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Inelastic processes in collisions of H1 ions with C, N, O, and Si atoms below 1 keV
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Electron capture in collisions of C, N, O, and Si atoms with H1 ions is studied theoretically based on a
molecular representation within a fully quantum framework by including six molecular channels both for the
ground and excited states for the@H11C# system, and four channels for the ground-state@H11N# and
@H11O# systems. For the@H11Si# system, we employed the molecular representation both in fully quantum
and semiclassical frameworks to investigate electron capture at higher energy as well. Theab initio potential
curves and nonadiabatic coupling matrix elements for all these systems are obtained from multireference
single- and double-excitation configuration interaction calculations. For all systems, the effect of excited atoms
on electron capture is examined in addition to that from the ground state. Because of a small asymptotic energy
defect~near-resonant processes! between the initial and closest electron capture channels for almost all sys-
tems, electron capture cross sections from the ground-state atoms are large with values of approximately
10216210215 cm2 for all systems at above 100 eV. Corresponding rate coefficients are found to be much
smaller than those previously reported for the NH1 and OH1, but, on the contrary, found to be larger by a few
orders of magnitude than the previously estimated value for the SiH1 system. Those from excited states are
also found to be extremely efficient for all cases.@S1050-2947~97!05803-4#

PACS number~s!: 34.10.1x, 34.70.1e, 34.20.2b
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I. INTRODUCTION

Electron capture reactions resulting from collisions
protons with carbon, nitrogen, oxygen, and silicon atoms
known to play an important role in the Earth’s atmosph
@1,2#, interstellar space@3#, and astrophysical plasmas@4#,
and to be fundamental for a deeper understanding of o
relevant applied fields such as fusion research and ion
plantation in plasma chemistry@5#. Yet, accurate rates fo
these processes are rarely known except for some crude
limited attempts for evaluation, and certainly more reliab
results are urgently needed. Rate coefficients for@H11N#
and @H11O# were theoretically evaluated by Steigma
et al. @6# and Field and Steigman@7#, respectively, based o
an orbiting approximation with corresponding values
2.5310214 cm3/s and 7.4310210 cm3/s, at 1000 K, respec
tively. Chambaudet al. @8# carried out a more rigorous stud
on electron capture in@H11O# collisions using a molecula
orbital method with the spin-orbit coupling as a driving for
and determined the rate as 4.8310210 cm3/s at 1000 K,
which is in reasonable accord with the value by Field a
Steigman@7#. But at lower temperature, both values devia
by several orders of magnitude. There is no large-scale
oretical study on@H11C# and @H11N# collision systems
except for an exploratory calculation by Butler and Dalgar
@9# for the @N11H# system.

Except for some experiments on the@H11O# collision
system by Stebbingset al. @1#, Fehsenfeld and Ferguso
@10#, and more recently by Van Zyl and Stephen@11# and
Thompsonet al. @12#, there has been no experimental act
ity to our knowledge for@H11C# and @H11N# systems.
The situation is no better for the@H11Si# collisions. Spe-
551050-2947/97/55~4!/2778~8!/$10.00
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cifically, Baliunas and Butler@13# examined the effect of
electron capture for silicon spectral lines and gave the
proximate rate coefficient as 10211 cm3/s for a temperature
around 10 000 K, based on a simple model. Our earlier
culations@14# suggested that the rate coefficient for electr
capture in collisions of H1 ions with Si atoms may reach a
large as 1028 cm3/s at 10 000 K.

In this paper, we attempt to investigate collision dyna
ics, and to evaluate electron-capture cross sections and
responding rate coefficients for these four target atoms
orously based on a molecular representation within a fu
quantal framework for HC1, HN1, and HO1 and within
both semiclassical and fully quantal frameworks for HS1.
The processes we have studied are as follows, with co
sponding asymptotic energy defects given between the c
est states.

~i! For the ground state,

H11C~3P!→H1C1~2P!12.33 eV, ~1a!

H11N~4S!→H1N1~3P!20.95 eV, ~1b!

H11O~3P!→H1O1~4S!20.02 eV, ~1c!

H11Si~3P!→H1Si1~4P!10.138 eV. ~1d!

Note that the CH1 and SiH1 systems are exothermic and th
NH1 and OH1 systems are endothermic reactions with ve
small asymptotic energy separations: near resonant elec
capture.

~ii ! For the excited state,

H11C~1D !→H1C1~2P!13.59 eV, ~2a!
2778 © 1997 The American Physical Society
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55 2779INELASTIC PROCESSES IN COLLISIONS OF H1 . . .
H11N~2D !→H1N1~1D !20.47 eV, ~2b!

H11O~1D !→H1O1~2D !21.38 eV, ~2c!

H11Si~1D !→H1Si1~3D !20.628 eV. ~2d!

The metastable states considered here are C(1D), N(2D),
O(1D), and Si(1D), which are separated from the corr
sponding ground states only by 1.26, 2.38, 1.96, and 0.78
for CH1, NH1, OH1, and SiH1, respectively, and, henc
these excited atoms are expected to be abundantly prod
and be present in various environments at high tempera
such as in intersteller space where high-energyg rays and
charged particles constantly interact with constituent ato
and molecules. A mixture of both ground and metasta
atoms makes the analysis of spectroscopic data more c
plicated for these atoms and hence precise knowledge of
lision dynamics for these atomic states is highly desirabl

II. THEORETICAL MODEL

The present molecular calculations are methodologic
similar to our earlier work on the various diatomic syste
reported @15,16# for the determination of molecular elec
tronic states. For collision dynamics, both semiclassical
quantal close-coupling methods have been used extens
by this group@15,16# and others@8,9# and hence only a shor
summary of electronic-state and collision dynamics calcu
tions is given here@17–19#.

A. Molecular states and couplings

The atomic orbital ~AO! basis sets employed in th
present H12C, N, O calculations consist of contracted Ca
tesian Gaussian functions. The (8s2p) basis of Lie and
Clementi @20# for the hydrogen atom is contracte
to @5s2p# and augmented by ones- and one p-type
diffuse function with exponentsas50.0195a0

22 and ap

50.042a0
22. For the NH1 calculations an additionald-type

function withad51.1a0
22 has been added as well to descri

polarization effects. The basis sets for the carbon-nitrog
oxygen atoms are from van Duijneveldt@21,22#, with the
contraction scheme of Lie and Clementi@20# as tabulated in
Ref. @22#. These (13s8p)/@7s4p# basis sets have been au
mented with severals,p, andd functions as listed in Table I
The resulting basis sets are thus of (14s9p2d)/@8s5p2d#
quality for carbon and oxygen and of

TABLE I. Types and exponentsa of atomic orbitals added to
the (13s8p)/@7s4p# basis sets of Refs.@20–22# for the carbon,
nitrogen, and oxygen atoms, respectively.

C N O
Type a(a0

22) Type a(a0
22) Type a(a0

22)

s 0.023 s 0.0532 s 0.032
s 0.021

p 0.021 p 0.0475 p 0.028
p 0.0188

d 0.920 d 1.082 d 1.324
d 0.256 d 0.343 d 0.445
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(15s10p2d)/@9s6p2d# quality for nitrogen. The self-
consistent field~SCF! calculations are then carried out fo
respective electronic states of the three molecules,
X 1S1 for CH1,a 4S2 for NH1, andX 3S2 for OH1. The
resulting SCF molecular orbitals~MOs! form the orthonor-
mal one-electron basis for the subsequent configurat
interaction~CI! treatments. Generally more than 30 geo
etries have been calculated betweenr51.0a0 and 10.0a0 for
these systems. In the case of CH1 and OH1 additional cal-
culations have been made atr520.0a0. The multireference
single- and double-excitation~MRD-CI! configuration inter-
action method is employed with configuration selection a
perturbative energy corrections@23#. A set of reference con-
figurations is chosen based on a preliminary scan of the w
functions of the lowest roots of a given symmetry at rep
sentative internuclear distances. Selection thresholds
T53.0mEh ~3.031026 hartree! ~for NH1 and OH1) and
T51.0mEh ~1.031026 hartree! ~for CH1) are employed to
divide the generated configurations into two sets based
their ability to lower the total energy of a given root relativ
to that obtained in the small reference secular equations.
number of the reference configurations and the roots sele
for each symmetry are given in Table II. The calculations
carried out in theC2v subgroup of theC`v point group, but
the MOs themselves transform according to the linear ir
ducible representations, making identification of the result
CI eigenfunctions straightforward. TheA1 irreducible repre-
sentation (C2v) yieldsS1 andD states, whileA2 givesS2

andD states; theB1,2 results correspond toP states.
The CI treatment itself is carried out with computer pr

grams employing the table CI algorithm@24# for efficient
handling of the various open shell cases, which arise beca
of the single and double substitutions relative to the ref
ence configurations. The sum of squared coefficients of
reference configurationsScp

2 for each root treated is an indi
cation of the quality of the choice of the reference specie
each case. Typically values of 0.95 or larger are fou
which is a satisfactory range for CI treatments with only s
to eight active electrons. TheScp

2 values are also employe
in the multireference analogue to the Davidson correct
@25,26# to the energy of each root in order to estimate t
effect of higher excitations and therefore to obtain the cor
sponding full CI energy to a good approximation.

The finite difference technique@27–29# has been em-
ployed to obtain radial coupling matrix elements betwe

TABLE II. Number of reference configurationsNref and number
of rootsNroot treated in each irreducuble representation.

CH1 NH1 OH1

States Nref /Nroot States Nref /Nroot States Nref /Nroot

1A1 89/5 2A1 75/6 1A1 92/6
1B1,2 63/3 2B1,2 56/5 1B1,2 61/4
1A2 63/2 2A2 51/5 1A2 59/4
3A1 87/2 4A1 16/1 3A1 96/3
3B1,2 69/4 4B1,2 40/2 3B1,2 80/4
3A2 55/3 4A2 33/3 3A2 61/5
5B1,2 56/2
5A2 64/3
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FIG. 1. Adiabatic potentials of the~a! CH1, ~b! NH1, ~c! OH1, and~d! SiH1 systems.
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selected states of the same symmetry, whereas rotat
coupling matrix elements as well as electric dipole transit
moments have been computed by employing appropr
pairs of CI eigenfunctions for which nonzero results are
lowed by symmetry. Additional computational details f
SiH1 may be found in the previous work@14#.

B. Collision dynamics

1. Semiclassical approach

A semiclassical MO expansion method with a straig
line trajectory of the incident ion was employed to study t
collision dynamics above 30 eV@19#. In this approach, the
relative motion of heavy particles is treated classically
using a straight-line trajectory, while electronic motion
treated quantum mechanically. The total scattering w
function is expanded in terms of products of a molecu
electronic state and atomic-type electron translation fac
~ETFs!, whereby the inclusion of the ETF ensures that
correct asymptotic scattering boundary condition of the s
tering equations is satisfied. Substituting the total wave fu
tion into the time-dependent Schro¨dinger equation and re
taining the ETF correction up to first order in the relati
velocity between the collision partners, we obtain a set
first-order coupled equations in timet. This approximation
of retaining the first order of relative velocity is expected
be valid in the present energy region. Transitions betw
the molecular states are driven by nonadiaba
couplings. By solving the coupled equations numerically,
nal
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obtain the scattering amplitudes for transitions: the squar
the amplitude gives the transition probability, and integrat
of the probability over the impact parameter gives the cr
section. The molecular states included in the dynamical
culations are the two sets of states, shown in Fig. 1~d!,
separating to@H11Si(3P)# (2 3S2,3 3P), @H1Si1(4P)#
(1 3S2,2 3P), @H1Si1(2P)# (1 3S1,1 3P) for electron
capture from the initial ground state, an
@H11Si(1D)# (2 1S1,2 1P), @H1Si1(2D)#(3 1S1,3 1P)
for electron capture from the initial excited state.

2. Quantum approach

A fully quantum-mechanical representation of the MO e
pansion method is employed, that is, the total wave funct
is expanded in products of molecular electronic and nuc
wave functions and the ETFs, and is substituted into
time-independent Schro¨dinger equation to yield a set o
second-order coupled equations. By solving the coup
equations numerically, the scatterings matrix is extracted.
From the standard procedure, thesmatrix can be related to a
transition probability and hence cross section. Molecu
states included in the present calculation are as follows~i!
for the @H11C# system, for the ground-state initial chann
@H11C(3P)#; S2,P, electron capture@H1C1(4P)#; S2

and @H1C1(2P)#; S1,P, and for excited states, the initia
@H11C* (1D)#; S1,P, electron capture@H1C1(2P)#;
S1,P, and target excitation@H11C* (1S)#; S1; ~ii ! for the
@H11N# system, the initial@H11N(4S)#; X 4S2, electron
capture@H1N1(3P)# and target excitation@H11N(4P)#;
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FIG. 2. Representative nonadiabatic radial and angular coupling matrix elements for~a! CH1, ~b! NH1, ~c! OH1, and~d! SiH1 systems.
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~iii ! for the @H11O# system, the initial@H11O(3P)#;
X 3S2 and electron capture@H1O1(4S)#; 2 3S2; and for
excited states, the initial@H11O(1D)#; 11S1, 11P, and
electron capture@H1O1(2D)#; 11S2, 21P; ~iv! for the
@H11Si# system, then initial@H11Si(1D)#; 21S1, 21P,
and electron capture@H1Si1(2D)#; 31S1,31P. Further-
more, contributions from higherS states were also examine
for selected cases to estimate the degree of the converg
of the cross section.

III. RESULTS

A. Adiabatic potentials and corresponding
coupling matrix elements

The calculated adiabatic potentials and corresponding
resentative radial and angular coupling matrix elements
displayed in Figs. 1~a!–1~d! and Figs. 2~a!–2~d! for CH1,
NH1, OH1, and SiH1, respectively. First, we discuss eac
system separately and then provide general features com
to all. For the CH1 system as shown in Fig. 1~a!, the ground
@H11C(3P)# channel lies above the dominant electron ca
ture @H1C1(2P)# channel, whereas all target-excitatio
@H11C(1D,1S)# channels lie slightly above the groun
state. For low-energy collisions below the eV regime,
would be expected that electron capture from the gro
state proceeds to form a C1(2P) state through bothradiative
and nonradiativeelectron capture driven by a dipole an
spin-orbit couplings between the initial (3S2 and 3P) and
electron-capture (1S1,1P) and (3S1,3P) channels, but as
the energy increases to a few tens of eV region, capture
nce

p-
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take place primarily to the3P state in the@H1C1(2P)#
channel through a radial coupling from the initial3P state.
Note that the@H11C(1S)# and @H1C1(4P)# channels lie
very closely and in the figure, both potentials looks nea
identical.

For the NH1 system in Fig. 1~b!, the @H11N1(4S)#
channel is the ground state with the electron capt
@H1N1(3P)# channel being nearby. Above this electro
capture channel, a series of target excitation channels
lows. For OH1 in Fig. 1~c!, the@H11O(3P)# channel is the
lowest level, similarly for the NH1 system, and then the
electron capture@H1O1(4S)# channel and the target excita
tion @H11O(1D)# channel follow. In the present calcula
tion, the first two of these levels are inverted, but these
ders have been changed to match the experimental resu
the scattering calculation described below. As Chamb
et al. @8# suggested the importance of a transition amo
different spin states through a spin-orbit coupling, the
inter-spin-multiplicity ~singlet-triplet! transitions become in-
creasingly important particularly at a point where these
tentials for different spin states cross as the collision ene
decreases below low-eV region. For the SiH1 system as
shown in Fig. 1~d!, it should be noted that the energy spl
ting between the levels corresponding to the@H1Si1(4P)#
and @H11Si(3P)# systems is known experimentally to b
only 1112 cm21 and because of this small value, a larg
basis set for describing electronic states is required to ob
this splitting reasonably well@14#.

Energy defects between the initial ground state and n
est electron capture state are, therefore, 2.3, 0.95, 0.02,
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FIG. 3. Electron capture cross sections both from the ground and excited states below 1000 eV for~a! CH1, ~b! NH1, ~c! OH1, and~d!
SiH1. Present work for all systems:d. For OH1, experimental data: open circle, Ref.@11#.
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0.14 eV for @H11C#, @H11N#, @H11O#, and @H11Si#
systems, respectively, while those between the initial exc
state and closest electron capture state are 3.6, 0.47,
and 0.63 eV, respectively, for the same systems. Theref
we would expect that at the lower end of collision energ
studied, electron capture from the ground state dominates
the @H11N,O,Si# systems, but is somewhat weaker for t
@H11C# system even though the process is exothermic.
electron capture from the excited state, as the energy slig
increases from the threshold, the number of states avail
for electron capture quickly increases and for these two
and O target cases, electron capture from the excited atom
expected to take over that from the ground state. There
several curve crossings among different spin states and
described earlier, spin-orbit couplings are expected to b
dominant driving force for a spin-forbidden transition
lower energies below a few eV or so.

A dominant coupling mechanism in the present ene
range between the initial and closest electron capture c
nels as examplified in Fig. 2 is considered to be the Demk
type coupling, i.e., the manifestation of a weak interact
due to the polarization potential, typically low-lyin
charged-ion collision pair, and as a result, a leading nona
batic radial coupling matrix element has a broad weak p
at the internuclear separation where two corresponding
tentials approach asymptotically. Typical sizes and shape
those radial coupling matrix elements are seen in Fig. 2.
d
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B. Electron capture from the ground-state C„3P…, N„4S…,
O„3P…, and Si„3P… atoms

The calculated electron-capture cross sections are il
trated in Figs. 3~a!–3~d! for C, N, O, and Si targets, respec
tively. As we speculated from the small asymptotic ener
defects between the initial and dominant charge-tran
channels for all systems, the cross sections for C1(4P),
N1(3P), O1(4S), and Si1(4P) formations are found to be
large, all with values larger than 10218 cm2 above the energy
of a few tens of eV and rapidly reaching values of nea
10215 cm2 around a few hundred eV for all cases. The e
ergy dependence is relatively mild except for near-thresh
regions, but all show conspicuous structures due to str
interferences among electron capture channels and the
trance channel. The cross section for C1(2P) formation is
somewhat weaker in intermediate energy regions due
less effective coupling scheme with the initial channel,
though it rapidly catches up with that of C1(4P) formation
as the energy increases. The flux is promoted through a
ries of target excitation channels~a ladder-climbing mecha
nism!, finally reaching the C1(4P) channel. Therefore, thes
target excitation channels are essential for the C1(4P) pro-
duction in this energy range. For N and O targets, ene
dependence in capture cross sections is found to be
weak and the cross sections reach nearly constant par
larly above 50 eV. Si1(2P) formation is similar in magni-
tude to the Si1(4P) cross section above 300 eV, but dro
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TABLE III. Representative rate coefficients for electron capture at temperatures above 10 000 K re
from collisions of H1 ions with C, N, O, and Si atoms.

Rate coefficient (cm3/s)
Targets

Temp.~K! C(3P) N(4S) O(3P) Si(3P)

10 000 3.51310211 5.3310210 a 6.10310211 9.1310210 b 1.4531029

50 000 2.61310212 4.80310210 2.9131029 7.3931029

100 000 2.34310211 2.0331029 7.0231029 1.4031028

200 000 2.08310210 6.7331029 1.3931028 2.9331028

aReference@6#.
bReference@7#.
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rather sharply below this energy due to a larger energy de
for capture. Oscillatory structures seen in the cross sec
are rather weak near the threshold region. A peak is s
near the region of 1 keV in the Si1(2P) formation while it
displays a dip for the Si1(4P) formation in the same energ
region and this out-of-phase structure in the two cross s
tions is a manifestation of the interference between these
channels. For both formations,S and P contributions are
almost equal except for higher ends of energies stud
where theS contribution dominates by about a factor of
implying the dominance of theS-S radial coupling.

As stated earlier, to our knowledge there are no comp
hensive experimental data for any target in this energy reg
below 1000 eV for comparison. However, there is one
from a relatively old experiment in the region of 50–10 0
eV @1# and another at thermal energy@10#, both for the O
target, and more recently, there are experiments above
eV @11,12# that can be used for comparison with the pres
result; the results of Ref.@12# are included in Fig. 3~c!. The
present results rapidly increase from the threshold and re
a value of 10215 cm2 at around 20 eV becoming nearly
constant at higher energies. The present value at 100 e
2.5310215 cm2, which can be compared with the expe
mental value of 1.1310215 cm2 given by Van Zyl and
Stephen@12# at 120 eV, somewhat of an overestimation
magnitude, but similar in energy dependence. Since
present study aims to elucidate dynamical aspects in l
energy collisions so that the size of the MO set used is su
for collisions below 100 eV, this may well lead to an ove
estimation of the cross section for higher energies. Furth
more, below a few eV, radiative capture processes and s
forbidden transition processes become major dynam
processes@8# over those processes driven by nonadiaba
couplings considered here. Hence, for an accurate des
tion of low-energy collisions, these radiative and sp
forbidden transitions should be included on an equal foot
manner.

C. Electron capture from the excited C„1D…, O„1D…,
and Si„1D… atoms

Electron-capture processes from excited atoms
C(1D), O(1D), and Si(1D) atoms by H1 impact have been
examined, as included and exemplified in Fig. 3. For
O(1D) atom, due to a combination of a small energy defe
the availability of a larger number of channels and the eff
tiveness of the strong coupling between the initial exci
ct
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state and electron capture channels, the cross section is f
to be large, being weakly dependent on the collision ene
and to possess weakly oscillatory structures, and it rap
reaches the value in the region of 10214 cm2. For the
C(1D) atom, the situation is somewhat different becau
many target excitation and deexcitation channels lie clo
energetically to the initial excited state@see Fig. 1~a!# and
hence, the target excitation processes dominate by far
electron capture at all energies. At 100 eV, for example,
electron-capture cross section is in the neighborhood
1.0310217 cm2 and drops rapidly toward threshold, where
the excitation cross section is already close
2310215 cm2 and gradually increases to 4310215 cm2 at
500 eV. For the Si(1D) atom, at lower energies below
around 20 eV, electron capture from the excited state
larger than that from the ground state, but it gradually ta
over the excitation and dominates by nearly an order of m
nitude at 1 keV. TheP contribution is dominant in all sys
tems at higher energies due to increasing the diabatic na
of the S-S radial coupling. Also, as noted for the O(1D)
atom, oscillatory structures are seen in all systems and th
oscillatory patterns are due to the multichannel interfere
oscillation.

D. Rate coefficients

The rate coefficients for electron capture from the grou
state C(3P), N(4S), O(3P), and Si(3P) and excited C(1D),
O(1D), and Si(1D) atoms are calculated and some repres
tative values are given in Table III@30#. The rates for the
ground-state atoms increase from less than 10214 cm3/s at
10 000 K @31# to 2310211 cm3/s at 100 000 K for CH1,
3.5310212 cm3/s to 231029 cm3/s for NH1,
6.1310211 cm3/s to 731029 cm3/s for OH1, and
1.531029 cm3/s to 1.431028 cm3/s for SiH1. The rate co-
efficients for NH1 and OH1 at 10 000 K determined by
Steigmanet al. @6# and Field and Steigman@7#, respectively,
are large with values of 5.3310210 and 9.1310210 cm3/s,
respectively, which may be compared with the pres
3.5310211 and 6.1310211 cm3/s. For the reason describe
above, the present rates below 10 000 K may be less relia
It is apparent that the values previously reported are large
at least an order of magnitude, which results may have
affect on the determination of the ionization structure in
terstellar space. The rate coefficients determined in
present study for SiH1, that is approximately 1029 cm3/s at
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10 000 K, are found to be much larger than that previou
estimated by Baliunas and Butler@13# (10211 cm3/s). Those
for the excited atoms are small at low temperatures, but
come comparable at higher energies, varying fr
2310211 cm3/s to 331028/cm3/s. Knowledge of the large
electron-capture rate from the excited state, which exce
that of the ground state at higher temperatures, may be
portant for a diagnostic of astrophysical plasma at hig
temperatures. Experimental attempts to determine these
are urgently required to clarify theoretical situations.

IV. CONCLUSION

We have studied electron capture in collisions of C(3P),
N(4S), O(3P), and Si(3P) with H1 below 1000 eV and
found that the cross sections for electron capture from
ground-state O and Si targets reach as high as;10215 cm2

above a few tens of eV and those are relatively smaller fo
and N targets because of a larger asymptotic energy de
Except for the CH1 case, corresponding rate coefficien
have values larger than 10212 cm3/s at a temperature o
10 000 K. We have also investigated electron capture fr
excited state C(1D), O(1D), and Si(1D) atoms by H1 ion
impact in the same energy range. We find that the magnit
and energy dependence of both sets of cross sections for
system vary significantly from system to system because
ys

v

s

ff,

i
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Y.
A

r,
y

e-

ds
-
r
tes

e

C
ct.

m

de
ach
of

different characteristics of the various adiabatic potent
and corresponding couplings. We have found that the
coefficients for electron capture from ground-state atoms
small, with a value less than 10210 cm3/s at 10 000 K for N
and O targets, compared to those reported by Steigmanet al.
@6# and Field and Steigman@7#, who give 5.3310210 and
9310210 cm3/s, respectively. The rates for the Si target a
found to be much larger ~with a value of
1.4531029 cm3/s) than that estimated earlier a
10211 cm3/s by Baliunas and Butler@13#. We believe that
the electron-capture information may help to provide a m
accurate analysis of astrophysical plasma.
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