1.24
3.98

0.0678
0.267
0.758
1.35
2.15

0.0270
0.192
0.439
0.584
1.01
0.404

0.0940
0.216
0.342
0.463
0.263

0.0560
0.104
0.219
0.309
0.171

0.0260
0.0880
0.174
0.135
0.119

0.0200
0.0560
0.0904
0.133
0.0640

Reference 39, E - 50 keV/anm (continued)

11 12 13 14 15

a (10"16cm2) 0.233 0.138 0.0945 0.0916 0.0549
n



H - C6+

Reference 39, E - 75 keV/amu

n 2 3 * 5 6 7 8 9 10

on(10"16cm2) 0.125 1.64 3.28 2.97 2.19 1.50 1.03 0.700 0.475

Reference 39, E « 75 keV/amu (continued)

n 11 12 13 14 __ 15

a (10~I6cm2) 0.402 0.286 0.232 0.184 0.140

n

Reference 39, E - 100 keV/amu

n 2 3 4 5 6 7 8 9 10

o (10~16cra2) 0.116 0.851 1.43 1.51 1.19 0.903 0.647 0.467 0-352

n

Reference 39, E » 100 keV/amu (continued)

n 11 12 13 14 15

o (10~16cm2) 0.290 0.225 0.192 0.166 0-116
n



H - C
6+

Reference 41, E - 0.013 keV/amu

o (10~16cm2) 0.470

0 0.064
1 0.047
2 0.168
3 0.192
4

Reference 41, E - 0.053 keV/anu

o (10~16cm2)
n

t

0
1
2
3
4

3.82 0.390

Ont(10"16cm2)

0.432
1.17
1.24
0.982

0.0386
0.0628
0.101
0.132
0.0558

Reference 41, E - 0.135 keV/amu

on(10 16cm2) 11.0 3.28

on£(10"l6cm2)

0.901
2.37
2.87
4.85

0.262
0.299
0.499
1.16
1.06

Reference 41, E - 0.21 keV/amu

n 4 5

0 aO"16™2) 16.2 4.80

0
1
2
3
4

1.17
3.32
3.24
8.48

0.480
0.667
0.835
1.43
1.39

Reference 41, E - 0.64 keV/amu

n 4 5

.-16 2on(10"16cm2) 29.9 6.45

0-16cm2)

0 1.85 0.652
1 5.76 0.897
2 10.1 1.86
3 12.2 2.06
4 0.980

Reference 41, E - 1.32 keV/amu

n 2 3

o (10"16cni2)n 0.02 37.4

<* (10 cm )

0.0046 2-40
0.0093 8.39
0.0062 13.3

13.3

6.62

0.947
1.93
1.91
1.29
0.536



u - c
6+

Reference 41, E - 2.96 keV/amu

°nU0~ l 6a»2) 38.1 7.76

o ,(10"1 6cm2)

2.21 0.310
7.54 1.13

14.5 1.53
14.0 2.22

2.57

Reference 41, E - 5.26 keV/amu

On(10"16cm2) 1.07 36.6 9.47

0
n

0.
0.

o.

290
503
277

16cm2)

1.83
6.92
14.0
13.9

0.237
0.663
1-28
2.95
4.34

Reference 41, E - 11.8 keV/amu

On(10" l6cm2) 2.13 29.0 12.5

OnJt(10"16cm2)

0 O.34S
1 0.931
2 0.852
3
4

0.957 0.175
3.77 0.501
8.64 1.29

15.6 3-09
7.45

Reference 41, E - 21.0 keV/amu

n 3 4

onUO~16cm2) 2.24

0.237
0.746
1.26

23.4

6cm2)

0.656
2-43
7.12

13.2

5

12-2

0-134
0.549
1-32
2.99
7.21

Reference 41, E - 27.4 keV/amu

o (10~16cm2) 1.96 20.3

i. an| l(10"16cm2)

12.3

0
1
2
3
4

0.167
0.566
1-23

0.466
1.84
6.18
11.8

0.160
0-664
1.29
2.93
7.25



H - N
7+

Reference 46, E - 0.49 keV/amu

20.0 21.6

Reference 46, E - 1.0 keV/amu

on(10~16cm2) 22.9 15.8

Reference 39, E - 50 keV/amu

10 11

an(10"16cm2) 1.41 6.89 7.55 5.24 2.51 1.15 0.740 0.413 0.285

onl(10~16an2)

0.0710 0.101
0.466 0.562
0.859 2.04

4.42

0.0380
0.427
1.19
1.79
4.51

0.0290
0.238
0.592
0.959
1.35
1.88

0.0250
0-0990
0.231
0.373
0.684
0.895
0.173

0.0630
0.128
0.176
0.292
0.334
0.0750

0.0260
0.0480
0.108
0.221
0.251
0.0560

0.0140
0.0380
0.0760
0.160
0.112
0.0290



H - 0
8+

Reference 46, E - 0.49 keV/amu

a (10'16cm2) 3.51 57.5
n

1.08

0.862
1.59
0.877
0.171

cm2)

11.5
22.8
16.0
5.61
0.814

0.177
0.328
0.300
0.144
0.0366

Reference 46, E - 1.0 keV/amu

o (10"16cm2) 5.99 55.5
n

0.760

I on]l(10"16cra2)

0 1.50 10.8 0-120
1 2.68 21.7 0.265
2 1.48 15.5 0.208
3 0.291 5-28 0.101
4 0-765 0.258

Reference 46,E - 10 keV/amu

a (10"16cm2) 12.9n 35.4 0.245

Reference 46, E - 25 keV/amu

o (10 16cra2)n

*

0
1
2
3
4
5

14.4

0.914
2.750
4.560
6.210

26.7

en2)

1.10
3.27
5.36
7.54
9.65

0.156

0.0401
0.119
0.198
0.278
0.363
0.446



H - 0 8 +

Reference 39, E - 50 keV/anm

10 11

o (10"16cm2)n 0.548 5.09 10.00 7.89 4.33 1.95 0.989 0.604 0.321

0.0560
0.161
0.339

6cm2)

0.0730
0.585
1.53
2.69

0.0510
0.426
1.20
2.10
5.25

0.0230
0.326
0.736
1.13
1.76
3.60

0.145
0.417
0.484
0.848
1.27
1.10

0.0710
0-133
0.261
0.487
0.576
0.460

0.0220
0.0710
0.194
0.257
0.254
0.204

0.0130
0.0390
0.0520
0.142
0.155
0.141

0.0130

Reference 39, E - 100 keV/anu

10

On(10"16cm2) Q.387 1.35 2.41 2.31 1.96 1.58 1.18 0.908

Reference 39, E - 100 keV/amu

11 12 13 14 15

o (10 16cm2) 0.724 0.665
n

0.421 0.350 0.258



Reference 46, E - 0.49 keV/amu

on(10" cm ) 0.0400 32.4 39.6 0.0250

Reference 46, E - 1.0 keV/amu

On(10" cm ) 0.239 35.8 29.5 0.0174

Reference 39, E - 50 keV/amu

n 3 4 5 6 7 8 9 10 11

0 (10"I6cm2)

I

0
1
2
3
4
5
6
7

0.213

v<10'
0.0220
0.0450
0.135

0.321

1- 2.cm )

0.107
0.485
0.910
1.58

9.38

0.0800
0.450
1.32
2.57
4.67

10.4

0.0440
0.430
0.890
1.35
2.08
5-41

6.75

0.232
0.567
0.638
0.998
1.71
2.86

2.88

0.0800
0.143
0.183
0.500
0.654
0.930
0.452

1.34

0.0270
0.106
0.123
0.337
0.492
0.216

0.873

0.164
0.289
0.145

0.562



H - Ne
10+

Reference 46, E - 0.49 keV/amu

o (10"16cm2) 9.33 69.9
n

5.90 0.0800

Reference 46, E - 1.0 keV/amu

on(10"
16cn.2) 13.6 64.0 4.18 0.0580

4

0
1
2
3
4
5

°nt(1°
2.69
5.30
3.94
1.39
0.197

16 2.cm )

10.7
21.3
18.7
8.98
2.26
0.255

0.582
1.34
1.26
0-680
0.244
0.0479

0.0159
0.0159
0.0102

Reference 46, E - 10.0 keV/amu

o (10 cm2)n

I

0
1
2
3
4
5

0.700 23.0

o ,(10"16cm2)

0.173
0.301
0.169
0.0337

36.5

4.73
8.94
6.50
2.32
0.319

1.38

6.18
13.2
10.5
5.18
1.32
0.146

0.019

0.192
0.424
0.389
0.222
0.0778
0.0155



H - Ne+l°

Reference 46, E - 25.0 keV/arau

4 5 6 7 8

on(10"16cm2) 1.84 23.8 26.8 0.880 0.0120

0
1
2
3
4
5

0.118
0.345
0.580
0.812

0.962
2.89
4.75
6.60
8.49

0.759
2.23
3.66
5.11
6.61
7.94

Reference 26, E - 1.0 keV/amu

On(10 cm ) 0.0516 0.421 4.11 12.8 52-1

I

0

1
2
3
4
5

a
X

0.
0.
0456
00603

6cm2)

0.
0.
0.

220
150
0500

0.0490
1.32
1.95
0.790

2.
4.
3.
2.
0.

07
10
70
15
76

4.87
13.9
11.8
12.5
6.87
2.23

Reference 26, E - 5.0 keV/amu

on(10~
16cm2) 0.200 14.2 88.9 1430 4220



H - Ne
10+

Reference 26, E - 10.0 keV/amu

on(10" cm2) 0.00400 19.4 193 1590 2930 867 81.5

Reference 26, E - 25.0 keV ami

n 2 3

on(10"1 cm2) 0.0760 83.6 359 1270 1880 1230 557 192

0
1
2
3
4
5
6
7
8

0.000066
0.000749

0 .
0 .
0 .

376
214
199

0.432
1.11
1.29
0.844

0.627
1.99
3.28
3-97
2.71

0.224
0.819
1.94
3.69
5.90
5.77

0.0709
0.281
0.548
0.990
1.76
3.25
5.57

0.0275
0.0898
0.164
0.261
0.432
0.701
1.17
2.61

0.00780
0.0267
0.0446
0.0737
0.122
0-196
0.292
0.482
0.841

Reference 26, E - 50 keV/amu

on(10~16cm2) 0.340 80.1 299 688 902 823 632 421

10

274

Reference 26, E - 100 keV/amu

n 2 3

on(10 16cm2) 0.805 46.4 151

5

266

6

321 296 255

9

214

10

169



II - Ne
10+

Reference 26, £ - 200 keV/aau

10

on(10"1 6cm2) 1.01 20-1 47.2 65.4 69.2 62.5 52.7 43.5 35.4

Reference 26, E - 500 keV/aou

10

0.421 2.33 3.14 3.16 2.76 2.16 1.77 1.43 1.11

I

0
1
2
3
4
5
6
7
8

a (10

0.204
0.215

6 2,cm )

0.363
0-293
1.67

0.163
0.231
0.890
2.02

0-132
0.179
0.563
1.51
0.901

0.102
0.134
0.396
1.12
0.845
0.261

0.0708
0.0961
0.274
0.772
0.696
0-278
0.0407

0.0539
0.0739
0-209
0.612
0.569
0.269
0.0639
0.00590

0.0432
0.0557
0.157
0.438
0.432
0.227
0.0717
0.0102

0.0337
0.0413
0.114
0.334
0-333
0.177
0.0565
0.0112
0-00112

Reference 26, E - 1000 keV/amu

a ( 1 O " 1 6 C D 2 ) 0.0870 0.205
n

0.195 0.150 0.107 0.0770 0.0560

Reference 26, E - 2000 keV/amu

o (10"16cm2) 0.0100 0.0110
n

0.00700 0.00500 0.00300



H - Ne
10+

Reference 39. E - 50 keV/amu

10 11 12 13

on(10'
l6cn.2) 1.51 7.50 11.6 10.2 4.94 2.27 1.11 0.670 0.379 0.289

1

0
1
2
3
4
5
6
7
8

0 .
0 .
0 .
0 .

0860
213
459
729

l6cm2)

0.0450
0.484
1.39
2.41
3.21

0.0350
0.366
0.956
1.48
2.67
5.97

0.0150
0-271
0.747
0.993
1.20
2.11
4.57

0.0810
0.237
0.330
0.420
0.728
1.28
1.58

0.0340
0.0770
0.125
0.415
0.600
0.811
0.150

0.0200
0.110
0.159
0.309
0.365
0.0920

0.0690
0.0890
0.194
0.204
0.0600

Reference 39, E - 100 keV/amu

o (10 16cm2) 0.801
n

1.99 2.87 3.07

Reference 39, E - 100 keV/amu (continued)

10 11 12 13 14 15 16

a (10"16cm2)
n

i

0
1
2
3
4
5
6
7
8
9

2.68 2.42

ont(10-16c»2)

0.0100
0.0680
0.134
0.221
0.398
0.562
0.700
0.483

1.85

0.00200
10.5
0.0340
0.00950

1.54 1.25

0.0200
0.0400
0.0670
0.110
0.166
0.263
0.313
0.219
0.147

0.965 0.758 0.630 0.525



H - SI
14+

Reference 46, E - 1.0 keV/amu

Reference 46, E - 10.0 keV/amu

o (10"16cra2)n 10.9 43.5 33.1

Reference 46, E - 25 keV/amu

3.80

10

t

0
1
2
3
4
5
6
7

V(1°"
0.214
0.465
0.393
0.177
0.0454

l6cm2)

5.88
13.0
12.0
6.82
2.43
0-486
0.0431

8.40
19.9
20.1
12.8
5.54
1.56
0.259
0.0194

1.24
2.92
3.17
2.20
1.07
0.383
0.0432

0.0116
0.0292
0.0321
0.0243
0.0132

10

0.0400

I

0
1
2
3
4
5
6
7

°nt(1°"
1.77
3.75
3.14
1.46
0.385
0.0409

cm2)

6.33
13.8
12.5
7.15
2.52
0.507
0.0400

4.06
9.44
9.47
6.13
2.79
0.732
0.123
0.0100

0.412
1.03
1.08
0.746
0.385
0.126
0.0297

0.00950
0.0104

o (10~16cm2) 15.4n

7

38.3 23.2 2.44

10

0.0250



H - SI
14+

Reference 46, E - 25 keV/amu

10

on(10"
16cm2) 17.8 33.3 17.6 1.75 0.0180

Reference 39, E - 100 keV/amu

on(10'
16cm2) 0.754 2.01 3.82 4.73 4.85

10

4.65

11

3.81

12

3.22

onl(10"
16cm2)

0
1
2
3
4
5
6
7
8
9
10
11

0.0130
0.07.70
0.192
0.244
0.365
0.620
0.914
2.27

0.0640
0.219
0.205
0.257
0.352
0.592
0.740
1.03
1.11

0.0450
0.0920
0.0960
0.180
0.239
0.291
0.328
0.546
0.767
0.642
0.0660

Reference 39, E - 100 keV/amu (continued)

n 13 14 15 16 17

on(10"
16cm2) 2.56 2.17 1.76 1.42 1.23

18

1.06

19

0.874



B - S i U +

Reference 26, E » 5.0 keV/amu

n 2 3 4 5 6 7 8

on(10~ cm ) 0.191 3.51 24.2 85-3 339 3160 3670

Reference 26, E - 10 keV/ami

n 2 3 4 5 6 7 8

on(10 cm ) 0.00200 1.06 8.00 61.7 609 2690 3080

Reference 26, E - 25 keV/amu

» 3 4 5 6 7 8 9 10

on(10 cm ) 5.89 74.3 292 902 1780 2050 1400 689

Reference 26, E - 50 keV/amu

n 3 4 5 6 7 8 9 10

— 1 f* 0

On(10 cm ) 15.9 80.9 265 608 993 1140 1040 779

Reference 26, E - 100 keV/amu

n 2 3 * 5 6 7 8 9 10 11 12

on(10"
16cm2) 0.00800 8.14 68.7 175 311 417 453 435 400 332 262



H - S 1 U +

Reference 26, E - 200 keV/amu

n 3 4 5 6 7 8 9 10 11 12

on(10"16cm2) 6.97 32.7 68.3 95.8 106 106 102 91.3 80.1 69-9

Reference 26, E - 500 keV/amu

n 2 3 4 5 6 7 8 9 10 11

— 1 (\ f

o (10 cm ) 0.0700 1.52 4.18 5.83 6.54 6-24 5.43 4.67 3.77 3.13

Reference 26, E - 1000 keV/amu

n 2 3 4 5 6 7 8 9 10 11

On(10"16cm2) 0.0450 0.269 0.414 0.429 0.363 0.295 0.236 0.189 0-147 0.116

Reference 26, E - 2000 keV/amu

n 2 3 4 5 6 7 8 9 10 11

o (10~16cm2) 0.0110 0.0220 0.0220 0.0170 0.0120 0.00800 0.00700 0.00600 0.00500 0.00400
n



H - Ar
18+

Reference A6, E - 0.49 keV/amu

°n(10"
16cm2) 2.47 53.3 82.6

10

17.5

11

0.488

Reference 46, E - 1.0 IceV/amu

n 6 7 8

°n(10~l6cm2) 0.0109 5-88 58.0 67.4

10

12.7

11

0.344

Reference 39, E - 100 keV/amu

On(10"
I6cm2) 0.287 1.19

on|l(10"
l6cD2)

2.81

0
1
2
3
4
5
6
7
8
9
10
11

Reference 39, E - 100 keV/anu (conclnued)

n 13 14 15

4.83

0.0160
0.0830
0.164
0.317
0.297
0.442
0.982
1.33

5.70

10

5.95

0.0780
0.239
0.249
0.327
0.537
0.542
0.940
1.25
2.67

11

5.59

12

4.44

16 17 18 19

0-0850
0.198
0.255
0.324
0.422
0.626
0.765
0.767
1.48
1.68

20

3 ' 7 9 3.05 2.31 2.38 1-79 1.43 1.33 1.06



GRAPH. SET No. 2

2+

1) Partial cross sections gfffl for the H + He system

2) Partial cross section an for the H + A systems,

with Z ^ 13

Note: The theoretical references are given

in Appendix A.I; the experimental

references (supplemented by E) are

given in Appendix A.2.
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GRAPH SET No. 3

Evaluated total charge exchange cross sections for the

hydrogen atom-incompletely stripped ions

Note: References after the symbol in the

Legend are given in Appendix B. The

reference number . $8 supplemented by a

letter E denotes the reference from

which the experimental data have been

taken (Appendix B.2).
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