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A reduced coupling matrix-element formula has been developed for application to the class of reactions
AY* + B—A'*"' 4+ B™, where 4 < z < 54. The reduced coupling matrix elements have been combined with an
absorbing-sphere model based on the Landau-Zener method to obtain a relatively simple formalism for
obtaining the electron transfer total cross sections. The method assumes a large number of final product
channels available for reaction and is applicable for relative velocities v, < 1 X 10® cm/sec. For such electron
transfer reactions, the cross sections at a given velocity are dependent primarily on the charge state of the
incident ion and the ionization potential of the target atom,; also, for a given colliding pair, the cross section is
found to be almost independent of the relative velocity. Cross sections have been calculated for H, He, Ne,
Ar, Kr, Xe, and H, targets. For the cases of H, and Ar there are experimental data available; the comparison

between theory and experiment is quite favorable.

I. INTRODUCTION

The study of electron transfer between partially
and fully stripped ions colliding with neutral spe-
cies is a topic of much current research activity.
Some of the early motivation arose because of the
possibility of using the reaction

A**+ B-A*'4+B* (1)

as the basis for an x-ray laser,! since the cross
sections are large and A**"! is predominately pro-
duced in highly excited Rydberg states which ra-
diate in the vuv and x-ray region. Further in-
terest has been stimulated by the tokamak re-
search program where charge-exchange collisions
of stripped ion impurities with deuterium atoms in
the fusion plasma can lead to significant radiation
cooling losses.?

In the collision velocity region of interest to the
above problems, v < 1x10® cm/sec, very little
theoretical or experimental research has been
conducted. Experimental programs have been
severely hampered by the difficulty of producing
ions in high-charge states at low collision vel-
ocities, while theoretical work has been limited by
the inadequate knowledge of the potential energy
curves and coupling matrix elements for reactions
of the type (1).

Recently, we have used the Landau- Zener theory
modified for application to multicrossing systems
to calculate electron-capture cross sections for a
number of fully-stripped-ion—hydrogen-atom col-
lision systems.** For these one-electron diatomic
molecule (OEDM) systems, reasonably accurate
values of the relevant radial coupling matrix ele-
ments could be quickly and easily obtained. For
many purposes, one can approximate the more
general collision systems represented in Reaction
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(1) as one-electron systems in which an active
electron can move between relatively inert centers
of charges + 1 and +z, respectively. This is
justifiable because of the long-range nature of the
capture process for these multicharged ions.

We have taken advantage of this concept in the
development of an approximate theory that can
be used to predict cross sections for Reaction (1)
with reasonable accuracy. In order to accomplish
this, we have computed a large number of the
OEDM coupling matrix elements which were then
parameterized in terms of the charge z of the
initial ion and the internuclear distance at which
they were evaluated. By using these matrix ele-
ments and an extension of the Landau- Zener
method applied to the case where there is a large
number of curve crossings (absorbing sphere
model), we find it is possible to evaluate the cross
sections rapidly for large classes of colliding sys-
tems. Because of the approximations made, the
method is most applicable to electron exchange re-
actions where z is large (z = 10) or to cases at
lower z where there are a large number of A**!
excited levels available for reaction.

II. THEORY

In order to explain the collision mechanism for
Reaction (1), a schematic of the interacting po-
tential energy curves is shown in Fig. 1. The
initial channel, that of A**+ B, is slightly attractive
at large internuclear distances owing to a polar-
ization interaction between the ion and atom, and
has a repulsive wall located at small internuclear
distances. The product channels of A**!+ B*, in
turn, have very repulsive Coulomb forms (z - 1)/R,
and cross the initial state. Strong coupling occurs
at these curve crossings which leads to the elec-
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FIG. 1. Schematic diagram for the potential curves of
the electron transfer reaction: A** +B—A*2~-14B*,

tron transfer. Moreover, for sufficiently high z,
the number of curve crossing becomes very large
because of the great number of A**"'* + B* states
that cross the A*#+ B potential curve.

The large number of curve crossings allows us
to make certain simplifying assumptions on how
to calculate the cross sections. As a starting
point, we can look at the Landau- Zener transition
probability that the colliding particles will remain
on the A*?+ B potential curve at a curve crossing.
The formula is given by

p=exp(-2mH%,/AFv,,,) , @)

where H,, is one half the adiabatic splitting at the
curve crossing R,, AF is the difference in slopes
of the diabatic potential energy curves at R,, and
¥.aq 1S the radial velocity at R,. From numerical
work on electron transfer for ion-ion mutual neu-
tralization (an analogous process in that the initial
state is an attractive Coulomb potential that is
crossed by the relatively flat potential curves of the
neutral products), we have found that for a system
where there are a large number of crossing states,
an absorbing-sphere model can be accurately
employed.® That is, we assume unit probability
for reaction inside some critical distance R, de-
termined by the crossing parameters. The charge-
exchange cross section is then simply given by

Q=1R2. 3)

From the previous numerical work,” we know that
the conditions for obtaining R, are given by

0.15=27H%,(R,)/AF(R,) v, , (4)

where v, is the incident velocity. Since the region
of strong interaction occurs at large internuclear
distances, it is reasonable to represent AF of Eq.
(4) by

AF=(z-1)/R?, (5)

where it is assumed that the dominant potential
forms are a constant interaction for the initial
state and a repulsive Coulomb form for the pro-
duct states.

As always, the most difficult problem is in de-
veloping a formulation for the coupling matrix
elements that can be easily applied from case to
case. The first step was to obtain the H,,’s for
a large number of stripped-ion—-atomic-hydrogen
systems. These were determined, in an extension
of previous calculations,** from an analysis of the
pseudocrossings observed in the exact adiabatic
potential curves derived for each system using the
OEDM program of Power.® The range of z in these
computations was from 4 to 54. The next step was
to find a suitable functional form for these param-
eters. Recognizing that the matrix elements must
decrease exponentially, we arrived, after much
trial and error, at the reduced parameters

Hr2=zl/2H12
and
RY=R/2'/*, (6)

where all quantities are in a.u. A semilog plot of
these quantities is shown in Fig. 2. The average
error from the derived functional form

Hl,=9.13 exp(- 1.324R }) )

is only 17%. For systems where the target is not
atomic hydrogen, it seems reasonable to multiply
the exponential portion of Eq. (7) by

a=[I,(ev)/13.6]"/2, (8)

where I, is the ionization potential of the target
atom.™® For molecular targets, a further mod-
ification is to multiply Eq. (7) by the square root
of the Franck-Condon factor ¢ for the specific
transition between vibrational levels.® Thus, a
generalized functional form for the coupling ma-
trix element is

Hr2=9-13q1/2e-1.324ant. 9)

We may combine Eqs. (4), (5), and (9) to derive
the relation from which R, may be determined:

R2e~2018aRe/2/ % _ 5 864 x 10z (z — 1)v,/q. (10)

The cross section can then be easily obtained from
Eq. (3) provided that there are a large number of
curve crossings at the internuclear separation
around R_. If this condition does not hold at the
calculated value of R,, one can still obtain practi-
cal estimates of the cross section by a slight mod-
ification of the procedure. In this case, one sub-
stitutes a smaller value for R, in the evaluation

of @, usually corresponding to an appropriate
inner crossing close to a localized group of cross-
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FIG. 2. Reduced radial coupling matrix plot (zV2H,,
vs R,/z"?) for fully stripped ions colliding with atomic
hydrogen. The matrix elements were obtained from an
analysis of the pseudocrossings observed in the adiabatic
curves for each system (Ref. 6). The charge state range
covered is from 2 =4 to 54. Hy,and R, are ina. u,

ings. The probable error in the computed cross
sections must increase significantly in such cases.
Even for systems involving stripped ions of low z
colliding with atomic hydrogen, where the addition-
al symmetry for two-center Coulomb problems re-
duces considerably the number of interacting cross-
ings, application of the present model can lead to use-
ful results. Inthis case, one substitutes for the value
of R, calculated from Eq. (10), the nearest inner-
crossing radius. One would expect the cross sec-
tion obtained with this absorbing-sphere model to
be considerably higher than the previously obtained
Landau- Zener results.® However, the approach is
not unreasonable when one considers that the
Landau- Zener method with its neglect of quantum
tunneling and transitions due to rotational coupling,
actually gives a lower limit cross section.

In connection with the above, one should note that
although the present model is based essentially on
a radial coupling mechanism, contributions due to
rotational coupling are also implicitly included in
the cross-section calculations. In fact, one would
expect that a significant portion of the unit proba-
bility for a reaction within R, would be due to pro-

duct states being formed via the rotational coupling
mechanism. However, since the rotational L, ma-
trix element is directly related to the overlap in-
tegral between molecular states of the same sym-
metry, it seems improbable that significant rota-
tional coupling would occur at internuclear dis-
tances greater than R, where the overlap becomes
negligible.

For fully stripped ions colliding with an atomic
hydrogen or deuterium target, the crossing dis-
tances may be simply evaluated for a given ex-
citation level n of the one-electron ion formed by
the use of

2(z-1)
Rx'—"('z7'n—)2_—1 . (11)

In Eq. (11), the same assumptions were made as
were utilized in Eq. (5). For cases where the re-
actant ion is partially stripped, it is necessary to
resort to the use of tabulated energy levels.'®

III. CROSS-SECTION CALCULATIONS

The formulas presented in Sec. II can be applied
to a variety of collision systems. Unfortunately,
however, experimental data are not presently
available for what are probably the most interest-
ing systems, those of multicharged ions colliding
with atomic-hydrogen or deuterium targets.
Therefore, besides calculating cross sections
for atomic hydrogen targets, we have also cal-
culated cross sections for H,, He, Ne, Ar, Kr,
and Xe targets where data are becoming available.
Thus, in the near future it will be possible to
make a critical comparison between theory and
experiment.

A. Atomic-hydrogen target

Although there are no experimental data, the
atomic-hydrogen target cross sections are prob-
ably of most interest. Since much of this interest
is concerned with fully stripped ions where the
one-electron ions, resulting from the charge
transfer, have relatively widely separately energy
levels, especially for the low z ions, it is es-
sential to first construct an R,-vs-z plot. The
curve crossings for the various excited product
states are then calculated to ascertain whether a
high density of curve crossings is available for
reaction at internuclear distances in the vicinity
of R.. If this is not the case, then an estimate of
the cross section may be obtained by choosing a
reduced value of R, that is consistent with the
curve-crossing information.

A plot of R, vs z for an atomic hydrogen or de-
uterium target at a relative velocity of 7 x 107
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FIG. 3. Absorbing-sphere radius R, vs z for an
atomic-hydrogen target at a relative velocity of
7x 10" em/sec.

cm/sec is shown in Fig. 3. It is interesting to
note that electron capture can be expected to occur
at reasonably large internuclear distances, being
on the order of 10 a, for collisions of multicharged
ions with a z of 7 and increasing to 20a, for a z
of 50, where a, is the Bohr radius. R, vs z can
be conveniently converted to .., vs z using Eq.
(3) in order to obtain an idea of the possible mag-
nitudes of the cross sections (Fig. 4). It is seen
that the cross sections can be large, and will
normally be on the order of 10°!* cm? for z = 10.
For specific cases, particularly low-z ions, the
actual cross sections will vary below the values
given, but for the high-z ions, the condition that
a large density of product crossing states be pres-
ent is satisfied, so that the @,,, values of Fig. 4
should correspond closely to the actual cross
sections. If should be noted that the cross-section
dependence on z predicted by us for high-z ions
will be approximately linear with z, instead of z®
as predicted by Presnyakov and Ulantsev'! or as
is found for charge transfer at high velocities,'?
v 2 3 X10® cm/sec, by binary encounter methods.
Since the multicharged ions that can be produced
and used in an experiment at velocities v <1 X108
cm/sec are limited to z <10 for the near future,
we have also evaluated some cross sections for
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FIG. 4. Maximum cross section @, vs z for an
atomic-hydrogen target at a relative velocity of
7% 107 cm/sec.

partially to fully stripped C, N, and O colliding
with atomic hydrogen. The results are given in
Table I for a collision velocity of 7x 107 ¢cm/sec.
The cross sections are found to be large, @ >1071%
cm?; but do not follow any simple z-scaling rule.
For these low-z cases, particularly for fully
stripped ion collisions, the cross sections are
highly dependent on the molecular structure of the
colliding pair since a high density of curve cross-
ings is not available. In order to construct Table
I, it was necessary for the partially stripped ions
to resort to the atomic-energy levels of Moore'°
and the R, information given by Fig. 3. The Q_,,
values shown in Fig. 4 for these cases do not rep-
resent the actual cross sections but only indicate
upper limit cross sections for the various z
states. The estimated error limits shown in Table
I are based primarily on the available density of
crossing product states.

As expected, referring to our previous dis-
cussion, the present results for low-z fully
stripped ions, particularly C*® and O*%, are con-
siderably larger thanthe previously obtained
Landau- Zener cross sections.® A related obser-
vation is that the low-z z3/? dependence seen in
the Landau- Zener cross sections does not appear

TABLE I. One-electron transfer cross sections at» =7 x10" cm/sec for C*+2, N*#  and
O*#+ H collisions. Error limits are estimated to be +40 % for the partially stripped ions and
may be slightly larger for the fully stripped cases where there are only one or two curve

crossings available for reaction.

z Q(C*%) (1071% cm?)

QIN*%) (10715 cm?)

Q(0*%) (10715 cm?)

4.4
1.8
5.7

® 3 W B

3.8 2.6
1.6 6.6
5.8 5.3
3.0 3.0
7.0
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in the absorbing-sphere results. On the other
hand, as was noted previously, the absorbing-
sphere model predicts an approximately linear
dependence on z in the high-z region where it is
expected to be most accurate.

B. Molecular-hydrogen target

Molecular hydrogen is an interesting target gas
for a number of reasons. Reliable experimental
information is now becoming available for these
systems'® thus providing a reasonable test of the
theoretical approach. Comparison of the molecu-
lar-hydrogen calculations with the cross sections
for atomic hydrogen illustrates the differences to
be expected between atomic and molecular targets
of the same species. Interestingly enough, the
condition that there be a high density of crossings,
which is a requirement for application of the
absorbing- sphere model, is better satisfied for
molecular hydrogen than for atomic hydrogen.

In the former case, not only will there be a dis-
tribution of quantum levels available forthe pro-
duct high-z ion but also a distribution of vibra-
tional levels for the resulting H,".

The H, calculations are given at one velocity,
v=TX 10" em/sec, but since the calculated cross
sections are only larger by 12% at 5 x 107 cm/sec
and smaller by 12% at 10 X 107 ¢cm/sec, these val-
ues are appropriate for the velocity range of 5-10
x 107 cm/sec. The molecular target calculations
are complicated by the fact that the target Franck-
Condon factors and the various associated ioniza-
tion potentials must be included in the calculations,
and that a proper average must be taken over the
vibrational levels of the final state. Thus the com-
putational work involved is considerably greater
than for atomic target gases.

The results for ions of z=4-25 are shown in
Fig. 5 along with some data of Crandall'® for C**,
N*4, and O*# colliding with H,. The remarkably
good agreement observed gives us confidence in
our theoretical method. We should note that, in
our calculations, we have assumed that the H,
target gas is in its ground vibrational state, an
assumption which is valid at room temperature.
We do find, because of the more favorable Franck-
Condon factors, that the H," ions produced are
preferentially populated in the v =1-4 vibrational
levels.

The H, calculations (Fig. 5) may be compared to
the atomic H calculations (Fig. 4 and Table I) to
give some idea of the possible differences between
an atomic and molecular target of the same spec-
ies. For hydrogen, the molecular target yields
cross sections that are generally much smaller
than those for the atomic target, especially at z

=10. This results from two factors that reduce
the magnitude of the coupling matrix element [Eq.
(9)]. The first is the greater ionization potential
of H, relative to H, and the second is the presence
of the Franck-Condon factors in the molecular ma-
trix element. Thus, electron transfer cannot occur
at as large an internuclear separation for the mo-
lecular target as it can for the atomic target. This
trend will be valid for other atomic and molecular
species for z =210, as long as the ionization po-
tential of the molecular target is greater than the
ionization potential of the atomic target. If it is
less, it will be necessary to perform more de-
tailed calculations before a prediction can be
made.

C. He, Ne, Ar, Kr, and Xe targets

Rare-gas targets have also been included in our
calculations since data are becoming available
from Salzborn’s group.’*!S For the rare-gas
targets, there is, however, one major complica-
tion. It is that there is a high probability for more
than one electron to be transferred or ejected
during the collision. In fact, for Ar**-Ar collis-
ions, four-electron transfer cross sections have
been observed with magnitudes of @ = 107! cm?2.

In our model, we cannot differentiate between
one- and multielectron transfer processes other
than to say that the multielectron transfer for
systems where there is a large density of curve

Q (10715 cm?2)

FIG. 5. Electron transfer cross sections vs z for a
molecular-hydrogen target at a relative velocity of
7% 10" cm/sec. The data shown are from the work of
Crandall (Ref. 13) for the incident ions: C*#, solid
squares; N*? | solid circles; and O*?, solid triangles.
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crossings will be a subset of our calculated cross
section. This assumption is based on the fact that
the coupling matrix elements are much smaller for
multielectron exchange processes than for single-
electron exchange.'® Since we have also assumed
unit probability for electron transfer within some
critical distance R, conservation of unitarity of
the S matrix requires that our calculated cross
section can only be compared to the sum of all the
electron-loss processes.

With the above clarification in mind, total elec-
tron transfer cross sections for high-z ions
(z =4-25) colliding with rare-gas targets are shown
in Fig. 6. The trend for the heavier rare gases to
have larger cross sections thanthe lighter rare
gases is just reflected in the dependence of the
coupling matrix elements on the ionization po-
tential of the target [Eq. (9)]. The higher the ion-
ization potential, the smaller the coupling matrix
element is at a given internuclear separation and
the more difficult it is to remove the electron
from the target. The energy dependence of the
calculated cross sections is again slight, with the
cross sections being only 12% higher at 3.5 x 107
cm/sec and 12% lower at 8.5 X 10”7 ¢cm/sec than
the values shown in Fig. 6 at v=5.4% 10" cm/sec.

The data shown for the Ar system are taken
from the work of Klinger et al.** and were sub-
sequently readjusted by Salzborn'® to reflect a
more accurate determination of the target scatter-
ing length. These data are the sum of the single-
and multielectron cross sections. The agreement
is quite reasonable as was found for the H, sys-
tems.

IV. CONCLUDING REMARKS

A theoretical method has been developed to cal-
culate the electron transfer cross sections for
highly charged ions, z =4, colliding with neutral
species at velocities » < 1x 10° cm/sec. The ap-
plicability of the theory is contingent upon there
being available a high density of curve crossings
in the internuclear range around a critical distance
R, which is easily calculated. Because of this
requirement, the model is most applicable to
highly charged ions, z =10, although useful esti-
mates of the cross sections can be made for many
lower-z collisions. According to this theory, for
systems where the above requirement is met, the
capture cross sections are, at a given velocity,
dependent primarily on the charge state of the in-
cident ion (roughly linear with z in the high-z
range) and on the ionization potential of the target.
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FIG. 6. Electron transfer cross sections vs z for
He, Ne, Ar, Kr, and Xe targets at a relative velocity
of 5.4 x 107 cm/sec. The data shown (closed circles)
are the renormalized cross sections of Salzborn et al.
(Refs. 14 and 15) for Ar*? colliding with Ar, where we
have summed over the single- and multielectron transfer
cross sections.

The cross sections show very little dependence
upon collision velocity, at least in the 107-cm/sec
range.

We estimate that for ions of z =10, the cross
sections will have an accuracy of +40%. In some
cases where lower-z projectiles are involved, the
error will be considerably larger because of the
lack of sufficient curve crossings. However, the
specific systems where problems will arise can be
easily predicted in advance by calculating R, vs z
from the graphs shown. The value of R, can then
be compared to the curve crossings R, quickly
calculated from energy-level information to as-
certain whether the product states are available
for reaction. If not, the cross sections obtained
will be too large and a modified approach must be
followed as explained previously. So far, from the
limited amount of experimental data available, our
calculations have been shown to be very reason-
able estimates of the cross sections.

ACKNOWLEDGMENT

The authors would like to thank Dr. David Cran-
dall for providing us with some of his experimental
data prior to publication.




14 ELECTRON TRANSFER BETWEEN MULTICHARGED IONS... 585

*Research supported by NSF Grant No. DES74-23738
and ERDA Contract No. AT (04-3)-115,

A, V. Vinogradov and 1. I, Sobelman, Zh. Eksp. Teor.
Fiz. 63, 1919 (1972) [Sov. Phys.-JETP 36, 1115
(1973)1.

2B, Miller, R. W. Gould, E. A. Frieman, and A. W,
Trivelpiece, 1974 Review of the Reseavch Program
of the Division of Controlled Thermonuclear Research,
ERDA-39 (Energy Research and Development Admin-
istration, Washington, D.C., 1974), pp. 145-147.

SA. Salop and R. E. Olson, Phys. Rev. A 13, 1312 (1976).

“A. Salop, Phys. Rev. A 13, 1321 (1976).

‘R. E. Olson, J. Chem. Phys. 56, 2979 (1972).

3. D. Power, Philos. Trans. R. Soc. Lond. 274, 663
(1973). The program used in these computations is now
available as Program No. 233 from the Quantum Chem-
istry Program Exchange, Chemistry Department,
Indiana University, Bloomington, Ind. 47401.

'D. Rapp and W. E. Francis, J. Chem. Phys. 37, 2631
(1962).

8R. E. Olson, F. T. Smith, and E. Bauer, Appl. Opt.
10, 1848 (1971).

%J. L. Magee, Dis. Faraday Soc. 12, 33 (1952).

18c, E. Moore, Atomic Energy Levels, NBS Circ. No.
467 (U.S. GPO, Washington, D.C., 1949, 1952, 1958),
Vols. I, II, and III

11, P. Presnyakov and A. D. Ulantsev, Kvant. Elektron.
1, 2377 (1974) [Sov. J. Quantum Electron. 4, 1320
(1975)].

2y, D. Garcia, E. Gerjuoy, and J. E. Welker, Phys. Rev.
165, 72 (1968).

Bp. H. Crandall, Atomic Data for Nuclear Fusion, ed-
ited by C. F. Barnett and W. L. Wiese (Oak Ridge Natl.
Lab., Oak Ridge, Tenn., 1975), Vol. 1, Nos. 3 and 6.

14y, Klinger, A. Muller, and E. Salzborn, J. Phys. B 8,
230 (1975).

5E, Salzborn, IEEE Trans. Nucl. Sci. NS-23, 947 (1976).

18R. K. Janev, Zh. Eksp. Teor. Fiz. 52, 1221 (1967)

[Sov. Phys.-JETP 25, 812 (1967)].




