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Doubly differential cross sections, in angle and energy, for state-selective single-electron capture from

He and Ar by Ar~+ ions have been studied experimentally at laboratory impact energies between 25q
and 100q eV (q=4 and 5, where q is the ion charge state) and scattering angles between 0' and 5', by
means of translational energy-gain spectroscopy. The translational energy-gain spectra show that only a
few final states were selectively populated depending on the charge state of the projectile, ionization po-
tential of the target, and weakly on the impact energy. A resonable description of the populated final

states is described qualitatively in terms of the reaction windows, which are calculated using a mul-

tichannel Landau-Zener model. The general features of the difterential cross sections are discussed in

terms of a semiclassical curve-crossing model.

PACS number(s): 34.70.+e, 34.50.Fa

I. INTRODUCTION

Over the past few years considerable effort has been
directed towards experimental and theoretical studies of
electron-capture processes in slow collisions of multiply
charged ions and atomic and molecular targets. The field
has developed rapidly since sources for intense beams of
multiply charged ions such as recoil ion sources,
electron-beam ion sources (EBIS), and electron-
cyclotron-resonance (ECR) ion sources became available
[1]. The interest in electron-capture processes stems not
only from fundamental aspects but also from their impor-
tance in the study of the role of impurity ions in con-
trolled thermonuclear fusion and astrophysical plasmas.

The study of the collision of multiply charged argon
ions with different atomic and molecular gases has been
the subject of extensive investigation experimentally, by
using translational energy spectroscopy, photon emission
spectroscopy, and electron spectroscopy techniques.
Most of the previous experiments on these collision sys-
tems have been concerned with total cross-section mea-
surements, translational energy-gain measurements at
forward scattering angles, angular distributions without
energy analysis, and very recently state-selective
differential cross sections. Nielsen et al. [2] measured
state-selective absolute single-electron capture cross sec-
tions for 1-keV Ar~+ (q =6—10) ions on Ne, Ar, and Xe
by means of energy-gain spectroscopy. Giese et al [3].
have used translational energy-gain spectroscopy to
determine the final-state populations following single-
electron capture by Arq+ (q =4—8) ions from D, D2, and
Ar at an energy of 545q eV. Puerta et al. [4] studied
single-electron capture by 200q eV Ar~+ ions (q =3 and
4) from rare-gas targets. Afrosimov et al. [5] measured
the kinetic-energy distribution, by using coincidence
techniques, of both particles after collisions of Arq+ ions
(q = 3—7) with He. McCullough, Wilson, and Gilbody [6]
have used trans1ational energy spectroscopy to study the
distributions of excited product ion channels in single-

electron capture by Ar~ (q =4—6) ions in H, H2, and He
at q keV and 2q keV. Kamber [7] has measured single-
and double-electron capture into selected states by means
of translational spectroscopy for collisions of 12-keV
Ar + and 15-keV Ar + with rare-gas atoms. Andersson
et al. [8] have examined the influence of angular scatter-
ing effects on energy-gain spectra for single-electron cap-
ture in Ar +-He collisions at impact energies between
200 and 2000 eV. Very recently Biedermann et al. [9]
have measured state-resolved angular distributions of
single- and double-electron capture in 19—200-eV Ar +-
Ar collisions.

II. EXPERIMENTAL APPARATUS

The present measurements have been obtained on a
doubly differential energy-gain spectrometer (see Fig. 1),
described previously by Kamber et al. [10]. Low-energy
multiply charged ions were produced in a recoil ion
source by using 25-MeV F + ions from the Western
Michigan University (WMU) tandem Van de Graaff ac-
celerator as a pump beam. Over the last few months we
have been able to increase the intensities of the recoil ion
beams by up to a factor of 3 from the recoil ion source,
mainly through a complete redesign of the source. The
recoil source consists of a collision chamber, pusher, and
two lenses. The pump beam passes through the collision
chamber which has entrance and exit apertures of 2.5 and
3 mm diameter, respectively. The pump beam was post-
stripped to median charge state (7+) immediately before
the ion source. Ions formed in the ion source were drawn
out of the collision chamber perpendicular to the pump
beam through a 2.5-mm-diam aperture in the lens L1 un-

der the action of an electric field from the lens L2 which
penetrates into the collision chamber through the aper-
ture in L1. The pusher P was kept at the same potential
as the collision chamber, while the voltages of P and L1
were set so as to optimize the resolution and transmission
of the detected ions. Typical voltages of P and L1 were
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2. Argon ions with charge states from 1 to 10 are ob-
tained with intensities sufficient for translational energy-
gain measurements.

III. RESULTS AND DISCUSSION

In low-velocity collisions, single-electron capture into
excited states of projectile ions is one of the most prom-
inent features of the collision process between multiply
charged ions and atomic or molecular targets. Perhaps
the main topic of interest in such processes is the distri-
bution of captured electrons over the final-state quantum
numbers (n, l, m). Both the absolute values of the partial
cross sections as functions of the impact energy and the
shapes of the n and l distributions of captured electrons
at a fixed energy present a sensitive test of the theoretical
calculations for the process.

Many of the observed features in collision processes be-
tween multiply charged ions and atomic targets can be
explained with the assumption that quasimolecules are
formed during the collision. The dominant mechanisms
in the single-electron capture processes are then the dia-
batic transitions at pseudocrossings of the ingoing poten-
tial energy curve with the multitude of outgoing potential
energy curves.

In the present work we have measured translational en-
ergy spectra of product ions resulting from electron-
capture processes in collisions between low-energy Ar~+
ions and He and Ar at selected projectile scattering an-
gles. These processes may be summarized by the equa-
tion

+8~ A ++8"++(m +n —q)e +BE, (1)

where q and m, n are the initial and final charge states of
the projectile and target, respectively, and AE represents
the energy defect of the reaction channel involved.
Moreover, the collision products may be formed in excit-
ed states.

From kinematic calculations, based on classical two-
body dynamics, the translational energy of an ion under-
going inelastic scattering differs from the energy of the
projectile ion Eo by

where AK is the translational energy given to the target,
and AE is the energy defect of the reaction.

The translational energy AK given to the target is
given by [11]

m 2MEO
b,K = (1—cos8) —hE

m +M m +M

m (4E)+ COSH,
0

where m and M are, respectively, the projectile and tar-
get masses, Eo is the laboratory translational energy of
the projectile, and 0 is the scattering angle. For zero
scattering angle, this energy reduces to
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metastable states 'D and S which lie, respective y, a
about 2 and 4.7 eV above the ground state. These two
states contribute in varying amounts to the small peak.
The long tail on the lower-energy side of the dominant
peak (Q + 10 eV) is due to capture by ground-state and

low-lying metastable incident ions into the 3d state of
A + I their measurements at 800 eV and zero scatter-r . n e'

ing ang e ue1 Puerta et al. [4] observe, in addition to t e
main reaction channels due to capture into S and D
states of Ar +, substantial peaks which they correlate
with the presence of metastable states 'D and 'S in the in-
cident Ar +-ion beam.
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fAr+ isdistribution for capture into the 3p S state o r is

more strongly peaked in the forward direction in the
Ar +-He collisions than D state. In greater detail, Fig.
shows the intensity ratio I( D)/I( S), for the reaction
channels due to capture into S and D states taken from
the observed spectra, as a function of the scattering an-
gle. Since the ratio increases with increasing the scatter-
ing angle, we conclude that at the smallest angles only
the largest impact parameter collisions play an important
role. The avoided crossings at small internuclear separa-
tion cannot be reached and make small contribution. As
the angle is increased, contributions from successively
smaller internuclear separation regions make their ap-
pearance as would be expected. In addition, another
feature of the scattering angle dependence of electron-
cap ureture spectra is that the translational energy given to

E . 3the target is increasing as the angle increases [see Eq. ( )].
This feature is observed as a shift in the energy-gain of
the dominant peak, which is in accordance with energy-
and momentum-conservation rules.
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the scattering occurs in the forward direction, whereas
for electrons captured successively the scattering occurs
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ments of Biedermann et al. [9] at 200 eV incident beam
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C. Ar +-He collisions

Figure 7 shows the translational energy spectra for
single-electron capture by 250-eV Ar + ions from He at
scattering angles of 0', 1.53, and 3.06. At 0' scattering
angle, the dominant peak is due to capture into the
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gy gain of the 4s capture channel is observed going from
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translational energy given to the target.
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used to determine the electron-capture probabilities (i.e.,
relative values only) for the processes corresponding to
capture into the 4s and 3d states. The electron-capture
probability is found from the ratio of the intensity of each
reaction channel to the total signal. Figure 8 shows the
probability of electron capture as a function of scattering
angle. In Fig. 8, it is again demonstrated that with in-
creasing scattering angles contributions from avoided
crossings at smaller internuclear separations (large Q
value) become gradually more important as one would
expect.

Our calculated reaction window based on the factor
5.48 accommodates most of the observed features in the
spectrum, while the MCLZ theory overestimates the con-
tribution of the 3d capture channel.

3000

2000

1000

I I I I

j
I I I I

j
l

4p

I I I

j
i I

Ar + Ar
E=250 eV

O po

D. Ar +-Ar collisions

In this collision system, the observed zero-angle spec-
trum at an impact energy of 250 eV shows that capture
into the (3s 3p4d) state dominates, while capture into the
(3s 3p4p) state shows less contribution (see Fig. 9). The
electron-capture probabilities (i.e., relative values only)
for the reaction channels corresponding to capture into
4p and 4d states of the Ar + ions and transfer ionization
processes produced in Ar +-Ar collisions are displayed in
Fig. 10. Two features can be emphasized: (i) the 4d state
of Ar + produced in the electron-capture process is

1500

I

j
I I I I

j
I I I I

Ar + Ar
0.5

Ar + Ar

1000

500

0. 1

p
0 10

q (eV)
20 30 0.0

100 200 300 400 500

EL b (ev)

FIG. 11. Translational energy-gain spectra for single-
electron capture by Ar'+ ions from Ar at various collision ener-
gies.

FIG. 12. Collision energy dependence for the ratio of single-
electron capture cross sections o.(4p)/o. (4d) in the Ar'+-Ar col-
lision system. , our results; ~, MCLZ predictions.



DIFFERENTIAL CROSS SECTIONS FOR STATE-. . . 389

strongly forward scattered. This behavior corresponds to
a large impact parameter mechanism. (ii) The reaction
channel due to capture into the 4p state of Ar"+ is
significantly populated in the collision process and be-
comes comparable to capture into the 4d state for scatter-
ing angles approaching 3'. (iii) The contribution of
transfer ionization strongly increases with increasing
scattering angle.

Our calculated reaction window using the factor 5.48
accommodates most of the observed spectrum. For this
collision system, the MCLZ theory predicts relative cross
sections which are in good agreement with our measure-
ments.

Giese et al. [3] have studied the Ar + Ar -system at a
collision energy of 2725 eV. They found that the reaction
channel correlating with capture into the 4p state pro-
duced almost the same contribution as did the reaction
channel due to capture into the 4d state. This is attribut-
ed to the high impact energy they used since the position
of the reaction window, which indicates the favored final
states, depends mainly on the collsion energy of the pro-
jectile. When the collision energy is reduced the adiabati-
city of inner crossings will become increasingly pro-
nounced, while the transition probability at distant cross-
ings becomes larger. Therefore the reaction window
shifts towards larger internuclear separations if the col-
lision energy is reduced and vice versa. The variation of
the translational energy spectra for single-electron pro-
cesses as a function of collision energy for the Ar +-Ar
collision system is illustrated in Fig. 11. The relative
cross sections for capture into the 4d and 4p states of
Ar + become of comparable importance at 500 eV and
the cross-section ratio cr(4p)/cr(4d) increases with in-
creasing collision energy from 0.08 at 125 eV to 0.375 at
500 eV, which are in good agreement with the MCLZ
predictions as shown in Fig. 12.
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IV. TWO-STATE MODEL

The semiclassical two-state scattering model has been
used to estimate the critical angle O„which corresponds
to capture at an impact parameter equal to the crossing
radius, by assuming that capture occurs at a localized
curve crossing between the potential energy curves for
entrance and exit channels [19,20]. For small angles,
8, =Q/2E, where Q is the exoergicity of the collision and
E is the laboratory impact energy. Assuming that the en-
trance channel is independent of internuclear distance
(i.e., zero interaction energy) and the exit channel is given
by Coulomb energy only, there are two branches to the
deflection function 8(b) which meet at a critical angle 8, .
The upper branch corresponds to capture at the crossing
on the way in, and the lower one to capture on the way
out. However, the entrance potential is not fiat but is
strongly promoted somewhat inside the crossing because
there are usually reaction channels with higher Q value
than the active one, whose behavior at the crossing with
the entrance channel is adiabatic. This promotion causes
the lower branch of the defIection function to rise at
small angles, producing a rainbow angle 0„.

The difFerential cross sections for these collision sys-
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FIG. 13. Experimental and calculated differential cross sec-
tions (do. /dO) for single-electron capture processes at collision
energies of 50q eV (where q is the projectile charge state). C3,

the present results; the broken curves are the theoretical calcu-
lations folded with experimental resolutions. Spline lines are
drawn to guide the eye.
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tems are interpreted using a simple two-state diabatic
curve-crossing model employing Coulomb potential ener-
gy curves [21,22]. The experimental differential cross
sections and the theoretical calculations folded with the
experimental resolution are shown in Fig. 13. For the
Ar +-He collision system, the calculation is performed
assuming that capture into the S state is the only dom-
inant reaction channel with the D channel strongly pro-
moting the entrance channel. The experimental data
show a broad distribution for angles less than 0, =1.63'
and a maximum near a scattering angle of 2'. This distri-
bution represents contributions from capture on the
way-out branch of the deflection function. The calcula-
tion contains a peak slightly less than 0, =1.63 with a
shoulder located near 0=0.8', which is a rainbow effect
caused by D promotion of the entrance channel. The
calculation contains also a broad distribution for angles
greater than 2', which is the contribution from capture in
the way-in branch of the deAection function. The overall
shape of the theoretical calculation is not in good agree-
ment with the data. The capture process is certainly at
least a four-channel one, including the entrance channel
and the capture channels S, P, and D. In addition to
these reaction channels one must take into account the
presence of metastable states in the Ar +-ion beam and
the contributions due to capture into 3d states.

In the Ar +-Ar collisions, we assumed that electron
capture occurs into the 4p state because the inner curve
crossing of the entrance channel with the 4s state is sup-
posed to be totally adiabatic. The differential cross sec-
tion do /d 8, does not peak at 0' but rises to maximum at
an angle of 2.8, i.e., outside 0, = 1.2 . Most of the distri-
bution is due to capture on the way-in branch of the
deflection function. The calculated distribution again
shows a peak lying near 0, with a shoulder at the rain-
bow angle. Biedermann et al. [9] have studied the Ar +-
Ar collision system in more detail. In their semiclassical
trajectory calculations, using a seven-channel model, they
have assumed all six 4p LS terms to be open and the in-
nermost of the two 4s states to be completely adiabatic.
They concluded that the forward peak in their theoretical
results do /d 0 is dominated by multiple rainbow scatter-
ing due to the adiabaticity of the 4s channel.

For Ar +-He collisions, the theoretical prediction
clearly contradicts the experimental data. The calcula-
tion, which was performed assuming that the capture

channel is the 4s state and the reaction channel due to
capture into the 3d state is the promoting channel, clear-
ly underestimates the contributions for capture on the
way-in branch for angles greater than 0, =1.47. In the
Ar +-Ar case, the calculation, which is constructed as-
suming that the 4d channel is open and 4p is the promot-
ing channel, again underestimates the contribution from
capture on the way-in branch, since the model did not
take into consideration the contributions for capture into
the ten unresolved 4d LS levels.

V. CONCLUSION

State-selective differential cross sections for single-
electron capture by low-energy Ar + and Ar + ions from
He and Ar have been studied by means of translational
energy-gain spectroscopy. These measurements show the
importance of dynamic effects in the simple electron-
capture process. In particular, they reveal an interesting
impact parameter (scattering angle) dependence of the
electron-capture spectra; as the angle is increased, contri-
butions from successively smaller internuclear separa-
tions (large Q values) make their appearance. The reac-
tion window based on the factor 5.48 provides the best
general description of the observed features. The MCLZ
calculations correctly predict the positions of the dom-
inant reaction channels that are observed and the relative
cross sections are in reasonable general accord with our
measurements. Differential cross sections (do. /d8) for
single-electron capture processes are characterized by
broad peaks at angles greater than the critical scattering
angles. This general feature is qualitatively interpreted in
terms of a simple two-state model and is attributed to the
capture process on the way-in branch of the deflection
function. A quantitative comparison between experiment
and theory must be made with a model constructed by
means of an extended version of the multistate semiclassi-
cal model explained by Andersson et al. [8].
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