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Partial and total cross sections for electron capture in collisions of B** ions with H atoms from 100
meV/amu to 10 keV/amu have been rigorously determined by using the molecular-orbital expansion
method modified by the inclusion of electron translation factors. Quantum-mechanical (3 channels) and
semiclassical (12 channels) methods have been employed at collision energies lower than 30 eV/amu and
higher than 15 eV/amu, respectively. The agreement of the present results with measurements above 1
keV/amu is reasonable. In our cross sections for the singlet manifold, rather large oscillatory structures
are found below 10 eV/amu that are attributable to Stueckelberg-type oscillation. At collision energies
below a few eV/amu, the B**(1s3d) and B**(1s3p) states are the dominant states for the triplet and
singlet manifolds, respectively. However, the B**(1s3p) state for the triplet and B*>*(1s3d) state for the
singlet take over above these energies. At energies above 1 keV/amu, three states, the B3 (1s3s),
B3*(1s3p), and B**(1s3d) states, contribute equally to the electron-capture process. A comparison of
the present B** results with previous results for different projectiles with the same charge (i.e., Be*",
C**, and N**) reveals that although the cross sections of all these systems lie roughly within a certain
range of magnitudes at intermediate collision energies (E =0.5-10 keV/amu), differences begin to
emerge in magnitude and energy dependence below this energy. We examined the scalability of the cross
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section; some remarks on the scaling are given.

PACS number(s): 34.10.+x, 34.20.—b, 34.70.+e¢

I. INTRODUCTION

An accurate determination of the cross sections and an
understanding of the dynamics of the electron-capture
process by multiply charged ions from hydrogen atoms
over a wide range of collision energies are important in
studies in a variety of subfields of sciences, particularly
fusion plasma and astrophysics. In these fields, cross-
section data for all processes from the meV region to the
MeV region are essential for models that simulate
relevant physical environments, as well as for analysis of
the spectroscopic data obtained.

In our continuing effort to study collisions of multiply
charged ions, we have carried out a systematic study of
the electron-capture process for projectiles whose charges
are five (i.e., N°*[1], C**[2], and O°*"[3]) and four (i.e.,
N**[4]). In this paper, electron capture from H atoms
by B*' ions is studied in the energy range from 100
meV/amu to 10 keV/amu. Our theoretical approach is a
molecular-orbital-expansion method modified by atomic-
type electron translation factors (ETF’s). Coupled equa-
tions are solved in both the quantum-mechanical and
semiclassical representations. This (B** +H) system has
attracted increasing attention, particularly from groups
studying fusion, because B*" ions, as one of the impuri-
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ties in fusion plasma, are known to play a crucial role in
cooling in a fusion reactor [5]. Because no rigorous
theoretical study has been conducted on the system, a set
of cross sections and guidelines for application are ur-
gently needed. Three experimental results for electron
capture above 1 keV/amu have been reported by Cran-
dall, Phaneuf, and Meyer [6], Goffe, Shah, and Gilbody
[7], and Gardner er al. [8]. However, their values are
rather widely scattered, from 25X107!% cm? to
50X 107 !¢ cm? in the range 2— 10 keV/amu.

In a previous paper [2], we compared our cross sec-
tions for the electron-capture process from H atoms by
C>" ions with those for other ions having projectile
charge Z,=5 (i.e,, B°" and N°7 jons). In extending the
previous study, we now intend to investigate the effects of
core electrons on electron capture from H atoms by ions
having the same charge (Z,=4) as B*" ions. We also ex-
amine a scaling form for the cross sections proposed.

II. FORMULATION

Since the details of the method used in this paper have
been described previously [9-11], only a brief summary
of the basic technique and the specific information used
for the calculation are given here.
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A. Molecular states

The molecular electronic states are obtained by using a
valence-bond configuration-interaction method. We de-
scribe molecular electronic wave functions as a linear
combination of Slater determinants, and Slater-type or-
bitals (STO’s) are used as a basis set. The orbital ex-
ponents of the STO’s used in the calculation are given in
Table I. The values for the B** and B3* ions were ob-
tained by variationally optimizing the energies of ionic
levels. The values of the hydrogen atom were taken from
the previous work of Sato et al. [12]. The accuracy of
the present energy levels with respect to the experiment
energies is better than 0.065%, except for the B**(1s2)
level (0.16%) as compared in Table II with the spectro-
scopic values [13]. The difference in the B3*(1s?) level
appears to be somewhat large. However, this state is
completely excluded from our close-coupling calculations
because it was found to play no role in the electron-
capture process in the present energy regime. In the trip-
let manifold, both the calculated and spectroscopic values
are in the natural order, but this is not the case in the sin-
gle manifold. In the singlet manifold the B3 (1s3s) state
is the lowest level in the B**(1s3/) manifold, but the
second and the third levels are the B**(1s3d) and
B3 (1s3p) states, respectively. Similarly, in the
B3*(1s4]) manifold, the B3*(l1s4s), B>*T(1s4f),
B3*(1s4d), and B3>*(1s4p) states have successively in-
creasing energy. The presence of the reverse order of en-
ergy levels has been known for other atomic systems [14]
and the cause is attributed to a weakening exchange effect
between 1s and nlm electrons as / increases, resulting in a
reversed order, for example, between the 1s3p and 1s3d
levels. The order of these levels found in our calculation
is consistent with the spectroscopic data [13,15].

TABLE 1. Orbital exponents of the Slater-type orbital basis
function.

B** and B3* H
Exponent
Orbital Triplet Singlet Orbital Exponent

s 6.000 00 6.000 00 1s 2.0
5.000 00 5.000 00 1.0
2.500 00 2.50000 0.5

2s 2.989 31 3.196 70 2s 0.5
1.494 65 2.007 90 2p 1.0

2p 2.87958 1.89375 0.5
1.43978 1.59225

3s 1.38116 1.13822

3p 1.34944 1.306 11

3d 1.33244 1.33054

4s 1.095 06 0.82426

4p 1.009 46 0.901 32

4d 0.99720 0.901 48

4f 0.997 90 0.984 14

5s 0.808 95 0.77043

TABLE II. Calculated and spectroscopic values of energy

levels of B**(1snl) ion (a.u.).

nl Experiment [13]  Calculation AE
Triplet system
2s —14.73796 —14.73204  0.0059
2p —14.576 69 —14.56976  0.0069
3s —13.457 65 —13.45320 0.0044
3p —13.41436 —13.40995 0.0044
3d —13.39158 —13.38921  0.0023
4s —13.02972 —13.02757 0.0022
4p —13.01340 —13.00740  0.0060
4d —13.001 10 —13.00010  0.0009
4f —13.00183 —12.99138 0.0104
Singlet system

s —22.03496 —22.00065 0.0343
2s —14.58306 —14.57361  0.0094
2p —14.48045 —14.47176  0.0086
3s —13.41515 —13.41056  0.0046
3d —13.39158 —13.38873  0.0028
3p —13.38620 —13.38107 0.0051
4s —13.009 16

4f —13.00292 —13.00108 0.0018
4d —13.00111 —12.99870  0.0024
4p —13.000 87 —12.99580 0.0051
B**(1s)+H(ls) —13.002 82 —13.00001  0.0028

B. Collision dynamics

The three-channel quantum-mechanical close-coupling
method was used at collision energies of 107!-25
eV/amu. The channels included are = states that asymp-
totically  correlate  with the [B3*(1s3p)+H™],
[B3*(1s3d)+H™), and initial [B*"(1s)+H] states for
both the triplet and singlet manifolds, because these
states are found to be the dominant contributors to elec-
tron capture below 100 eV/amu. At the energies of
0.015-10 keV/amu, the twelve-channel semiclassical
close-coupling method was employed. Those channels
consist of seven =, four II, and one A state from the ini-
tial, B3"(1s4s),B**(1s4p) (for triplet), B**(1s4f) (for
singlet), and all B**(1snl, n =2 and 3) manifolds listed in
Table II. As described in our previous papers [1,2,4], we
used both straight-line and repulsive Coulomb trajec-
tories for heavy-particle motion in order to examine the
trajectory effect on the transition probabilities.

III. RESULTS

A. Adiabatic potentials and couplings

Adiabatic potential energies for the triplet and singlet
manifolds of the BH*" system are presented in Figs. 1(a)
and 1(b) (= states only), respectively. These figures indi-
cate that the initial channel and the B3*(1s3/) manifold
possess strong avoided crossings at R ~8 a.u., which is
considered to be the optimum location for transition (the
reaction window) based on the Landau-Zener model [11].
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Hence, electron capture to B3*(1s3]) states may be dom-
inant at low to intermediate collision energies.

For the triplet manifold, three apparent avoided cross-
ings occur at about 7.93 (=R,), 440 (=Rj), and 2.45
a.u. (=Rg), with energy splittings of about 2.82X 1073,
2.04X 1073, and 2.50X1072 a.u., respectively. Some
other broad avoided crossings can be seen at R =5.0-8.0
a.u. among the 33, 43, 53, and 63 states. The B>"(1s2])
states are expected to contribute to electron capture only
at higher collision energies. In Fig. 1(a), only the 72 state
is shown from the B3*(1s4/) manifold. This state and
one II state are included in the close-coupling calcula-
tions and asymptotically correlate  to the
[B3*(1s4s)+H™] and [B**(1s4p)+H™] states, respec-
tively. Our scattering results indicate that the contribu-
tions of these states to electron capture are insignificant
(see Sec. IIIB 1).

For the singlet manifold, the lowest 3 state
[B3*(1s2)+H™] is not displayed in Fig. 1(b) because it
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FIG. 1. Adiabatic potential energies for the BH** system.
Only = states are shown for simplicity. (a) Triplet 13,
B3 (1s2s)+H*; 23 and 1II, B (1s2p)+HT; 33,
B*(1s3s)+H™; 43 and 211, B3*(1s3p)+H™; 53, 311, and 14,
B**(1s3d)+H™; 63, B**(1s)+H; 73, B**(1s4s)+H™'. (b)
Singlet 23, B3*(1s2s)+HT™; 33 and 1M, B**(1s2p)+H™; 43,
B3*(1s3s)+H™; 52, 2I1 and 1A, B**(1s3d)+H™; 62, and 311,
B3t (1s3p)+H™; 73, B*Y(1s)+H; 83, B*T(1s4s)+HT; 411,
B3t (1s4f)+H*.
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lies far below the other states shown. The general
features of the potential energies of the singlet manifold
are similar to those of the triplet manifold, but in this
case five apparently avoided crossings occur at about 8.32
(=R,), 7.62 (=R,), 5.25 (=R,), 428 (=R;), and 2.48
a.u. (=Rg), with energy splittings of about 5.00X 1073,
9.49X107°, 1.43X 1072 1.90X1072, and 1.27X1072
a.u., respectively. For the singlet manifold, in addition to
these avoided crossings, a broad avoided crossing can
also be seen at about R =7-8 a.u., between the 42 and
52 states. Furthermore, the positions of two curve cross-
ings at R, and R in the singlet manifold are at much
larger R and at smaller R, respectively, than those in the
triplet manifold. This finding occurs because the asymp-
totic energies of the B>*(1s31) states for the singlet mani-
fold are higher than those for the triplet manifold relative
to the initial state. These differences in the adiabatic po-
tentials apparently cause the difference in electron-
capture dynamics between the triplet and singlet mani-
folds.

The radial and rotational coupling matrix elements
(with atomic-type ETF’s to the first order in velocity)
necessary to solve the coupled equations were calculated.
The representative results of these couplings are
displayed in Fig. 2 for both the triplet and singlet mani-
folds. The couplings responsible for flux exit possess
sharp peaks in the 7.9 a.u. (triplet manifold) and the 8.3
a.u. (singlet manifold), as discussed above, and similar
sharp peaks in other couplings are seen for other avoided
crossings, as expected.

B. Cross section and core electron effect

1. Triplet manifold

The present partial and total cross sections for the trip-
let manifold are shown in Fig. 3. The cross sections of
the B3 (1s2s), B3+(1s2p), B3*(1s4s), and B3*(1s4p)
states are not shown, because their values are negligibly
small at all collision energies. The states lying above the
B**(1s4p) state are neglected for the triplet [or
B**(1s4f) for singlet] manifold in the close-coupling cal-
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FIG. 2. Representative radial couplings for the triplet and
singlet manifolds. Solid line, triplet; dashed line, singlet.
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FIG. 3. Collision energy dependence of the total and partial
electron-capture cross sections for the triplet manifold. The
solid curve represents semiclassical results for the straight-line
trajectory. The broken curve represents the quantum-
mechanical results. ©, total; 0O, B?*"(ls3s)+H™'; A,
B3t (1s3p)+H™; X, B3*(1s3d)+H™.

culations. The contribution of the higher states is con-
sidered to be quite small, because the flux is transferred
to these states via the [B3"(1s4s)+H™] state as an inter-
mediate state, and the contribution of this intermediate
state itself is negligibly small. Figure 3 indicates that the
B**(153]) manifold clearly dominates electron capture in
the entire energy region. At higher collision energies,
three states [B3"(1s3s), B**(1s3p), and B**(15s3d)] con-
tribute equally to electron capture. At intermediate ener-
gies, below 0.5 keV/amu, the B**(1s3p) state becomes
the main contributor to the electron-capture process. At
still low energies, below 3 eV/amu, the B3t (1s3d) state
again plays a dominant role. These observations are ex-
pected from the analysis of the potential energies and ra-
dial couplings.

A collision history study (not shown) suggests that at
high energies, at R, and R, (7.3 a.u.) where the energy
splitting is very small and the corresponding radial cou-
pling is strong and sharp, flux is transferred to the
B**(1s3d) and further to the B> (1s3p) channel, with a
probability close to unity. However, at R; (7.0 a.u.) the
energy difference is rather large. Therefore, some portion
of the flux is transferred to the B>*(1s3s) channel, and
the rest remains in the B3 (1s3p) channel. On the other
hand, at intermediate collision energies the flux cannot
pass completely through at R,, causing the finite transi-
tion from the B3*(1s3d) channel to the B> (1s3p) chan-
nel. At very low collision energies, crossings at both R,
and R, become effective, resulting in a finite transition
probability. With regard to the trajectory effect of the
heavy particles, the Coulomb trajectory underestimates
the cross sections rather significantly below 50 eV/amu
because of a strong repulsion that prevents a close en-
counter between two heavy particles, as discussed in de-
tail in previous papers [1,2,4].

2. Singlet manifold

Figure 4 shows the total and partial cross sections for
the singlet manifold. Recall that in the B3*(1snl, n =3
and 4) states, the energy levels are not in the natural or-
der (Sec. IIA). Hence, the roles of the B**(1s3p) and
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FIG. 4. Collision energy dependence of the total and partial
electron-capture cross sections for the singlet manifold. The
symbols O, O, A, are the same as in Fig. 3. New symbols are
W, B**(1s4s); A, B*"(15s41); @, B**(152p).

B**(1s3d) states and those of the B*T(1s4p) and
B3*(1s4f) states in electron capture are reversed in the
triplet and singlet manifolds, respectively. The cross sec-
tions of the B**(1s4s) and B3 (1s4f) states in the singlet
manifold are larger than those for the triplet manifold at
high collision energies, but they are still considerably
smaller compared to those of the B3 (1s3]) states. At
higher collision energies, above 1 keV/amu, two states
[B¥*(1s3p) and B3*(1s53d)] contribute comparably to
electron capture. At intermediate energies (1-100
eV/amu), the B3>"(1s3d) state contributes most to elec-
tron capture. At still lower energies, below 1 eV/amu,
the B3 (1s3p) state becomes dominant.

Except for the reversed order of two states [B>*(1s3p)
and B**(1s3d)], a similar argument for electron-capture
dynamics made for the triplet manifold would hold for
the singlet case. At R, the energy difference between the
initial and B3*(1s3p) states of the singlet manifold is
larger than the corresponding energy difference between
the initial and B**(1s3d) states in the triplet manifold.
Therefore, the cross section of the B3 (1s3p) state in the
singlet manifold has a larger value at 0.1-100 eV/amu
region than that of the B**(1s3d) state in the triplet
manifold. At R,, the energy difference between the
B**(1s3p) and B*¥(1s3d) states in the singlet manifold is
smaller than that for the triplet manifold. Thus, the
cross section of the B**(1s3d) state in the singlet mani-
fold is larger at lower collision energies than that of the
B3"(1s3p) state in the triplet manifold.

3. Stueckelberg oscillation

In Fig. 4, remarkable oscillatory structures can be
clearly seen in the partial (and hence the total) cross sec-
tion for the B3*(1s3d) state at collision energies below 10
eV/amu. Careful inspection of the results suggests that
the weak oscillations also appear in the B*"(1s3p) state
of the singlet manifold; to a lesser extent, they are visible
in the triplet manifold as well (in Fig. 3). To study the
origin of these oscillations, we carried out a semiclassical
analysis of phase shifts using relevant adiabatic potentials
[16], and examined squares of the scattering matrix ele-
ment as a function of partial wave [ for several collision
energies. We found that these structures are Stueckel-
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berg oscillation. In Fig. 5, we present scattering s-matrix
elements for electron capture to the B**(1s3d) state of
the singlet manifold [or B**(1s3p) of the triplet mani-
fold] to show differences in the cycle of increase and de-
crease of the s-matrix elements. [Note that the squares of
the s matrix are multiplied by (/ +%)/k2 in Fig. 5, where
k is the wave number.] The four energies shown corre-
spond to the energies that give the positions of the max-
imum and the minimum in the oscillations in Fig. 4.

At collision energies lower than E=0.566 eV/amu,
only one peak appears. As the energy decreases, the posi-
tion of the peak shifts to a smaller value of / with reduced
height. As a result, the cross section decreases accord-
ingly. As the collision energy increases from 0.566 to
1.19 eV/amu, the corresponding peak shifts toward a
larger value of /, and the peak becomes narrower. Thus,
the cross section decreases similarly on both sides of
E =0.566 eV/amu. As the collision energy increases fur-
ther from 1.19 to 2.41 eV/amu, the second smaller peak
appears at smaller values of /, and thus the cross section
starts to increase. A further increase in the collision en-
ergy beyond 2.41 eV/amu repeats this shift and a narrow-
ing of the peaks, causing the cross section to decrease
again. Repetition of this trend in the s-matrix results in
oscillation in the cross section. For the triplet manifold
shown for the B3*(1s3p) in Fig. 5(b), the circumstance is
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FIG. 5. Squares of the scattering matrix element as a func-
tion of the partial wave at E=6.40, 2.41, 1.19, and 0.566
eV/amu for (a) the singlet B3 (1s3d) state and (b) the triplet
B3*(1s3p) state.
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slightly different. The size of the corresponding peak be-
comes linearly larger as energy increases. Thus, the nar-
rowing effect of the peak (that is, the decrease of the cross
section) does not offset the increase in peak size. The
presence of the extremum in the energy difference be-
tween relevant adiabatic potentials (see Fig. 1) and the
features in the s-matrix (Fig. 5) are typical of
Stueckelberg-type oscillation [16]. At high energy and in
a two-state approximation, the total capture cross section
can be written as o «(1/k?)¥,(2/+1)sin®, and
8;=(1/v) [ RAV /(R*—b?)!2dR, where AV is the po-

tential difference between the initial and electron-
captured channels, and b and R describe the impact pa-
rameter and internuclear separation, respectively. When
an extremum in AV and, hence, in §, exists, the cross sec-
tion can be expressed on the basis of the stationary-phase
approximation as ¢ <& — B cos8®, where & represents a
smoothly varying cross section, and B cos8° is an oscilla-
tory term. Therefore, on the whole, oscillatory structures
are still present in the integral capture cross section.

For the singlet manifold, oscillations around 1 eV/amu
are weakened because of complete mixing between the
1s3p and 1s3d states (see coupling in Fig. 2), while oscil-
lations above that energy are manifested by a single dom-
inant component of the 1s3d state. For the triplet mani-
fold, oscillations are somewhat vague, as discussed for the
s matrix above. Furthermore, interference between 1s3p
and 1s3d states is not clearly seen because of weaker cou-
pling between the two.

4. Total cross sections

Figure 6 displays the present total cross sections along
with other measurements [6—8]. Our results were ob-
tained by summing the values for the triplet and singlet
manifolds with appropriate statistical weights. The ex-
perimental results scatter over a wide range, from
25X1071 cm? at 2 keV/amu to 50X 107 '® cm? at 8
keV/amu, but our results lie among these data. Our re-
sults agree very well with the measurements of Gardner
et al. [8] at their two lowest-energy points.
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FIG. 6. Comparison of our calculated results with measure-
ments. The solid curve represents our semiclassical results. Ex-
periment: O, Crandall, Phaneuf, and Meyer [6]; O, Gardner
et al. [8]; A, Goffe, Shah, and Gilbody [7].
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5. Core-electron effect and scaling

To examine the effect of core electrons on the capture
mechanism, we plot in Fig. 7 the present total cross sec-
tions along with other “best” theoretical results for elec-
tron capture from the hydrogen atom by projectiles that
have the same effective charge of four but different num-
bers of core electrons. These systems are the Be**t ion (no
core electron) [17,18], the B*" ion (one 1s electron, open
core), the C** ion (two 1s electrons, closed core) [19,20],
and the N** ion (two 1s and one 2s electrons, open core)
[4]. The present results for the (B** +H) system are sem-
iquantitatively similar in both magnitude and energy
dependence to those for the (N** +H) system in most of
the energy regions studied. The cross sections are quite
energy independent and nearly constant. Both of these
are open-core systems with singlet and triplet manifolds.
The cross sections for the (C*T+H) and (Be*™ +H) sys-
tems, which are closed-core systems, show a rather sharp
decrease below 1 keV/amu, although the cross section for
(Be** +H) drops faster than that for (C** +H). In addi-
tion, the maximum positions in the cross sections are
different. In this respect, the (C** +H) and (Be*™ +H)
systems are rather different from the previous two sys-
tems (B** and N** with H). However, all results from
the four systems appear to converge within a narrow
range at energies above 1 keV/amu.

The effect of core electrons on a colliding partner is
manifested by features in the adiabatic potentials for all
four systems. For closed-core or no core systems, the
electronic structure is rather simple because only the
doublet state is possible, while both singlet and triplet
manifolds are available for open-core systems. Although
the locations of the avoided crossings between the initial
and the dominant electron-capture channels are in nearly
the same R region for all four systems (because of the
same H target and final charge state), the features of the
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FIG. 7. Collision energy dependence of the total electron-
capture cross sections of the (B** +H) system along with other
theoretical results for systems with the same charge. The dotted
curve represents the present semiclassical results. (N**+H)
system: ——, Shimakura, Itoh, and Kimura [4]. (Be*t+H)
system: — — —, Fritsch and Lin [18]. (C*'+H) system: ---
Fritsch and Lin [19].
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avoided crossings among them are more complicated in
open-core systems (i.e., there is a core electron effect).
Energy splitting at avoided crossings are generally some-
what wider for the closed-core systems than for the
open-core systems because no strong electron mixing
occurs, implying smaller capture cross sections in the
former in low-energy regions.

At low energies, a captured electron has a longer in-
teraction time, with the incoming projectile causing com-
plex multichannel and multielectron interactions. Hence,
the unique, individual character of a projectile becomes
more conspicuous. This phenomenon causes different
magnitudes and energy dependencies in the cross sections
of different systems. As the energy increases, the col-
lision dynamics become increasingly impulsive, and a
perturbative treatment becomes valid. In this energy re-
gion, the captured electron rarely feels an effect of core
electrons during the collision, and the electron-capture
process is controlled mainly by the effective projectile
charge, apparently giving similar magnitudes to the cap-
ture cross sections if the projectiles have the same charge.
At high energy, the electron-capture cross section result-
ing from collisions of fully stripped ions with H atoms
can be described simply as a function of projectile charge
(Z,) and velocity (v) according to the perturbation treat-
ment. Hence, the idea of scalability of the cross sec-
tion emerges, as shown by Briggs [21].

In conjunction with the ideas of (1) individual unique
features of electronic states that govern collision dynam-
ics at low energies and (2) perturbative treatment of col-
lision dynamics at high energies, it is interesting to see
how well a proposed scaled form of the cross section
reproduces known cross-section data and how it deviates
from those data. We have used the scaled form of the
capture cross section proposed semiempirically by
Ryufuku and Watanabe [22] to examine the validity and

1016 ! L

0.01 0.1 1 10
E (keV/amu)
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FIG. 8. Scaled cross sections o, (=0/Z)%7) (cm?) as a
function of scaled collision energy E,. (=E/Z}**)
(keV/amu). Be*": Fritsch and Lin [18]; B**: present; C**:
Fritsch and Lin [19]; N**: Shimakura, Itoh, and Kimura [4];
B**: Fritsch and Lin [18]; C**: Shimakura er al. [2]; N°*:
Shimakura and Kimura [1].
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universality of the scaling rule. The scaled cross sections
O gcatel =a/Zp1'°7) are plotted in Fig. 8 as a function of the
scaled collision energy E. (=E/Z)**) for the ions
Bet™, B*Y, C*t, N*t, BT, C5t, and N°*. Above the
scaled energy of 10 keV/amu (not shown), all results can
apparently be represented reasonably well by the univer-
sal scaled curve of Ryufuku and Watanabe. In the scaled
energy regions of 0.1-10 keV/amu, the cross sections
from each Z, group seem to stay together rather closely,
suggesting that a different form of the scaling might well
be possible. This stepwise discreteness of the scaled cross
section as a function of projectile charge (for lower z,)
was also noted by Kaneko et al. [23]. Perhaps the intro-
duction of other quantities related to the molecular na-
ture of the system could lead to a different type of scaling
that is similar to the Landau-Zener formula. Below the
scaled energy ~0.1 keV/amu, each characteristic (of the
electronic structure) of a colliding partner becomes more
conspicuous. Certainly, no such scaling rule is known
here. Although a scaling rule like that of Ryufuku and
Watanabe is generally regarded as a representation for
highly charged (or fully stripped) ion-H systems in high-
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energy collisions, it still offers a reasonable fit for the
cross sections of the present ions with low charges. How-
ever, any comprehensive and systematic understanding of
the scaling will require a more systematic collection of
cross section data for a wide variety of ions over a wide
range of energies. Collaborative theoretical and experi-
mental efforts are urgently needed to achieve this goal.
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