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Abstract. The positive water and hydronium ions are of interest in a variety of chemical and biological
applications. Here we study the steric effect in charge transfer collisions, i.e. the spatial dependence of single
electron capture, in collisions mediated by these ions. In particular, the steric effect is demonstrated in the
O"(*D)/Hz and HT /H20 charge transfer collisions in the energy range of 100 eV/amu to 10 keV/amu.

PACS. 34.70.+e Charge transfer — 34.50.Gb Electronic excitation and ionization of molecules; intermediate
molecular states (including lifetimes, state mixing, etc.) — 31.15.Ar Ab initio calculations

1 Introduction

In the charge-transfer collisions of atomic ions with
molecules, the relative orientation of target and projec-
tile as well as the details of potential energy surfaces
are known to have a limited effect on the integral cross-
sections, at least in the keV/amu energy range (collision
velocity 0.2 a.u. and above). Nevertheless, a considerable
steric effect may be present even at those high energies
when the differential cross-sections or transition proba-
bilities along particular collision trajectories are studied.
These phenomena have been somewhat neglected in the
past, due to both the experimental difficulties in orienting
neutral molecular targets and the theoretical complexity
inherent in polyatomic collisional systems, which typically
involves rovibrational motion of the colliding system in a
number of coupled electronic states. Here, we would like
to look at these effects more closely.

Owing to large collision velocities in the keV /amu en-
ergy range, the period of (ro)vibrational motion of the
target molecule is much larger than the collision time,
and hence the nuclear geometry of the target can be kept
fixed. In addition, the presence of long-range Coulomb in-
teraction in ion-ion channels may dominate the details of
local electronic structures, imposing thus a partial spheri-
cal symmetry on the system. That is often the reason why
the integral charge transfer cross-sections can be well es-
timated by using a few, if not a single one, orientations
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of the collisional molecular ion system. Much theoretical
work has been devoted to the development and accuracy
assessment of such approximations [1,2].

However, the electron capture process may depend on
the orientation of the projectile and details of the po-
tential energy surface if either the collision trajectory or
target orientation is resolved. It is the purpose of this
paper to demonstrate the steric effect in the HoO' and
H30™ systems. To that aim, we first study a central colli-
sion of OF(?D) with Hy molecule, depending on the angle
between projectile velocity and molecular axis. Next we
proceed to the collision of H* with H>O using a proton
beam oriented perpendicularly to the plane of the wa-
ter molecule, and screen the asymptotic electron capture
probabilities along a two-dimensional set of impact pa-
rameter vectors.

The paper is organized as follows. In Section 2,
the ab initio calculations and the electronic state close-
coupling formalism are summarized along with references
to previous work [3,4]. Section 3 explains the steric effect
on electron capture probabilities and cross-sections for the
H,01 and H3O™ collision intermediates, and discusses the
accuracy of the integral charge transfer cross-sections ob-
tained with the central collision approximation. Conclud-
ing remarks close the paper in Section 4. Atomic units are
used throughout the paper.

2 Theoretical model

The potential energy curves (PEC) for HoO' and H3O™
systems were obtained ab initio for the most general
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Table 1. Convergence of the ground-state energy (in Hartree) for Ho O™ and H3O™" ions with respect to the selection threshold 7
(in micro-Hartree) and the basis set cc-pvNz for N = T, Q. Results both for the equilibrium geometry (Req) and the asymptotic

separation of target and projectile (Rqs = 10 a.u.) are shown.

N T E(27) E(7) Eeatrap Full CI % SAFs
H,OF
Req T 0.0 —75.861718 —75.861718 —75.861718 —75.878983 93.3 36882
T 0.2 —75.860029 —75.860993 —75.861567 —75.878757 93.3 27991
T 0.6 —75.855713 —75.859042 —75.861392 —75.878499 93.3 22065
T 2.0 —75.841073 —75.850913 —75.861027 —75.877889 93.4 13811
T 8.0 —75.802505 —75.825186 —75.860027 —75.876289 93.6 5876
Q 0.0 —75.878418 —75.878418 —75.878418 —75.896176 93.4 81415
Q 0.2 —75.874794 —75.876779 —75.878282 —75.895990 93.4 47560
Q 0.6 —75.866559 —75.872678 —75.878172 —75.895841 93.4 33340
Q 2.0 —75.844062 —75.858934 —75.878045 —75.895613 93.4 17642
Q 8.0 -75.800797 —75.823307 —75.876596 —75.893763 93.5 5818
Ras T 0.0 —75.655537 —75.655537 —75.655537 —75.661931 95.9 70673
T 0.2 —75.654766 —75.655003 —75.655306 —75.661645 95.9 5399
T 0.6 —75.653898 —75.654510 —75.655285 —75.661602 95.9 4240
T 2.0 —75.650904 —75.653033 —75.655120 —75.661362 96.0 3103
T 8.0 —75.642157 —75.647229 —75.655082 —75.661099 96.1 1756
Q 0.0 —75.667911 —75.667911 —75.667911 —75.674584 95.9 154602
Q 0.2 —75.666950 —75.667240 —75.667601 —75.674205 95.9 7535
Q 0.6 —75.665911 —75.666614 —75.667563 —75.674147 96.0 5836
Q 2.0 —75.662483 —75.664658 —75.667524 —75.674054 96.0 4126
Q 8.0 —75.649828 —75.657101 —75.667360 —75.673704 96.1 2240
H;0™
Req Q 0.0 —76.609942 —76.609942 —76.609942 —76.623875 94.9 64447
Q 0.2 -76.606110 —76.607802 —76.609033 —76.622687 94.9 38256
Q 0.6 —76.599276 —76.604368 -76.608924 —76.622520 95.0 27726
Q 2.0 —76.579319 —76.592836 —76.608837 —76.622203 95.1 16206
Q 8.0 —76.529676 —76.558059 —76.608364 —76.620848 95.4 6385
Ras Q 0.0 —76.350540 —76.350540 -76.350540 -76.366162 94.3 64447
Q 0.2 —76.347035 —76.348336 —76.349293 —76.364432 94.5 32500
Q 0.6 -76.341753 -76.345730 —76.349205 —76.364292 94.5 24524
Q 2.0 —76.324910 —76.336595 —76.349050 -76.363930 94.6 15391
Q 8.0 —76.278016 —76.305904 —76.348731 —76.362801 94.9 6618

molecular symmetries by using the multireference single-
and double-excitation configuration interaction (MRD-
CI) method [5-8].

A Gaussian (6s3p2d1f) basis contracted to [4s3p2d1 f]
was used for the hydrogen atom, while a (12s6p3d2f) ba-
sis set contracted to [5s4p3d2f] was employed for the oxy-
gen atom. All basis sets used for the scattering are of the
cc-pVQZ type [9]. In addition, a diffuse [2s2p2d] basis cen-
tered at oxygen atom is employed to describe the Rydberg
electronic states of the water molecule. The convergence
with respect to the basis set and other ab initio parame-
ters is discussed below.

The selection threshold and the number of configu-
rations are 2.0 x 10~7 a.u. and 500,000 for H,O%, and
8.0x 1077 a.u. and 200,000 for H30%, respectively. The ef-
fect of all unselected configurations is checked by using the
perturbative energy extrapolation procedure [8]. The re-
sulting highly correlated wavefunctions are used to obtain
the nonadiabatic coupling matrix elements by a numerical
differentiation method [10]. The origin of electronic coor-
dinates is placed at the molecular center of mass for all
geometries.

In the case of HoOT, the internuclear distance of hy-
drogen atoms was fixed at 1.4 and 1.6 to estimate the
effect of hydrogen molecular vibrations. The potential en-
ergy surfaces for the doublet states (asymptotically cor-
responding to the metastable Ot (2D,2P) ions were pro-
jected along three O lines passing through the center of
the H-H line at the angles v = 0, 7/4 and 7/2.

In the case of H3O™, the target water molecule is fixed
at the equilibrium geometry. The trajectories of the im-
pacting proton are perpendicular to the plane of the wa-
ter molecule [z, y], which they intersect at: (1) the oxygen
atom (z-direction approach), (2) on the OS line, where S
is the center of H-H line, or (3) the OP line, where OP
and OS are perpendicular in-plane lines. The nuclear ge-
ometry is invariant with respect to an inversion along the
OS line. Potential energy curves and nonadiabatic cou-
plings were obtained for three magnitudes of the impact
parameter relative to the oxygen atom, b = 0.9, 1.8, and
3.6. The geometry of the collision is shown in Figure 1.

Table 1 shows the ground-state energies for the HoO™
and H3O™ ions, and the asymptotic energies of the tar-
get and projectile (Hy with OF, and HyO with HT,
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Table 2. Asymptotic energies (in Hartree) for HoO" and
H;0t fragments. The cc-pvNZ basis set is used with either
N =T or N = Q. Data both for single (S), and single and
double (SD) excitation CI are shown.

: ‘P_:::
1
|
i
|
¥

I

trajectory rays.

CI N Eeztra,p FCI SAFs

) o* SD T  -74.485870 —74.489034 6519

' | SD  Q 74497511 -74.500855 25372

i S T -74.393436 —74.393701 131

i S Q —74.398406 -74.398678 253

é ! 0] SD T 74974990 -74.981533 9814

)4 o SD Q -74.989796 -74.996725 38101

! S T -74.827703 —74.827897 151

Py S Q -74.832140 -74.832339 293

Ho SO T -1.172753  —1.173469 471

Fig. 1. Collision of H" with H,O: beam of trajectories per- SO Q 1.173839 1174566 821

pendicular to the water molecule plane. The beam intersects S T 1.133062 1.133062 2%

with the plane along two lines: (1) O-S line, where S is located S Q 1133469  —1.133469 39

in the middle of H-H line (¢ = 0), and (2) O-P line (¢ = 7/2), O SD T 76324450 76339137 21178
perpendicular to O-S. Four values of impact parameters, 0.9, 2 ' ’

1.8 and 3.6 a.u. are considered, resulting in 10 straight-line SD - Q  ~76.342915  ~76.358633 47132

’ S T -76.061257 -76.061257 128

S Q —76.066204 -76.066204 190

respectively) separated by the distance R = 10 a.u. The
distance is measured from the center of the Hy molecule
in the former case, and from the oxygen atom in the latter
case. The convergence of MRD-CI results is shown in Ta-
ble 1 with respect to the basis set (cc-pvTZ and cc-pvQZ),
configuration selection threshold 7 and number of configu-
rations. The percentage of reference configurations shown
in Table 1 (c2 criterion) also demonstrates the degree of
convergence with respected to the selected configurations.

Energy values from the CI calculations are extrapo-
lated as a function of the selection threshold 7. The ex-
trapolation is explicitly based on the 2nd order pertur-
bation theory and Davidson correction, instead of using
triple and higher-order excitations. Let us note that the
accuracy of this approach has been previously tested and
proved in our benchmark papers on MRD-CI vs. full CI for
systems with number of electrons corresponding to present
HyO™" and H3O" molecular ions [11,12]. The ground-state
energies for OF, O, Hy and HyO fragments are added in
Table 2. These data illustrate that inclusion of double exci-
tations lowers the ground-state energy substantially more
than the substitution of the cc-pvTZ basis set with the
larger cc-pvQZ.

The collision dynamics at the keV/amu energy range
is given by coupled equations [1,3] in the above basis of
electronic-state amplitudes f;, on potential energy surfaces
I" labelled by the impact parameters b,

.d En(R)_E0:|
j— - 0
dz v

20 =Y enn fo(2T). (1)

n’

Here v is the velocity, z = vt is the coordinate along the
projectile’s trajectory, R = (b* 4+ 22)'/2, ¢, is the cou-
pling matrix and Fj is the collision energy. The equations
are solved for the initial condition ff:,(—oo) = Opns- The
cross-section formula for electron capture in the general
case is obtained by integration over the plane of impact

parameters and averaging over the molecular orientations
I" as appropriate,

T = [ b, (1£2 (i D)) 2)

Details of the above formulation for ion-atom collisions
(f® — fb single PEC I') can be found in refer-
ences [1,13-16]; the ion-diatomic collision case is dealt
with e.g. in references [2,17-19] (PEC are parameter-
ized by one angle ). In the present ion-triatomic case,
H*/H50 collision, the molecular plane is aligned perpen-
dicular to the proton beam, and hence each value of the
impact parameter corresponds to its potential energy sur-
face I'. Introducing polar coordinates for the impact pa-
rameter vector, b — (b, ¢), the cross-section formula then
reads

ol =2 / T / " A6bpu (b6 R(b, 2 — o)), (3)
0 0

where p,/ (b, ¢; R(b, 2z — 00)) is the transition probability
given by |£5%) (005 )2,

3 Steric effect in the electron capture

Based on the MRD-CI potential energy curves and cou-
plings, we solved the coupled equations (1) along the col-
lision trajectories and for target orientations defined in
Section 2. The next two subsections discuss the steric ef-
fect seen in the resulting charge transfer probabilities.

3.1 Collision of Ot (2D) with H,

Figure 2 (upper panel) displays the manifold of doublet
H;O7 potential energy curves, which asymptotically cor-
respond to OF(?D,?P) states, or O states in the elec-
tron capture channel. Excited states of Hy/HJ are also
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Fig. 2. Electron capture cross-section for collisions of O"(?D)
with the Hz molecule using fixed-vy potential energy surfaces
for y =x/2 and v = 7 /4.

included. The PEC passing through the target center are
shown for two angles between v = 7/4 (dashed line, A’
and A” symmetry) and v = 7/2 (full line, Ay, A, By,
By symmetry). Although both groups of PEC are similar
for |[HH| ~ 2.5 (polarization interaction), substantial dif-
ferences arise at lower collision distances. Owing in part
to symmetry reasons, the PEC for v = /4 have higher
energies than those for v = 7/2. The lower panel of Fig-
ure 2 shows the cross-section for electron capture from the
O (D) projectile in fixed v approximation [4,17,18]. The
steric effect can be clearly seen in Figure 2.

The relatively small difference between the physical
cross-section and the cross-sections calculated on the po-
tential energy surfaces with frozen ~ allows us in principle
to use the fixed v potential energy surfaces for estimating
the real cross-section value, for which the full manifold of
v would otherwise be required. For instance, the resulting
error in the order of dozen % (cf. the difference of the two
curves for v = 7/4 and v = 7/2 in Fig. 2) would still
be smaller than the accuracy of experimental data for the
same process. Or, since v = 7/4 is the middle value in-
terpolating the extreme orientations v = 7/2 and v = 0,
the error resulting from using the potential energy sur-
face with v frozen at /4 would only be about 30% of

-75.8 41 %
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Fig. 3. Potential energy curves of the initial and final charge
transfer state (*A; symmetry) for ¢ = 0 (upper panel)
and ¢ = 7/2 (lower panel) for four impact parameter values
(R>0).

the total cross-section value for keV/amu energies. Data
in the measurements of O*(?D) [20-22] vary by a factor
of 2 among experimental groups, which is more than what
results from using the approximate potential energy sur-
faces with a frozen value of ~.

A detailed discussion of the integral cross-sections for
electron capture on Hy by O1 (2D, 2P, %S) can be found
in references [3,4] along with a comparison to recent mea-
surements [23,24]. The reasons for experimental errors
and applicability of the frozen potential energy surfaces
to other systems are discussed below.

3.2 Collision of HT with H,0

The potential energy curves for the proton beam inter-
secting the water molecular plane on the OS line (¢ = 0)
and the OP line ¢ = 7/2 are shown in the upper and lower
panel of Figure 3, respectively. The labels correspond to
the vertical ordering of PEC for the four different impact
parameter values (b = 0.0, 0.9, 1.8 and 3.6 a.u.) and the
initial (dashed line) and final (full line) collision chan-
nels. As the impact parameter increases, the energy differ-
ence diminishes, converging to the asymptotic energy gain



M. Kimura et al.: Steric effect in O+/H2 and H+/HQO collisions 89

—~ 15
=}
U
' :
N 3
N :
E 0.5 [\ »
ke i mamp
v | lf."‘\ﬂaT.‘l.
— 004 ..t...[_' Ve s TR
- e B —
x e
™ -0.5
N —m— b=0.0, ¢=n2
S ---- b=0.9, ¢=n/2
= -1.04 —-=-- b=18, ¢=n/2
vy b=3.6, p=n/2
1
1.5 . : : : : :
2 4 6 8

R+ o (a.u.)

Fig. 4. Magnitude of the nonadiabatic coupling between the
two states in Figure 1 (¢ = 0; positive sign) and Figure 2
(¢ = w/2, negative sign). Four impact parameters are consid-
ered in each case.
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Fig. 5. Probability of electron capture along the four trajec-
tories with ¢ = 0.

value E(H20) — E(H207") + 0.5, which is approximately
0.0467 a.u. The absolute values of the non-adiabatic cou-
pling between the initial and final state is shown in Fig-
ure 4 for all values of impact parameters and ¢ = 0, 7/2.

Solving the coupled equations (1) along the H* beam,
we obtained the electron capture probability for each
straight line trajectory. These are plotted e.g. in Figures 5
and 6, respectively, demonstrating a marked steric effect
along each trajectory (curves labeled with b = 0.0, 0.9,
1.8 and 3.6). Except for b = 0, the angle between R,_,+
(connecting the oxygen atom and the impacting proton)
and the plane of water molecule varies in the full range
from —7/2 through 0 to 7/2, scanning the potential en-
ergy surface in a complex way. The probabilities of elec-
tron capture for ¢ = 0 and ¢ = 7/2 exhibit oscillations
as a function of energy, the frequency of which dimin-
ishes when b increases. Although for any fixed value of en-
ergy the capture probability substantially differs between
¢ = 0 and ¢ = 7/2, the overall behavior (frequency of

0.5 i
= i
= §
® 1
o )
e i
o . ':
e 0.1 4t
3 :
[=8
4]
(@]
0.01 <

Energy (eV)

Fig. 6. Probability of electron capture along the four trajec-
tories with ¢ = /2.

oscillations, relative heights of the peaks) is similar, ex-
cept for the highest value of the impact parameter con-
sidered here, b = 3.6. This similarity between the two
cases could be modeled analytically as Stueckelberg oscil-
lations, e.g. in the 2-state exponential model [25], which
is applicable since the asymptotic energy separation of
electronic states is rather small and the coupling vanishes
quite slowly both for ¢ = 0 and ¢ = 7/2. In the two-
state exponential model, the transition probability then
behaves as p ~ sin? (c1/ VE+ c2), where ¢; and cg are cer-
tain constants depending on the particular shape of the
two potential energy curves and their asymptotic separa-
tion [25].

Finally, let us estimate the variation of the unresolved
electron capture cross-section in the case of perpendicular
collisions, based in equation (3). We can reasonably assess
the variation of the cross-section integral (2) by altering
the PEC projections I" and studying the difference. This
is formalized as follows.

Let us denote the fixed potential matrix as V (b, ¢g, 2)-
It is often the case that instead of the complete set of
potential energy surfaces, here V (b, ¢, z) with 0 < b < R;
and —7/2 < ¢ < w/2, only a few sets for fixed by and ¢q
are available. In the following, we quantify the size of the
error obtained by replacing V (b, ¢, z) with V (bo, ¢o, 2).

Then we define the approximate cross-section value
with the frozen potential energy surface, V (b, ¢, z)
~ Z(b07 (72507 Z)a as

Sl(bo,(bo)EQTr/ dbbp(b0,¢Q;R< b2+b%,z—>oo)>
0

Note that by using various values of by and ¢g (ide-
ally all points in the transition region), s (b, ¢o) (and
Prs(bo, do; R)) can tell us how much the contributions to
the physical cross-section in equation (3) vary across the
space of b and ¢, which closely relates to the accuracy of
the approximate cross-section s, (bg, ¢g). It will be shown
in the following that s, (bo, o) is often a smooth and
slowly varying function that can represent o accurately.

The most natural parameter choice is by = 0 and
¢o = 0, in which case the quantity s, (0,0) is hereafter
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Fig. 7. Electron capture cross-section: experimental data and
stereodynamical projections. The calculated curves correspond
to an infinite beam of perpendicular trajectories (0 < b <
00) using a frozen potential energy surface with parameters
indicated in the figure; the spread between the curves is a useful
accuracy measure of the central collision model.

referred to as the cross-section in the central collision ap-
proximation. In mathematical terms, the diabatic matrix
V (b, ¢, z) is approximated by V(0,-,z) for 0 < b < Ry,
where Ry is the size of the transition region. Physically,
the boundary of the transition region is defined by requir-
ing that for R > R; all coupling terms vanish. Then for
b > Ry, the entire trajectory of the projectile remains out-
side of this transition region and no transitions can take
place. The particular shape of the outside potential energy
surfaces for b > by thus plays no role in the physics of the
scattering process. Therefore systems with more compact
transition regions are more likely to be well approximated
by using the potential energy surface for a central colli-
sion, V(0,0, 2).

Variation in the values of s, (bg, @) (for by falling in
the transition region and arbitrary ¢g) then indicates the
accuracy of the central collision approximation. We also
note that the value s, (0,0) corresponds to the fixed-y
approximation, which has been used extensively [26-28].

Both the full calculation with V (bg, ¢, 2) on the tra-
jectories shown in Figure 1, and an approximate calcu-
lation with by = 0 and by = 1.8, ¢y = 0 were carried.
The resulting cross-section o) and the approximate values
51(0,0) and s, (1.8,0) are shown in Figure 7. Also the ex-
perimental values for single electron capture by proton on
water molecule are shown in this Figure. The experimental
cross-sections can be well reproduced by s, (0,0) in accor-
dance with our experience and previous work [4,26-28].
The difference between s (0,0), s1 (1.8,0), and the calcu-
lated cross-section o is found to be within the order of
50%.

Let us note that the experimental data for charge
transfer cross-sections are typically reported with error
bars of this or greater size [20-22], typically in graphical
form with a logarithmic vertical scale; also discrepancies
of an order of magnitude in the experimental data mea-

sured by different groups for the same process are not un-
common. Such discrepancies often arise from the presence
of metastable ions in the projectile beam or various con-
tamination of the beamline. Thus the results in Figure 7
tell us that the central collision approximation, s, (0,0),
is for instance a very reasonable tool to estimate the or-
der and overall behavior of charge transfer cross-sections
when designing new experiments, or when resolving the
discrepancies sized by an order of magnitude in the mea-
sured data.

More interestingly, the size of the steric effect on the
electron capture cross-section, which is bound by about
50%, is much smaller than the steric effect in transition
probabilities (cf. the fast oscillations, their different fre-
quencies, and the vertical logarithmic scale in Figs. 5
and 6). Therefore, at keV/amu energies, the steric effect
can be seen along particular straight line trajectories, but
averages out to large extent in the integral values of the
cross-section. This interesting finding is demonstrated by
the dramatic variance of transition probabilities in Fig-
ures 5 and 6 vs. the smooth behavior of the integral cross-
section o (or its approximate values s(bg, ¢o)) in Figure 7.

4 Concluding remarks

In this paper, we have first discussed the steric effect in
the charge transfer collisions of the metastable O*(?D) ion
with Hs. The steric effect in the keV range of collision ener-
gies, defined as the cross-section ratio for the Ho molecule
aligned at a fixed angle toward the O (D) beam, varies
in the range of 30% of the orientation-unresolved cross-
section, an effect which falls within the error bars of
most electron capture experiments. We further observed
a marked steric effect in the electron capture probabilities
for individual rays in an H™ beam oriented perpendicular
to the plane of the HyO target molecule.

The steric characteristics of charge transfer probabil-
ities are pronounced in the entire energy range studied,
ie. 100 eV/amu to 10 keV/amu. This is in contrast to
the common belief that steric effects should be small for
high energies, an intuition based merely on the analysis of
integral cross-sections. The opposite is true; in addition,
the collision trajectories at keV/amu energies are straight
lines, which provides a theoretically interesting method for
probing the details of the potential energy surface in colli-
sions. Experiments in this direction are highly desirable for
a better understanding of the charge transfer phenomenon
and comparison with theory.

We have also developed a criterion to assess the vari-
ation of the cross-section integral based on a sample of
projectile trajectories from the beam, or the details of the
potential energy surface. Using this criterion, the calcu-
lated cross-section, and the experimental data available, it
was demonstrated that the central collision approximation
yields a very reasonable value of the capture cross-section,
which is useful in estimating the order of cross-section
magnitude for design of new experiments or even resolv-
ing large discrepancies in cross-section measurements by
various experimental groups.
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