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Approximate cross sections for charge transfer between ground-state atomic hydrogen and completely stripped
ions of C, N, O, Ne, Si, and Ar have been obtained in the velocity range 6 X 106-7 X 107 cm/sec. In these
collisions, electron capture occurs predominantly into high-lying orbitals of the product heavy ion. The
calculations are made using the Landau-Zener theory modified for application to a multistate system. The
peak cross sections are found to increase by about a factor of 5 in going from C*¢ (~21 A to Art'® (~110
A?) and the cross-section curves tend to “flatten out” for the heavier ions where three or four crossings
contribute to the charge exchange. At the higher energies, the cross sections become roughly equal to

1.4 X 1071%Z %% cm?

I. INTRODUCTION

Collisional interactions of multicharged heavy
ions with atomic and molecular systems at keV
energies are of considerable importance in such
diverse fields as radiation research, controlled—
thermonuclear-fusion plasma studies, and multi-
charged heavy-ion source development. In recent
years, there has been an explosive growth of re-
search activities directed toward studying colli-
sions of multicharged ions at high-keV and MeV
energies which has been stimulated by the avail-
ability of ion sources and accelerators in this en-
ergy range.! However, comparatively little work,
either experimental or theoretical, has been done
at lower collision energies, where the lack of suit-
able multiply-charged ion sources has severely
limited laboratory investigations.

Recognizing the need for cross-section informa-
tion, we have begun a program to study theoreti-
cally some of these relatively-low-energy colli-
sional processes. In this paper we report the re-
sults of calculations of electron-capture cross
sections for collisions between hydrogen atoms
and several fully stripped heavy ions in the range
of velocities below the hydrogenic orbital velocity.
In these systems, capture occurs predominantly
into high-lying orbitals of the resultant ion and
the occurrence of well-defined distant curve
crossings which account for most of the charge
transfer makes it feasible to utilize hydrogenic
wave functions in the Landau-Zener model to ob-
tain reasonable estimates of the relevant cross
sections.

II. POTENTIAL CURVES

To demonstrate the approach followed, we will
refer specifically in the next tew paragraphs to
the representative capture reaction

C%+H~-C'm)+H", (1)

where n refers to a given quantum level for the
hydrogenic C**° ion.

The long-range interactions between the initial
collision pair H-C*® and between three possible
H*-C*5(n) reaction products in which the electron
is transferred during the collision ton=5, 4, or 3
orbitals of the C*® ion are depicted schematically
in Fig. 1. The asymptotic initial-state interaction
can, to first order, be represented by an attrac-
tive polarization potential, whereas the long-range
H*-C*5(n) interaction is dominated by the strong
Coulomb repulsion. Thus for the exothermic
processes shown, the curve crossings are seen to
occur at progressively smaller interatomic sep-
arations R with a decrease in n.

Actually, because the coupling-matrix elements
associated with the various transitions decrease
rapidly with increasing internuclear separation,
it was found necessary in practice to evaluate the
final-state electrostatic interactions more pre-
cisely. Thus the crossing distance R, correspond-
ing to electron transfer from H to C*°() is ob-
tained by solving the equation

H + C®*
H* + C% (n=5)

H*Y + C5 (n=4)

H* + C5 (n=3)

R

FIG. 1. Schematic representation of the long-range
potential interactions between C*® and H(1s) and between
three possible H* -C *°(n) collision partners.

1312



13 CHARGE EXCHANGE BETWEEN H(l1s) AND FULLY STRIPPED... 1313

77
T4R!"R,
+i 2 4[1'71’t2—3(n—1)2+19]+V =0 (2)
16\ZR, =

where the energy defect for these hydrogenic sys-
tems corresponding to level n is given by

AE=%Y(Z%/m?-1), (3)

where Z is the initial-state ion charge. The se-
cond term in Eq. (2) is the polarizability interac-
tion (second-order Stark interaction) for the initial
collision partners. The third term corresponds

to the nuclear Coulomb repulsion. The fourth term
is the second-order Stark interaction for the re-
sultant collision pair.? Finally, the quantity V,
represents the electrostatic interaction in the
final state between the proton and the electron.
The question of appropriate asymptotic wave func-
tions to be used in these determinations will be
discussed later.

It is of interest, in connection with application
of the Landau-Zener technique, to consider the
adiabatic potential curves for the (CH)*® system.
Of all possible (CH)*® potential curves, one can
identify a subset of “interacting” or “noncrossing
terms associated with the initial C*®-H(1s) state
which has o symmetry.® The usual interpretation
of the Wigner-Von Neumann noncrossing rule for
diatomic molecules®**® does not hold for these
one-electron diatomic-molecule systems but
must be modified in light of the additional symme-
try associated with the separability of the Schro-
dinger equation in prolate spheroidal coordinates
for such systems. The problem has been analyzed
in some detail by Power® and others.®*” A modi-
fied noncrossing rule emerging from the separa-
bility condition, and rules correlating united-
atom states and separated-atom states for one-
electron diatomic-molecule systems, have been
derived.®*® Some of the relevant “interacting”
potential curves for the H-C*® system are shown
in Fig. 2. The nuclear repulsion energies have
not been included in these calculations. The
curves were generated using a program developed
by Power® based on a separation of the Schrodinger
equation in prolate spheroidal (elliptical) coordin-
ates. The limiting forms for the elliptical coordin-
ates in the separated-atom limit (as the internu-
clear separation R — ) are parabolic coordinates.
It becomes appropriate in this limit to use hydro-
genic wave functions expressed in parabolic coor -
dinates with associated parabolic quantization
|n, n,, Ny, m), where n, and n, are the parabolic
quantum numbers and

»

n=n;+ny+|ml|+1. (4)
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FIG. 2. Set of “interacting” adiabatic-potential curves
associated with the C*-H(1s) collision systems showing
the characteristic pseudo crossings. The curves are
labeled on the left-hand side by the relevant united-atom
quantum numbers and on the right-hand side by the
separated-atom parabolic quantum numbers. The nu-
clear repulsion energies have not been included in these
curves. The separated-atom limit for the upper curve
corresponds to H(ls), whereas for each of the other
terms it corresponds to a C*(zn) level. For R > 20, the
two upper curves diverge and, in the asymptotic limit,
the level 5,0,4,0, of C*° lies below the level 1,0, 0, 0
of H.

The set of “interacting” o terms shown in Fig. 2
are labeled on the left-hand side by their united -
atom quantum numbers (z, [, m) which, according
to the modified noncrossing rule,® satisfy the con-
ditions

n-1-1=0and m=0, (5)

The curves are labeled on the right-hand side by
the correlated separated-atom parabolic quantum
numbers (n,n,,n, m) Withn, =m=0. The asympto-
tic limit for the upper curve corresponds to the
atomic hydrogen (1,0, 0, 0) state (equivalent to

the spherical -coordinate hydrogen 1s state). For
all other curves, the dissociation limit corre-
sponds to a C*®(n) level. Note that whereas the
Wigner -Von Neumann rule provides that all ¢
terms arising from a given asymptotic » level are
“interacting,” the one -electron diatomic -molecule
crossing rule is much more restrictive, specify-
ing in this case that only one of these, the term as-
sociated with the (7, 0,7 — 1, 0) separated-atom state,
is in this category. A set of clearly defined pseudo-
crossings is evident in Fig. 2. The diabatic curves
sketched in Fig. 1 can be obtained to a reasonable
approximation from the adiabatic curves of Fig. 2
by adding the nuclear repulsion Z /R to the adiaba-
tic terms and allowing the curves to cross in the
pseudocrossing regions. For comparison a simi-
lar set of interacting adiabatic potential curves

for the Ar*'®_H system is shown in Fig. 3.
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FIG. 3. Set of “interacting” adiabatic-potential curves
associated with the Ar*18-H(1s) collision system. The
dissociation limit for each of the curves corresponds to
an Art1"(n) level.

III. LANDAU-ZENER METHOD

According to the Landau-Zener model,®’ ! the
probability of a transition between two terms at
a pseudocrossing corresponding to internuclear
separation R, (or, equivalently, the probability of
remaining on the diabatic curve) is given by

b=exp(-21U%,/v,AF), (6)
where
d
AF :ﬁ (U1, ‘Uzz) IR=Rc (7

and the radial velocity at the crossing point is
v, =0[1 -U,,(R,)/E -b%/R2]12, (8)

Here U,,(R.) is the relevant coupling-matrix ele-
ment, v, and E are the initial relative velocity and
kinetic energy, respectively, U,,(R,) and U,,(R,)
are the diabatic potentials, and b is the impact
parameter.

For the case where there are only two states
(1 and 2) and a single crossing the total probability
of transition after the two transversals of the
crossing region during the collision is approxi-
mated by summing over the two possible ways
of making the transition. Thus [referring to Fig.
4(a)],

P, =2p(1-p). (9)

This expression can be generalized to the case
of N states and N -1 crossings by summing over
the possible paths necessary to make the transi-
tion from state 1 to state j where 2<j<N. It
should be recognized that by employing this tech-
nique of adding probabilities rather than ampli-
tudes, interference effects are neglected. The
procedure can be thought or as an averaging over
probability oscillations which arise as the collision
parameters are varied. Denoting the probabilities
of remaining on the diabatic curve at each cross-
ing, starting from the outermost crossing, as
Das DaseersDsy ... Dy [see Fig. 4(b)], we find that
the total probability of a transition occurring
from state 1 to state j corresponding to a crossing
separation R,; during a collision is given by

P” =(P2P3‘ * P,)(l -'Pj){l‘*'(piﬂ pj+2’ ° 'PN)z +(1 "pj-u)z +[pj+ 1(1 _pi+2)]2 +[pj+ lpf+z(1 —1)“3)]2

+oo [Py Piant " Py (1 —PN)]Z}, j<N-1,

= (P2P 3°° 'pN_l)(l—p)v_l)[l+PAzr+(1 —PN)Z ],
= 2png. ‘ .pN(l "/)N) ) j:N-

The generalization of Eqs. (6)—(8) to the multistate

system is obvious.

The coupling-matrix elements corresponding to
internuclear separation R are determined as dis-
cussed by Bates and Moiseiwitsch!! from the re-
lation

Ulj:’su(Pu -Bj) -0y |/(1—S”)2, (11)

where, referring to Fig. 5, the two-center inte-
grals S,;, py;, and 0,; are given by

Sljzf(pl(;l)<pf(;.i)d7.’ (12)
o= [ -———"”‘G‘)ff ©) e, (13)

(10)

j=N—19

-
p,,=f&‘r(’2dr. (14)
T 1

In Eq. (11), B; is the polarization energy (second-
order Stark energy) of the final-state heavy ion

in the field of the proton and was determined for
the relevant states using the expressions given by
Bethe and Salpeter.?

The appropriate asymptotic wave functions are
the hydrogenic parabolic wave functions corres-
ponding to the various potential curves as shown
in Fig. 2 for the C*% on H system with the listed
quantization.'?

It was found convenient for purposes of computa-
tion of the two-center integrals involved in the
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matrix-element determination to transform from

parabolic to spherical coordinates. Thus we ob-

tain for the parabolic wave functions of the final-
P ! state hydrogenic heavy ions (referring to Fig. 5
- for coordinate notation)

% = ln,O,n - 1y0>

2 _ 1 _1__ 3/2 ,~oar
(a) Vrn) m—-101® !
n-1 1

i=0
and for the ground state hydrogen atom

©,=11,0,0,0) =(1/Vm e (16)

Here o =Z/n and j is an ordering index, which,
appropos to the previous discussion, orders those
ion states to which transitions can take place from
highest to lowest in energy.

The matrix elements can then be evaluated ana-
lytically since each of the two-center integrals in-

N volved [Eqs. (12)-(14)] can be reduced to sums of
(b) terms involving integrals of the form jf"e'""dx
FIG. 4. Potential curve crossings. (a) Two states and (where m is an integer and p>0), each of which
one crossing, (b) N states and N-1 crossings. has a closed-form solution. Thus we find

27N . Rk (2z )
1./ 2" 1]rR’l E( 1)‘ ( > E —

{exp(ach[uau gR.,) - RoyI(@+1,g-1,R,,)|

®
-exp[(a-2)R,,] Z ('1)s< >(2Rc1)k *[L(a-1,d,R;)) = Ry L(a=1,d-1,R.))|
s

$=0

R

k -
. exp[(oe+2)RC,] Z (_1)s+k< )(ZRc;)“ ‘[11(a+1, d,2R;;) - R.;I,(a+1,d-1, ZRC,)]}, (17)
$=0 S
where
a=1, (18)
N=a"“/2/[1m‘/2(n—1)!], (19)
9 A H(1S) C*S
g=2(n=1)+k -1, (20) 6,(7) 9,(T)
d=2(n-1)+s -1, (21)

FIG. 5. Coordinate system for two-center integral
and the functions 7, and I, are given by computation.
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2 oml
11 ’ t -R+1 (22)
(v,m, u) = exp(-yu kZ },.. 4

and
12(7, m, u) :11(7, m, lt) - 11(7; m, 2u) . (23)

The integral 0,; is determined by exactly the
same expression, but with a =0.

Evaluation of the p,; integral produces a simi-
lar result, but so many terms are involved in the
summations that roundoff error becomes a prob-
lem in the final computation. To circumvent this
difficulty, a multipole expansion of the p,; integral
was made and the evaluation carried out term by
term. The expression converges rapidly enough
so that in all cases seven terms are sufficient for
a final determination accurate to within 1%.

Once the matrix elements are computed, the
cross sections may be determined in the conven-
tional impact-parameter formulation. Thus the
partial cross section for capture into a given level
of the resultant hydrogenic ion may be expressed
as

bg
szznf bP(b,E)db. (24)

Here b, is the limiting impact parameter for which
the distance of closest approach is equal to the
crossing separation R.; ,
b,=R.;[1-U,(R.))/E]'*. (25)
The total cross section for capture is finally
given by

Qc = Z Ql ’ (26)

where the summation is over all levels for which
there is appreciable transfer. In practice, for the
systems considered, it was found that in general
only a few crossings contributed significantly to
the overall charge transfer. For the most distant
crossings, the coupling is weak enough so that the
system can be considered to move along the initial
diabatic potential curve with small probability of
capture taking place. On the other hand, for close
crossings in the region of considerable overlap,
the coupling is so strong that again negligible net
electron transfer occurs.

IV. COMPUTATIONAL RESULTS AND DISCUSSION
A. Landau-Zener cross sections

Using these procedures, coupling-matrix ele-
ments and crossing separations for electron cap-
ture into various levels of final-state ions C*5,

*6. 0%7, Ne™, Si™!'?, and Ar*!” were computed
and are listed in the third and fourth columns of
Table I. These represent, for each of the ions,
the group of levels into which capture predomi-
nantly occurs. For C*®, the transfer takes place
primarily into the n =4 level, whereas for the
other ions considered two to four levels share in
the capture process.

Another important consideration to emphasize
here is that in accordance with the one-electron
diatomic-molecule noncrossing rule, for each of
these n levels, the transitions are primarily into
the parabolic states with n, =n —1. This implies
that the product ions are distributed over all of
the various I levels corresponding to a given n.
Because the wave functions of the hydrogenic ion
form a complete set in either parabolic or spher-
ical coordinates, the wave function in parabolic
coordinates ¢, ,,m can be expressed as a linear
combination of the wave functions in spherical
coordinates ¥ ,,. Thus, for example, the dis-
tribution in spherical coordinate states for the
resulting C*5(x) ion can be written'?

Pao3o =3¥ 00 = (B/VB) 4+ ¥, — (1 /‘[5)‘1’430] .
(27

Estimates of the coupling-matrix elements at
the crossings can also be obtained from the adia-
batic potential curves. These independent deter-
minations are of interest in that they provide a
reasonable check on the magnitudes of the matrix
elements obtained with atomic wave functions. In
a two-state system, if one assumes linearity of
the diabatic terms in the region of the avoided
crossing, it is a reasonable approximation to take
the matrix element as equal to one half the min-
imum’ separation between the adiabatic terms.!*
Estimates of a number of matrix elements and
crossing distances for several of the systems
studied were obtained by noting the internuclear
separations and curve separations corresponding
to the points of closest approach of the curves.
The assumption is made in this procedure that
only the two close-lying curves interact and that
the influence of other states can be neglected.
The values obtained are also listed in Table I
where they are compared with the same quantities
computed using formulas (2) and (11). In general,
the two sets of the matrix elements are in reason-
able agreement considering the differences in the
two approaches. It should be noted that the total
capture cross sections are dominated by the con-
tributions from the more distant crossings where
the use of atomic wave functions is expected to be
valid. The values of the computed crossing separa-
tions R.; are, in general, smaller than those ob-
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TABLE 1. Coupling-matrix elements and crossing separations for electron capture from
H(1s) into various final-state levels. The unprimed quantities were obtained by direct com-
putation. The primed quantities were derived from an analysis of the pseudocrossings ob-
served in the adiabatic-potential curves for each system (Ref. 8). The number in parentheses
associated with each Uy; and U{; value is the power of 10 which multiplies it.

UlJ ch Ul’J Réi
Final-state ion n level (a.u.) (a.u.) (a.u.) (a.u.)
c*s 4 5.09 (-2) 7.3 5.0 (-2) 8.1
N*é 5 9.19 (-3) 11.4 1.2 (-2) 11.6
4 9.57 (—2) 5.7 1.2 (=1) 6.4
o+’ 6 6.60 (—4) 16.8 9.8 (—4) 16.87
5 4.78 (-2) 8.3 5.0 (=2) 8.9
4 1.07 (-1) 5.0 1.9 (1) 5.4
Ne*? 7 1.96 (-3) 16.2 3.0 (=3)° 16.17
6 4.13 (-2) 9.4 4.6 (-2) 10.0
5 9.93 (-2) 6.1 1.5 (=1) 6.5
Si*13 9 3.35 (-3) 17.3 5.3 (=3)? 17.2°
8 2.89 (=2) 11.9 3.5 (=2)° 12.2?
7 7.59 (=2) 8.4 9.8 (-2) 8.9
Arti? 11 3.06 (—3) 19.3 5.0 (-3)? 19.27
10 1.92 (-2) 14.4 2.6 (—=2) 14.6
9 5.35 (—2) 10.9 6.6 (=2) 11.3
8 8.59 (—2) 8.4 1.3 (=1) 8.6

2Values added in proof.

tained from the potential curves. This, however,
is not surprising in view of the fact that the actual
diabatic crossing does not necessarily coincide
with the point corresponding to the minimum ap-
proach of the adiabatic-potential curves, which
was the convenient rule we used to estimate these
quantities.

Plots of the total cross sections for electron
capture from ground-state H atoms to C*®, N*7,
O*8, Ne*'° Si*'* and Ar*'® in the range of rela-
tive velocities from 6x10°¢ to 7x107 cm/sec are
presented in Fig. 6. A scale in terms of the lab-
oratory kinetic energy of the C*® ion is also in-
cluded. The highest velocity displayed is consid-

erably smaller than the hydrogenic orbital velocity.

This ensures that the velocity range is indeed in

the near-adiabatic region and reduces considerably

the effect of neglecting momentum transfer of the
electron. The lower limit on velocity is always
such that the relative energy is much greater than
any of the relevant coupling-matrix elements for
these systems, which is a condition for applica-
bility of the Landau-Zener formula.

The cross-section curves in the energy range
considered, with the exception of the lower-energy
N*7 data, show a definite systematic pattern. The
maximum cross sections obtained increase mono-
tonically with Z, the increase from C*® to Ar*'®
being about a factor of 5, reflecting the occurrence
of contributing crossings at larger internuclear

separations for the higher-Z systems. The curves
also tend to become flatter for these heavier ions
because of the “smearing-out” effect of a number
of important crossings (three or four) contributing
significantly over a range of energies.

The Z dependence of the cross sections deserves
further consideration. Dividing each cross section
by Z%/2 and replotting these reduced quantities, we
obtain the curves shown in Fig. 7. The curves
converge in the velocity range above about 3 or 4

C*6 LAB ENERGY (keV)
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Vv, (107 cm/sec)

FIG. 6. Total Landau-Zener cross sections for elect-
ron transfer between H(ls) and various stripped ions.
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FIG. 7. Reduced capture cross sections corresponding
to curves of Fig. 5. Each of the cross sections of Fig.
6 is divided by its associated value of Z3/2,

X107 cm/sec. Thus for the higher energies the
transfer cross sections can be represented to a
reasonable approximation by the relation

Q,~1.4x10718z3/2 cm?, (28)

The N*7 curve should not be considered anoma-
lous. In this case, there are only two important
crossings and the interaction is such that the more
distant crossing has a large enough matrix ele-
ment to provide a strong maximum in the region of
velocities around 6 x10° cm/sec. The C*6-H sys-
tem has only one significant crossing and the
cross-section curve exhibits the typical Landau-
Zener two-state threshold behavior.

B. Improved calculations

The deficiencies and limitations of the two-state
Landau-Zener model have been well documented
during the last 15 years.’®”° Both experimental
results and more refined theoretical efforts indi-
cate that the application of the Landau-Zener for-
mula leads, in general, to underestimates of the
peak cross sections and to shifts in the position of
the peak value with respect to relative collision
velocity. A major part of the problem lies in the
fact that, contrary to what is assumed in the Lan-
dau-Zener model, the transition region, in effect,
extends over a considerable range in R over which
the coupling can vary appreciably. Moreover, in-
terference effects are neglected completely. Ov-
chinnikova!® has recently made a systematic inves-
tigation of the effect of certain characteristic in-
teraction parameters on the magnitudes and energy
dependences of the inelastic cross sections ob-
tained for a two-state, single-crossing model.

Her analysis was made using an improved (relative

to the Landau-Zener case) linear model to obtain
the more accurate transition probabilities. In
terms of this theory, two of the important param-
eters are

A =(2/7)(R,/0R)"? (29)
and

v=2y,0R, (30)
where

6R=U,,/AF (31)

and vy, is an effective exponential decay constant for
the coupling term. Here, 1/A is a measure of the
width of the transition region relative to R, and v
characterizes the extent to which the coupling
changes in the effective-interaction region (A=
and v =0 for the Landau-Zener case). Changes in
A affect the cross-section maximum significantly
but have very little influence on the position of the
peak. The increase in the cross section with de-
crease in A can be attributed mainly to the in-
creased contribution of peripheral (tunneling) col-
lisions with 82 R.. On the other hand, the effect
of an increase in v is primarily to shift the cross-
section peak to lower energies.

The Ovchinnikova theory would seem to be parti-
cularly appropriate for application to the C*5-H
system where a single crossing predominates. The
calculated values of A and v for this case are 2.33
and 0.829, respectively. The quantity v was ob-
tained directly from the R dependence of computed
matrix elements. These values suggest significant

C*® LAB ENERGY (KeV)

051 2 5 10 20 30
24 I B B T -
20 e _ -
-~
16 — // 7
% i
= 12 - —
o
8 - —
4 +— 1
0 . A TR W W N
0 1 2 3 4 5 6 7

V, (107 cm/sec)

FIG. 8. Charge-transfer cross sections for the
C*$-H(1s) collision system. (a)——, Landau-Zener com-
putations; (b)—, quantum close-coupling calculations;
(c)---, extrapolation of quantum close-coupling calcu-
lations based on Ovchinnikova’s analysis (Ref. 19).
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corrections to the Landau-Zener results are re-
quired. Unfortunately, only a few correction
curves covering a very limited range of param-
eters were given by Ovchinnikova, making a quan-
titative determination of the cross sections diffi-
cult, particularly in the threshold region.

To obtain more accurate cross sections for the
C*-H system, therefore, we proceeded in the fol-
lowing way: In the threshold and lower-velocity
range, we employed a quantum close-coupling
method to calculate the cross sections. The quan-
tal equations for a two-state system incorporating
the previously discussed potentials were solved
for the S matrix at each energy over the appropri-
ate range of partial waves using the logarithm de-
rivative algorithm given by Johnson.?° In the equa-
tions, the coupling term was set equal to the arith-
metic mean®' of U,, and U,,. The results are shown
by the solid curve in Fig. 8 up to a velocity of
3x10" cm/sec. At the higher velocities where the
close-coupling method becomes very expensive,
we then employed the Ovchinnikova corrections to
extrapolate the cross-section curve to 7 x107
cm/sec (shown as the small-dash line in Fig. 8).
At v=3x10" sec™ and below, the cross sections
derived from the Ovchinnikova analysis were in
reasonable agreement with the close-coupling cal-
culations, taking into consideration the interpola-
tion errors involved in the former determinations.
Hence we believe the extrapolation to higher vel-
ocities is valid. These results may then be com-
pared with the Landau-Zener calculations which
have been replotted in Fig. 8 as the large-dash
curve. The shapes of the cross-section curves
are qualitatively similar. However, the close-
coupling curve is clearly shifted towards lower
velocities and the peak cross sections are about
15% higher.

No additional calculations or corrections have
been made for the other systems studied, each of
which included two or more strongly contributing
crossings. The Ovchinnikova analysis was not ap-
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plicable in its present form to these multicrossing
systems. However, the correctional parameters
A and v could be evaluated for each of the cross-
ings, and on the basis of these evaluations some
qualitative inferences could be made. In general,
both the “shift” and “magnitude” corrections are
expected to be smaller than in the case of C™-H,
particularly for the heavier systems such as
Ar*'8-H and Si*'*-H. The “shift” corrections are
further reduced in importance for these systems
by the smearing-out effect of the several contribu-
ting crossings.

V. CONCLUDING REMARKS

Clearly, the set of calculations presented here
can be considered only as an initial exploratory
step toward the solution of a very complicated
class of collision problems.?® In general, for a
two-state, single-crossing system, application of
the Landau-Zener theory with its neglect of tunnel-
ing leads to underestimates of the peak cross-sec-
tion values and shifts of the peaks to lower colli-
sion velocities. Extension of the model to a multi-
state, multicrossing system brings up additional
complications which have yet to be checked out by
experiment and more refined theory. Finally,
possible contributions due to rotational coupling
have been neglected in this presentation. Never-
theless, despite their limitations, we believe the
calculations serve a valuable purpose by delineat-
ing the dominant capture processes and giving
reasonable cross sections over a considerable en-
ergy range. Because of the nature of the approxi-
mations made, the calculated cross sections are
probably underestimates of the “true” cross sec-
tions with uncertainties of about a factor of 2.

ACKNOWLEDGMENT

The authors would like to express their thanks to
Dr. David L. Huestis for a number of illuminating
discussions.

*Research supported by the U.S. Energy Research and
Development Administration, Division of Biomedical
and Environmental Research.

1See, for example, Proceedings of the International Con-
ference on Inner Shell Ionization Phenomena and Future
Applications, Atlanta, 1972, edited by R. W. Fink
et al., CONF-720404 (Natl. Tech. Information Service,
U. S. Dept. of Commerce, Springfield, Va., 1972).

’H. A. Bethe and E. E. Salpeter, Quantum Mechanics of
One and Two-Electvon Atoms (Springer, Berlin, 1957),
p. 232.

3J. D. Power, Philos. Trans. R. Soc. 274, 663 (1973).

4J. Von Neumann and E. Wigner, Z. Phys. 30, 1467

(1929).

K. Razi-Nagvi and W. Byers Brown, Int. J. Quant. Chem.
6, 271 (1972).

8S. S. Gershtein and V. D. Krivchenkov, Zh. Eksp. Teor.
Fiz. 40, 1491 (1961) [Sov. Phys.-JETP 13, 1044 (1961)] .
See also I. V. Komarov and S. Yu. Slavyonov, J. Phys.
B 1, 1066 (1968).

'C. A. Coulson and A. Joseph, Int. J. Quant. Chem. 1,
337 (1967).

8This program developed by J. D. Power, is now avail-
able as Program No. 233 from the Quantum Chemistry
Program Exchange, Chemistry Dept., Indiana Uni-
versity, Bloomington, Ind. 47401.



1320

L. Landau, Phys. Z. Sowjetunion 2, 46 (1932).

0c. Zener, Proc. R. Soc. London A 137, 696 (1932).

Hp. R. Bates and B. L. Moiseiwitsch, Proc. Phys. Soc.
A 67, 805 (1954).

12Reference 2, p. 29.

K. Omidvar, Phys. Rev. 153, 121 (1967).

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

*D. R. Bates, Proc. R. Soc. A 257, 22 (1960).

16yy. P. Mordvinov and O. B. Firsov, Zh. Eksp. Teor.
Fiz. 39, 427 (1960) [Sov. Phys.-JETP 12, 301 (1961)].

17c. A. Coulson and K. Zalewski, Proc. R. Soc. A 268,

A. SALOP AND R. E. OLSON 13

437 (1962).

18E. E. Nikitin, Adv. Quant. Chem. 5, 135 (1970).

M. Ya. Ovchinnikova, Zh. Eksp. Teor. Phys. 64, 129
(1973) [Sov. Phys.-JETP 37, 68 (1973)].

0B, R. Johnson, J. Comp. Phys. 13, 445 (1973).

%D, R. Bates, H. C. Johnston, and I. Stewart, Proc.
Phys. Soc. Lond. 84, 517 (1964).

2See also L. P. Presnyakov and A. D. Ulantsev, Kvant.
Electron. 1, 2377 (1974) [Sov. J. Quant. Electron. 4,
1320 (1975)] for a general analysis of charge-transfer
processes involving highly charged ions and atoms.



