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Charge transfer in H¿¿Ar collisions from 10 to 150 keV
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Total as well as partial cross sections for single-electron capture of H1 on Ar are calculated by the semi-
classical impact parameter method, using a two-center atomic basis expansion, in the impact energy range
10–150 keV. The resulting total cross sections are in good agreement with previous experimental data. Partial
cross sections agree qualitatively with measurements at high energies, while at low energies the experimental
data are found to be approximately six times smaller than the present results.

PACS number~s!: 34.70.1e, 34.50.Pi
on
th

im

f-
g
as
e
ct
ch
pe
e

s
s
ite
be
an
y
o
,
a-

a
ic

th
th
i

sfe
ls
x
th
t

tio
a

of
ent
al

tile

d
nal

als
asis
to
I. INTRODUCTION

Single electron capture from low to intermediate collisi
energies has been the subject of many experimental and
oretical investigations, because of both its fundamental
portance and its applications in astro- and plasma physics@1#
and in material science@2#. In spite of these continuous e
forts to study the capture processes our understandin
them is still rather incomplete. Notwithstanding the incre
ing sophistication of the experimental techniques and th
retical models, the accurate determination of state-sele
and total charge tranfer cross sections has remained a
lenging task. There has been a substantial amount of ex
mental work on charge exchange reactions, over a wide
ergy range, between H1 projectiles and a target Ar ga
@3–36#. Not only have total cross sections for this proce
been measured, but also the formation of hydrogen exc
states and most recently differential cross sections have
reported. Theoretical models used to calculate electron tr
fer cross sections are generally limited to single-electron s
tems@37,38#. There are also calculations in the literature f
a few systems with more than one electron~see, for instance
Refs. @39,40#!. At lower energies the two-state approxim
tion has yielded satisfactory results for H1 passing through
Ar @6#, but at intermediate energies several competing ch
nels should be taken into account to give a meaningful p
ture of the reaction. No detailed theoretical treatment of
process has been made, to our knowledge, at
intermediate-energy range, because of the complexities
volved in an accurate calculation of the collision.

In the present work we have calculated electron tran
total cross sections by 10–150 keV protons in Ar. We a
report formation cross sections to low-lying hydrogenic e
cited states. The semiclassical model applied to study
capture from eachM subshell of Ar is described in the nex
section.

II. MODEL

We used a semiclassical impact parameter approxima
which we will describe briefly. We considered classic
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straight lines for the nuclear motion, while the dynamics
one active electron was found by solving the time-depend
Schrödinger equation with the two-center atomic orbit
close-coupling method@41#. The interaction potential is
modeled by a Coulomb potential centered at the projec
and an effective potential centered at the Ar nucleus,

VA~r !52
Z0

r
1~Z11Z2r !

e2Z3r

r
. ~1!

The wave functionC(r ,t) is expanded in two-center boun
atomic orbitals with the plane-wave electronic translatio
factorsPH,Ar(t) as

TABLE I. Orbital energies and parameters for the potenti
experienced by the active electron and for even-tempered b
functions to represent the bound states of H and Ar atoms upn
54.

Potential parameters
Z0 Z1 Z2 Z3

H 1.0 0.0 0.0 0.0
Ar 1.0 217.0 23.0 2.15

Wave function parameters
H Ar

S P D S P D

a 0.110 0.061 0.042 0.08 0.08 0.04
b 1.465 2.0 2.0 2.45 3.33 1.50

Argon orbital energies
State Calculated Ref.@45# State Calculated Ref.@45#

3s 21.097 21.067 4p 20.087 20.104
4s 20.146 20.151 3d 20.057 20.070
3p 20.571 20.577 4d 20.0320 20.0325
©2000 The American Physical Society18-1
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TABLE II. State-to-state single-capture cross sections at 20 keV as a function of the size of the basis at H center. The cross se
given in Å2. Note that 2~4! means 0.0002, etc.

1s 2s 2p 3s 3p 3d 4s 4p 4d

Partial capture cross sections from 3p1

1.77 0.23 0.21 0.14 0.08 0.070 0.023 0.014 0.008 0.014 0.029 0.026 0.004 0.010 0.003~4!

1.86 0.25 0.18 0.14 0.08 0.075 0.022 0.017 0.007 4~4!

1.94 0.29 0.13 0.12
2.01

Partial capture cross sections from 3p0

0.57 0.26 0.048 0.083 0.08 0.026 0.012 0.004 0.002 2~4! 0.026 0.012 0.002 0.004 6~4! 4~5!

0.71 0.24 0.044 0.076 0.076 0.030 0.011 0.0063 0.001 2~4!

0.93 0.25 0.045 0.065
1.38

Partial capture cross sections from 3s
0.58 0.08 0.054 0.019 0.023 0.016 0.003 0.003 0.001 6~5! 0.008 0.005 6~4! 0.002 5~4! 1~5!

0.65 0.08 0.052 0.020 0.024 0.018 0.003 0.004 0.001 5~5!

0.75 0.08 0.045 0.020
1.00

Corresponding total capture cross sections

3p1 3p0 3s
2.62 1.13 0.79
2.63 1.20 0.85
2.48 1.29 0.90
2.01 1.38 1.00
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C~r ,t !5PH~ t ! (
i

ai
H ~b,t ! f i

H ~r !

1PAr~ t ! (
i

ai
Ar ~b,t ! f i

Ar ~r !, ~2!

where b is the impact parameter. The atomic states are
turn expanded in terms of even-tempered basis funct
@42#,

f i
H,Ar ~r !5(

k
cnk

H,Ar Nl~zk! e2zkr r l Ylm~ r̂ !, ~3!

wherei 5$n,l ,m% andNl(zk) is a nomalization constant. Th
exponential parameterszk are taken to form a geometric se
quencezk5abk, k51,2, . . . ,kmax, andYlm stands for the
usual spherical harmonics. The parametersa,b and those of
the potentials are determined so that the atomic energy le
of interest can be well represented by the eigenvalues of
diagonalized Hamiltonian of the H and Ar atoms. The calc
lated orbital energies, comparison to experimental valu
and the parameters that we used are shown in Table I. A
note that the potential has the expected asymptotic beha
for small and larger and for the Ar case closely follows th
potential found by Szydlik and Green@43#.

We display in Table II an example of the convergence
the cross sections as a function of the size of the basis a
energy of 20 keV. The basis used for the calculations c
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sists of alln51 –4 H orbitals at the hydrogenic center,
well as 3s, 3p, 3d, 4s, 4p, and 4d orbitals at the Ar center.
The coupled equations are integrated up to internuclear s
rations of 100 a.u. where all couplings have essentially v
ished.

Within an independent particle model, the total electr
capture cross sections are obtained by summing the c
sections for eachM subshell and multiplying by 2, in orde
to take into account the number of equivalent target electr
available for capture in each subshell.

FIG. 1. Total single-electron capture cross sections in H11Ar
collisions.
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FIG. 2. Partial cross sections for single-electron capture into the state~a! H(1s), ~b! H(2s), ~c! H(3s) , ~d! H(4s), ~e! H(2p).
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III. RESULTS AND DISCUSSION

Our calculated total capture cross sections are comp
to a variety of experimental results in Fig. 1. There is gene
agreement between the calculated values and experim
05271
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l
tal

data even though most of the experimental values lie slig
below our theoretical curve. At the lower-energy endE
,10 keV) the slope of the theoretical curve increas
whereas the experimental values are nearly constant. Fo
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higher-energy region the agreement is good but the calc
tions systematically overestimate the cross section values
was mentioned in a previous section the one-electron p
abilities that emerge from solving the close-coupling eq
tions have to be used in conjunction with the independ
electron model to take into account all of the electrons in
3p shell of Ar, and the corresponding cross sections can t
be compared with experiment. This independent elect
model clearly neglects the electron correlation effect, wh
is expected to be more important at the lower energies.
thus attribute the discrepancy in the lower-energy reg
largely to the limitations of the independent electron mod
In the present calculation, the ionization channels are
included. As demonstrated in another recent close-coup
study of charge transfer@44#, leaving out the ionization chan
nel from the wave function expansion tends to lead to lar
charge transfer cross sections.

A much more stringent test of the calculations is to exa
ine the state-specific capture cross sections, as displaye
Figs. 2~a!–2~e!. The order of magnitude and the gene
shape of the experimental cross sections are reproduced
the disagreement at lower energies is more apparent and
similar behavior as for the total cross section. In part
discrepancy is due to the fact that the cross sections are
or more orders of magnitude smaller than the main chan
and should be more sensitive to all approximations in
calculation, in particular, the independent electron model,
size of the basis set, and the form of the potential.

Further insight into the collision can be obtained by e
amining the behavior of the capture probabilitiesp as a func-
tion of energyE and impact parameterb, as is done in Fig. 3.
The smooth behavior observed at high energies change
an oscillatory pattern as the energy and impact param
diminish. The oscillations at small velocity reflect the osc
lation of the electron between the target and the projec
when the orbiting velocity of the electron is faster than t
collision velocity. Such oscillatory behavior is typical o
r,

.F

B

d
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charge transfer reactions at low energies.
In conclusion, we have calculated single-capture cr

sections for H11Ar collision, in the impact energy rang
10–150 keV. The resulting total cross sections are in go
agreement with previous experimental data. Partial cross
tions agree qualitatively with measurements at most en
gies, but at lower energies the present calculations are
adequate. In future improved calculations, it is desirable
go beyond the independent electron model and treat at l
all the M-shell electrons on an equal footing. Such a calc
lation is expected to improve the theoretical results at low
energies.
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FIG. 3. Total single-electron capture probabilities as a funct
of collision energy and impact parameter.
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