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Abstract

The absolute differential and total cross sections for single electron capture by Ar+ ions from Ne, Ar, Kr and Xe were
measured at energies between 1.0 and 5.0 keV. For all the systems studied in this work, the reduced differential cross sections
scale reasonably well with reduced scattering angle and maxima at all the collision energies studied in this work. We deduce,
from the experimental differential cross section, that the electron capture channel occurs at a critical projectile-target separation
of 3.25a0 for Ne; 3.0a0 for Kr and 2.89a0 for Xe. The total cross sections for single electron capture are compared with previous
experimental measurements. These results give a general shape of the whole curve of single electron capture cross sections
for the Ar+–Ne, –Ar, –Kr and –Xe systems. Semiempirical calculations are in very good agreement with the present cross
section data. It has been found that the dependence of the single electron capture cross section with the nuclear charge of the
target atoms is an oscillatory function of the nuclear charge of the target atoms.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Single electron capture by a fast ion following a
collision with an atom is one of the dominant inelas-
tic in the low-and intermediate-energy regimes and
therefore these processes play a central role in the
charge and energy balances of different types of plas-
mas, e.g., aeronomy[1] and astrophysical plasmas
[2,3]. A survey of the data involving collisions of
singly charged argon ions on rare gases indicates that
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there are few published measurements for the single
electron capture cross sections for the Ar+–Ne [4,5],
Ar+–Kr [4–8] and Ar+–Xe [4,5] systems. Most ex-
periments concerned with the measurement of single
electron capture cross section have been performed for
the Ar+–Ar system[7–20]. Except for a few cases,
the interpretation of the experimental results is based
on a qualitative approach[21] to investigate the po-
tentials of the quasi-molecular system formed in these
collisions, and to examine the curve-crossing mech-
anism that plays such an important role in the in-
elastic processes. For single electron capture of Ar+

in Ar, there is a disagreement between some of the
measurements in the low keV-energy range. In this

1387-3806/03/$ – see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S1387-3806(03)00263-X



108 H. Martı́nez et al. / International Journal of Mass Spectrometry 228 (2003) 107–116

work, we present absolute measurements of the differ-
ential and total cross sections for single-electron cap-
ture in Ar+ collisions with Ne, Ar, Kr and Xe atoms,
that is:

Ar+ + B → Ar0 + · · · ,

where B is Ne, Ar, Kr or Xe.

The energy range covered by the present experi-
mental study is 1.0–5.0 keV.

In addition, we present the results of the total elec-
tron capture cross section as a function of the target
atomic number (Zt) at several incident energies.

2. Experiment

Details of the experimental arrangement have been
given previously[22,23], hence only a brief descrip-
tion of the experimental setup will be given here. Ar+

ions were formed in a discharge source containing Ar
gas (99.99% purity) at a pressure of 0.07–0.09 mTorr.
Ions were extracted and accelerated in an energy range
of 1.0–5.0 keV. The Ar+ beam is passed through an
einzel-type lens and directed to a Wien velocity filter
in order to obtain a mass analyzed beam at the de-
sired velocity. Next, the Ar+ ions are passed between
cylindrical electrostatic deflection plates, used both
to steer the beam and to bend it by 10◦ to prevent
photons in the ion source from reaching the detection
system. Then, the collimated Ar+ beam entered the
scattering chamber, which housed a gas target cell
where electron capture to form Ar0 took place. The
gas target cell was a cylinder of length 2.54 cm and
diameter 2.54 cm in which the target gas pressure
(typically 0.4 mTorr) was measured with a calibrated
MKS capacitance manometer (model 270C). The en-
trance aperture was 1 mm in diameter and the exit
aperture was a slit 2 mm wide and 6 mm long. This
geometry permitted the measurements on the Ar0 par-
ticles, making an angle of up to±7◦ with respect to
the incoming beam direction. Path lengths and aper-
tures gave an overall angular resolution for the system
of 0.1◦. All apertures and slits have knife edges. The
cell target was located at the center of a rotatable,

computer-controlled vacuum chamber that moved the
whole detector assembly, which was located 47 cm
away from the target cell. A precision stepping motor
ensured a high repeatability in the positioning of the
chamber over a large series of measurements. The de-
tector assembly consisted of a Harrower-type parallel
plate analyzer with a 0.36-mm entrance aperture and
two channel-electron multiplier (CEM) attached to its
exit end. The beam entered the uniform electric field
of the analyzer at an angle of 45◦. The neutral beam
(Ar0) passed straight through the analyzer through a
1 cm orifice on its rear plate and impinged on a CEM
so that the neutral counting rate could be measured.
Separation of charged particles occurred inside the
analyzer, which was set to detect the Ar+ ions with
the lateral CEM. This flux was used as a measure of
the stability of the beam during the experiment. The
CEMs were calibrated in situ with low-intensity Ar0

and Ar+ beams, which were measured as a current in
a Faraday cup by a sensitive electrometer. The uncer-
tainty in the detector calibration was estimated to be
less than 4%. A retractable Faraday cup was located
33 cm away from the target cell, allowing the mea-
surement of the incoming Ar+ ion-beam current. A
Keithley Instruments Electrometer model 610C was
used to measure the beam current entering the Faraday
cup. Vacuum base pressures in the system were 2.0×
10−7 Torr without gas in the cell and 1.0 × 10−6 Torr
with gas.

Under the thin target conditions used in this exper-
iment, the differential cross sections for the formation
of Ar0 were evaluated from the measured quantities
by the expression

dσ

dΩ
= I(θ)

nLI0
(1)

whereI0 is the number Ar+ ions incident per second
on the target;n is the number of target atoms per
unit volume;L is the length of the scattering chamber,
and I(θ) is the number of Ar0 atoms per unit solid
angle per second detected at a laboratory angleθ with
respect to the incident beam direction. The total cross
section for the production of Ar0 was obtained by
the integration of dσ/dΩ over all measured angles;
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that is

σ = 2π

∫ 0max

0

dσ

dΩ
sin(θ) dθ (2)

For θ > θmax, the differential cross sections drop be-
low the experimental detection limit. If we considered
this detection limit as a constant contribution for an-
gles θ > θmax, we obtained an upper limit for the
estimation of this contribution for all the energies of
0.1×10−20 cm−2, which is less than 10% for energies
above 2 keV.

Extreme care was taken when absolute differential
cross sections were measured. The reported value of
the angular distribution was obtained by measuring it
with and without gas in the target cell with the same
steady beam. Then point-to-point subtraction of both
angular distributions was carried out to eliminate the
counting rate due to neutralization of the Ar+ beam
on the slits and those arising from background dis-
tributions. The Ar+ beam intensity was measured
before and after each angular scan. Measurements
not agreeing to within 5% were discarded. Angular
distributions were measured on both sides of the for-
ward direction to assure they were symmetric. The
estimated RMS error in the angular distributions is
15%, while the cross sections were reproducible to
within 10% from day to day.

Several runs were made at different gas pressures
and dσ/dΩ was determined for each run. These were
compared in order to estimate the reproducibility
of the experimental results as well as to determine
the limits of the ‘single-collision regime’ since the
differential and total cross sections reported are
absolute.

In the present work, changes were not observed
in the absolute values with respect to the ion source
conditions. Also, no variation in the angular distribu-
tions were detected over a target pressure range of
0.2–0.6 mTorr.

Several sources of systematic error are present and
have been discussed in a previous paper[22]. Overall
uncertainties in the angular distributions were 15%,
which arise from the effective length of the target cell
(3%); density determination (6%), the measurement

of the incident ion current (3%), and the detector cal-
ibration (3%).

3. Results and discussion

Measurements of differential cross sections (DCS)
were performed at laboratory angles of−3.6◦ ≤ θ ≤
3.6◦ and collision energies of 1.0 ≤ Elab ≤ 5.0 keV.
Angular and energy dependencies ofρ, the reduced
DCS ρ = θ sin(θ)(dσ/dΩ) for single electron charge
transfer in the laboratory system for Ar+ on Ne, Ar, Kr
and Xe are presented fromFig. 1a and d, respectively,
where the abscissa is the reduced scattering angleτ =
Elabθ. The curves representing the reduced differential
cross sections (RDCS) for the different energies scale
reasonably well withτ. This is followed by a maxima
and a decrease beyond 6.0, 5.0 and 4.0 keV-deg for
Ar+–Ne, –Kr and –Xe systems, respectively. At all
the energies studied,ρ(τ) has a rather similar behav-
ior within the experimental uncertainty; although for
the lowest energy studied in this work (1.0 keV), the
structure cannot be observed, since the largest value
of τ is 3.6 keV-deg. The general behavior showsρ

to lie on a single curve that is described only by a
given velocity-independent interaction potential. Each
τ value thus belonging to a certain value of the colli-
sional impact parameterb [24]. The features that occur
at the same value ofτ for different energies indicate
that they originate at a common region of the inter-
action potential, since constantτ implies nearly con-
stant impact parameter as well as constant distance of
closest approach[24]. In this particular case, the im-
pact parameterb was evaluated using an exponential
shielded coulomb potential given by[24]

V(r) =
(

ZpZt

R

)
exp

(
−R

c

)

and the reduced functionsτ0 vs. (b/c) given by Smith
and co-workers[24]. The value ofc was determined
using the relationc = a0[Z2/3

p + Z
2/3
t ]−1/2, wherea0

is the Bohr radius,Zp the projectile atomic number
and Zt the target atomic number. Since in small an-
gle scattering, the impact parameterb and the distance
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of closest approachR0 are essentially the same, the
features localized at a specific reduced angleτx rep-
resent interactions at some localized parts of the po-
tential V(r). In the inelastic scattering, perturbations

Fig. 1. Reduced differential cross sections for single-electron capture of Ar+ ions in (a) Ne, (b) Ar, (c) Kr, (d) Xe.

were observed at certain localized values ofτ, which
provide us with knowledge of the points of the cross-
ing of the potential curves. In the present case, our
experimental results for the Ar+–Ne system present a
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Fig. 1. (Continued).

maximum at 6.0 keV-deg (corresponding to the im-
pact parameterb = 3.25a0); for the Ar+–Kr shows a
maximum at 5.0 keV-deg (b = 3.00a0) and the case
of Ar+–Xe system display a maximum at 4.0 keV-deg

(b = 2.89a0). The impact parameter estimated through
the exponentially shielded coulomb potential is prob-
ably not accurate, but it is sufficient for the present
purpose. These results suggest that when the Ar+
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projectile penetrates into a critical projectile-target
separation (here corresponding tob = 3.25a0 for
Ne target;b = 3.00a0 for Kr case andb = 2.89a0

for Xe) the electron capture channel “opens”. It
is not possible at this time to identify the specific
channels.

The measured differential cross sections for single
electron capture of Ar+ impacting on Ne, Ar, Kr and
Xe were integrated over the observed angular range.
The behavior of these data together with previous
experimental data over a wide range of energy are
shown inFig. 2a and d, respectively, as a function of
the incident energy. Our cross sections are found to be
of the order of magnitude between 10−2 and 10−1 Å2.
Error bars are given as an indication of the maximum
reproducibility of the data in the present energy range.
In all cases, we have included data over a wide range
of energies to show the overall shape of the curves. It
can be seen fromFig. 2afor the Ar+–Ne system that
our data may connect the results at low energies of
Maier [4] with those of Pivovar et al.[5] at high ener-
gies. Although there is no overlap of the three sets of
data, the shapes of the cross section data of Maier[4],
Pivovar et al.[5] and present measurements, indicate
that the data from all three measurements are mutu-
ally consistent with the Olson model. These results
give a general shape of the whole curve of the single
electron capture cross sections for the Ar+–Ne sys-
tem over a wide range of energies (0.12–2000 keV).
The energy dependence of the total single electron
capture cross section for an Ar+ ion colliding with Ar
is shown inFig. 2b. The shape and magnitude, within
the experimental errors of the present cross sections
are in very good agreement with those measured by
Hegerberg et al.[15], Flaks and Solovev[20] and
Fedorenko[7] and merge smoothly with the data of
Jones et al.[9], Fedorenko et al.[8] and Fedorenko
[7], while the magnitude of the data of Astner et al.
[16], Sluyters et al.[19] and Hasted and Gilbody
[18] are slightly lower but taking into the account
the error bars the data are consistent with the present
results.

It can be seen fromFig. 2cthat the shape of the cross
section for an Ar+ ion colliding with Kr shows an in-

creasing behavior as a function of the incident energy.
Our data were found to be in good agreement with the
data of Fedorenko[7] at 5.0 keV and merge smoothly
into the cross sections measured by Fedorenko[7],
Fedorenko et al.[8], Nikolaev et al.[6] and Pivovar
et al. [5] at energies greater than 5.0 keV. While from
the data of Maier[4] at low energies, it was not possi-
ble to connect with the present total cross sections. It
is important to mention that the behavior of the total
cross section as a function of the incident energy of
the data of Maier[4] is due to that the reactants may
be in excited states[4].

For Ar+–Xe system, the total cross section shows
an increasing behavior as a function of the incident
energy. The present data may connect the results at
high energy of Pivovar et al.[5], while the data of
Maier [4] at low energies have the same order of mag-
nitude of the present cross section. It is important to
mention that the behavior of the total cross section
as a function of the incident energy of the data of
Maier [4] may be due to the reactants in the excited
states[4].

To the best of our knowledge, no theoretical cal-
culations are available for the non-resonant processes
in order to compare with our present measurements.
However, in order to obtain a preliminary under-
standing of the trend of the total cross sections, we
considered the behavior of some of these cross sec-
tions in the intermediate energy range as illustrated in
the following using the semiempirical model of Olson
[25] for near-resonant charge transfer. The total single
electron capture cross sections are then calculated us-
ing the universal reduced cross section of Olson[25]
with the following parameters: the crossing distance
Rc was taken from the experimental reduced differen-
tial cross sections; the coupling matrix elementH12

was calculated through the expression:

H12(Rc) = R∗ exp(−0.86R∗)

whereR∗ = (α+γ)(Rc/2). We usedα2/2 as the effec-
tive ionization potential of the target andγ2/2 as the
ground state electron affinity[26]; and|�V ′(Rc)| was
fitted until the same value of the experimental cross
section at 3.0 keV was obtained, together with the



H. Martı́nez et al. / International Journal of Mass Spectrometry 228 (2003) 107–116 113

universal reduced cross section of Olson[25]. The re-
sults of these calculations are shown inFig. 2a, c and d
as a solid line for Ar+–Ne, –Kr and –Xe systems, re-
spectively. Although the Olson model[25] calculation

Fig. 2. Total cross sections for single-electron capture of Ar+ ions in (a) Ne, (b) Ar, (c) Kr, (d) Xe.

are not expected to be highly reliable, the calculation
of σ10 seem to agree (seeFig. 2a, c and d) in shape
with the measurements over the entire energy range
of the present work. In these cases, it is clear that after
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Fig. 2. (Continued).

fitting at 3 keV, the calculations by the Olson model
reproduce the energy dependence of the cross sections
well.

For the resonant system, a simple theoretical model
of the process has been developed, where the results

can be expressed in the form[27]:

σ1/2 = k1 + k2 ln(E)

whereσ is the cross section expressed in Å2, E is the
energy of the ions in keV andk1 andk2 are constants,
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Fig. 3. Total cross sections for single electron capture of Ar+ ions in atoms as a function of the target atomic number. Data of Ar+ + He
has been taken from Martı́nez [22].

which are determined mainly by the ionization poten-
tial of the atom involved in the collision. The cross
section function for Ar+ + Ar → Ar0 can be repre-
sented by the expression

σ1/2 = [5.17− 0.25 ln(E)] Å

which was obtained with a least-squares fit to all the
data in the energy range between 10−3 and 2×102 keV
and with a correlation coefficient of 0.9872. It can be
seen fromFig. 2bthat the shape of the calculated cross
section for an Ar+ ion colliding with Ar shows almost
the same behavior but is a factor 0.8 lower than the
present values, although the agreement with previous
measurements is good.

The total electron capture cross section as a function
of the target atomic number (Zt) for laboratory ener-
gies between 1.0 and 5.0 keV is shown inFig. 3. All the
curves display the same oscillatory behavior having
a cross section minimum (within the resolution inZt)
atZt = 10, followed by a common maximum atZt =

18, following an experimental evidence of a smooth
dependence for higherZt values, for all the energies
studied in this work. An analogous oscillation in the
dependence of the cross sections on the nuclear charge
Zt of the target atoms was previously observed by
Dimitriev et al.[28], Bell and Betz[29] and Mart́ınez
et al.[30]. Bell and Betz[29] calculated the cross sec-
tion for electron capture to the K shell of Cl ions with
an energy of 120 MeV using the Brinkman–Kramers
formula and found a non-monotonic dependence
on Zt. Dmitriev et al. [28], point out that this phe-
nomenon is caused by the analogous oscillations of
the values of the equilibrium charge fraction and
the average charge of the fast ions, which arise as a
consequence of the shell structure of the atoms. The
present experimental results confirm the prediction
of the Oppenheimer–Brinkman–Kramers calculation
which states that the oscillations in the capture cross
sections must also be observed at velocities down to
v–v0 (v0 = 2.18× 108 cm).
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4. Conclusions

We have presented values of absolute differential
and total cross sections for single electron capture
by Ar+ from Ne, Ar, Kr and Xe at impact energies
between 1.0 and 5.0 keV. The results of the present
work can be summarized as follows: (a) the reduced
differential cross sections scale reasonably well with
τ. This is followed by structure and a decrease be-
yond 6.0, 5.0 and 4.0 keV-deg for Ar+–Ne, –Kr and
–Xe systems, respectively. (b) These results suggest
that when the Ar+ projectile penetrates into a criti-
cal projectile-target separation (here corresponding to
b = 3.25a0 for Ne target;b = 3.00a0 for Kr case
andb = 2.89a0 for Xe) the electron capture channel
“opens”. (c) The total cross sections for single elec-
tron capture are compared with previous experimental
measurements. These results give a general shape to
the whole curve for the single electron capture cross
sections. (d) Semiempirical calculations are in good
agreement with present cross sections data. (e) We
show the single electron capture cross section of Ar+

ions on various atoms and the oscillatory dependence
of the single electron capture cross section on the nu-
clear charge of the target atoms.
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