
 

 

 University of Groningen

Pathways to charge equilibration following multiple electron exchange between highly
charged ions and atoms
de Nijs, Gerardus

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1996

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
de Nijs, G. (1996). Pathways to charge equilibration following multiple electron exchange between highly
charged ions and atoms. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://research.rug.nl/en/publications/765f5dd0-ab22-4d51-a351-698882f8ca74


Chapter 5

Pathways to charge

equilibration in C6+-Ar

collisions studied by

electron target-ion

coincidences

Abstract We present electron spectra resulting from collisions of
13C 6+ on Ar. Partial electron spectra are determined in coincidence

with the charge state of the resulting Ar-ion. The interpretation

of the electron spectra shows evidence for target excitation. The

electron spectra in coincidence with Ar 3+, Ar 4+, Ar 5+ target ions

show that, despite the initially populated manifold, the energies of

autoionizing decaying electrons lie in the same range. The corre-

sponding decay pathways are compared with the predictions of the

overbarrier model.

5.1 Introduction

The general features of electron capture by highly charged ions from neutral gas
targets can be well described by the classical overbarrier model (Niehaus 1986).
The initial population of highly excited states turn out to be well predicted
for one- and two-electron capture processes (Chen and Lin 1987, Mack 1989,
Bordenave-Montesquieu 1987, Posthumus et al 1992). In some collision systems
it was found that for two-electron capture an unexpectedly large fraction of
doubly excited states decays radiatively (Roncin et al 1991). This observation
has motivated many theoretical (Van der Hart et al 1995, Roncin et al 1993,
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Van der Hart and Hansen 1994) and experimental (Bachau et al 1992, Martin et

al 1993, Ali et al 1993) investigations. Often multi-electron targets were used to
study radiative stabilization. A problem with multi-electron targets is that the
experiments should distinguish processes according to the number of transferred
electrons, i.e. the target charge state. In N7+ on Ar collisions, a system with an
enhanced radiative stabilization ratio, we showed (De Nijs et al 1994, chapter 4),
using an electron-target ion coincidence technique, that besides the population
of the doubly excited states which give rise to radiative stabilization, also more
strongly bound states are populated during double electron capture processes.
The capture into strongly bound doubly excited states takes place from inner
target orbitals. It was found that capture of electrons more strongly bound than
the outermost electrons, is of importance in understanding the electron capture
dynamics with highly charged ions. It was shown (De Nijs et al 1996, chapter 6)
that for di�erent collision systems even inner-shell electron capture is important
in electron capture processes.

In this chapter we report on the autoionization electron spectra arising from
collisions between 13C 6+ and Ar, measured in coincidence with the target charge
state. The interpretation of the spectra leads to the conclusion that also in
this collision system for two-electron capture processes target excitation is an
important e�ect. For multi-electron capture we �nd that autoionizing decay
yields electrons in the same energy range despite the larger number of initially
captured electrons. By means of Hartree-Fock calculations we have determined
binding energies of the various multiply excited states involved. Using these
calculations in combination with the ion-electron coincidence measurements it is
possible to unravel the spectra and to identify the various pathways along which
electron capture, electron emission and subsequent stabilization of the collision
partners proceeds. It turns out that these pathways are in agreement with the
predictions of the classical overbarrier model (Niehaus 1986).

5.2 Experiment

Highly charged 13C 6+ are extracted from an ECR ion source installed at the
KVI Atomic Physics facility. To produce pure 13C 6+ isotopic carbonmonoxide
is used to avoid He2+ beam contributions produced from He, which is used
as mixing gas in the ECR ion source. The ion source can operate between 2
and 20 kV. The highly charged ions are transported to a setup containing an
electron spectrometer and a target ion charge state analyzer (Posthumus and
Morgenstern 1992, chapter 3). In forward direction under an angle of 50:0�2:4�,
we measure the autoionization electrons. By applying a small voltage to the
reaction centre the target ions are extracted in backward direction. The time-

of-ight from reaction centre to the ion detector allows to determine the charge
state of the target ion. More details of the experiments are outlined in chapter 3
The detection of an electron serves as a start and that of an ion as a stop for
the time measurement. The measured coincidence spectrum are background
subtracted and transformed into the emitter frame.
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Figure 5.1: In the top part of the �gure the coincidence measurements of 13C6+ on Ar are

presented. The horizontal axis of this scattergram represents the electron energy, the vertical
one is the time-of-ight of the target ions. Each dot in the scattergrammeans that at least two
events were measured. In the bottom part of the �gure the non-coincident electron spectrum

is plotted. Also indicated are various peak identi�cations. The part above 100 eV is magni�ed
by a factor two.
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5.3 Experimental results

In �gure 5.1 we have plotted the results of the coincidence measurements of
13C 6+ on Ar at a collision energy of 4.67 keV amu�1. The horizontal axis corre-
sponds to the electron energy, while the vertical one gives the time-of-ight of the
ions. Each dot in the �gure indicates that at least two electron-ion coincidence
events have been measured. In the lower part of the �gure we have plotted the
singles measurements. This spectrum is corrected for Doppler shift and trans-
mission of the spectrometer. Clearly seen are the structures corresponding to
di�erent initially populated states. It is remarkable that none of the high energy
electrons (>100 eV) is coincident with Ar 2+ target ions. Moreover the high
energy electrons can often not uniquely be ascribed to only one target charge
state, but arise from three- as well as four- and �ve electron capture.

From the coincidence scattergram it is possible, after background subtraction,
to extract partial electron spectra, i.e. electron spectra in coincidence with a
speci�c �nal charge state of the target. For collisions between 13C6+ and Ar,
the partial spectrum in coincidence with Ar 2+ is plotted in �gure 5.2, while
the electron spectrum in coincidence with Ar 3+ is plotted in �gure 5.3. For
coincidences of electrons with Ar 4+ and Ar 5+ the high electron energy parts of
the spectra are plotted in �gure 5.5 and 5.7.

5.4 Discussion

In the �rst place we will try to describe the features of the various capture pro-
cesses in terms of the overbarrier model (Niehaus 1986). Details of the model
can be found in chapter 2. For a given collision system the model predicts bind-
ing energies of the electrons, principal quantum numbers and reaction windows.
These reaction windows are taken to be Gaussian shaped probability distribu-
tions centered around the most probable binding energy of the �nal state. The
width of the window depends on the collision velocity and the distances at which
capture takes place. Di�erent processes are labeled with so-called strings. For
instance the string f11010g indicates that �ve electrons become quasi-molecular
during the collision and that the �rst (the most loosely bound electron), second
and fourth electron are captured by the projectile and that the third and �fth
electron (the most strongly bound one of the �ve electrons) are recaptured by the
target. The binding energies of di�erent electronic con�gurations in the ion are
calculated with self-consistent Hartree-Fock calculations, using the Cowan-code
(Cowan 1981).

The excited projectile states decay primarily via cascades of autoionization
electrons. For example, four electron capture leads to a two-fold ionized pro-
jectile C 2+. Autoionizing cascades lead to electron emission and will stepwise
increase the projectile charge until the ground state is reached. Qualitatively
one can expect that capture of di�erent numbers of electrons may result in au-
toionization electrons at comparable energies, since analogue transitions may
take place in the projectile with or without additionally captured 'spectator'
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electrons, which have only a marginal inuence on the emitted electron energies.
The �rst cascade in the decay increases the charge and is accompanied by

electron emission. The next autoionizing cascade step of C 3+ will lead to C 4+,
again emitting an electron. This continues until the ground state is reached.
The energy of electrons emitted in a cascade coincides possibly with those of
electrons emitted from three- or two-electron capture. Therefore it is expected
to �nd electron target-ion coincidences in the same electron energy range for
various target charge states.
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Figure 5.2: Partial electron spectra in coincidence with Ar 2+, resulting from collisions of
13C6+ on Ar. The calculated peak positions and the reaction windows are shown (f11g,
indicates that two electrons became quasi-molecular during the collision and both are captured,
and f110g,f101g,f011g indicating that three electrons became quasi-molecular and that two
have been captured by the projectile).

5.4.1 Ar
2+
- e

�
coincidences

In �gure 5.2 the spectrum is plotted of electrons measured in coincidence with
Ar 2+ after collisions of C 6+-ions on Ar. The peaks in the measured electron
distribution correspond to di�erent initial states of the captured electrons. The
electrons measured in this energy range result from decay of the initially pop-
ulated (3,n) series to the n = 2 orbital of C 5+. Due to the degeneracy of the
two possible �nal states C 5+(2s) and C 5+(2p) the energy distributions can be
expected to be rather sharp. In table 5.1 the binding energies of several doubly
excited states of C 4+ are summarized. The main contribution of electrons in
the spectrum is from electrons initially captured into the (3,4) manifold of C 4+

which decay subsequently to n=2.
The energies of the (3,4) and (3,5) manifolds coincide with the calculated

binding energy for capture of the two outer electrons, i.e. the string f11g. The
reaction window corresponding to this string is plotted in �gure 5.2. However, in
the spectrum we observe not only population of the (3,4) and (3,5) manifold, but
also of the (3,3) con�gurations. The intensity of this structure is much higher
than expected from height of the reaction window.
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(n1; n2) (3,3) (3,4) (3,5)

Emin(eV) 88.7 72.5 66.6
Emax(eV) 102 80.4 70.3

Eai
min

(eV) 34.3 50.5 56.4
Eai
max

(eV) 21.0 42.6 52.7

Table 5.1: Binding energies of the (3; n) manifold of C 4+ calculated using the Cowan code.
Also tabulated in the lower part of the table are the autoionization energies Eai after decay
to C 5+(2l), which is bound with Ef=123 eV.

In �gure 5.2 we have plotted the reaction windows corresponding to the
strings f110g, f101g, f011g, i.e. three-electron processes resulting in two-electron
capture. The overlap of the string f011g with the observed electrons in the (3,3)
manifold indicated that the double electron capture process is accompanied by
target excitation.

5.4.2 Ar
3+

coincidences

Electron energy (eV)
250 300 350

0.0

0.2

0.4

0.6

(22) (23)

25 50 75

Y
ie

ld
 (

ar
b.

un
its

)

0.00

0.25

0.50

0.75

1.00
(24) → (1)

(334) → (23)

(334) → (24)

(234) → (22)
(333) → (23)

(a)

(a)

(a)

(b)(b) (c)

(c)

Figure 5.3: In this �gure the partial electron spectrum in coincidence with Ar 3+ is plotted
for C 6+ -Ar collisions. Autoionizing decay of three electrons will be in two steps. For example

the decay of (3,3,3) will in the �rst step of the decay to the (2,3) manifold yield low-energy
electrons, the second step is to the n=1 state of the projectile emitting a high energy electron.

Peaks indicatedwith the letter (a), (b) and (c) are ascribed to the correspondingautoionization
pathways as plotted in �gure 5.4

The partial energy spectrum of electrons in coincidence with Ar 3+ is plotted in
�gure 5.3. Autoionizing decay from triply excited states can be separated into
two subsequent decay steps.
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windows of several strings are plotted for three electron capture. The capture of three electrons

will preferably be into (3,3,3) or (3,3,4) con�gurations. A few autoionizing decay paths are
indicated with (a), (b) and (c) yielding the most pronounced peaks in the electron energy

spectra in coincidence with Ar 3+ . In italic the kinetic energy of autoionizing electrons is
indicated.
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The various decay steps are schematically indicated in �gure 5.4. The binding
energies of di�erent triply, doubly and singly excited states of C 3+, C 4+ and
C 5+, respectively, as calculated with the Cowan code, are indicated. The arrows
in the �gure indicate possible decay steps on basis of the criterion that decay to
the nearest continuum is preferred and that two electrons in a manifold interact
mutually. The decay pathways indicated with (a), (b) and (c) yield the strongest
lines in the spectra of �gure 5.3. In �gure 5.4 four reaction windows are shown
for three-electron capture processes. The reaction window corresponding to the
string f111g is centered around 114 eV. This coincides with initial capture into
(3,3,4) or (3,3,3) con�gurations, which decays to the (2,3) manifold, emitting a
low energy electron. The second decay step is the decay of (2,3) con�gurations
to (1), the ground state of C 5+. In �gure 5.3 the range of electron energies for
the corresponding autoionization decay in this cascade is indicated with (a).

The observed decay of (2,2)!(1), in the �gure indicated with (c), is in our
opinion the result of initial capture into the (2,3,4) manifold. This is only possible
if also strings like f0111g are involved. The reaction window corresponding to
this string is energetically overlapping with the (2,3,4) con�gurations.
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Figure 5.5: Partial electron energy spectrum of electrons in coincidence with Ar 4+ for high

electron energies. In this �gure also the autoionizing electron energy of di�erent decay channels
is indicated.

5.4.3 Ar
4+

coincidences

Figure 5.5 shows the spectrum of autoionizing electrons in coincidence with
Ar 4+. In this spectrum, around 270 eV and 330 eV, two major groups of au-
toionizing electrons can be identi�ed. Many decay processes yield electrons in
this range. To reconstruct from which manifold these electrons originate several
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binding energies of multiply excited states in carbon are tabulated in �gure 5.6.
This �gure is an extension of �gure 5.4 by adding quadruply excited states of
C 2+. The �gure includes also the relevant reaction windows for four-electron
capture, which are positioned at higher binding energies than for the three-
electron capture case.

For four-electron capture the overbarrier model predicts for electrons in the
string f1111g a total binding energy of 174 eV. The corresponding reaction
window is plotted in �gure 5.6 and is conform with capture into the (3,3,3,3)
or (2,3,3,3) manifolds. Also plotted in this �gure are the reaction windows
for strings which include target excitation. The transition indicated with (c)
can result from initial capture of four electrons in (3,3,3,3) or (2,3,3,3). These
con�gurations will possibly decay to (2,3,3) and subsequently to (2,2) emitting
low energy electrons, and as a �nal step the high energy electron emission from
the decay of (2,2)!(1). However, electrons are also observed at quite di�erent
energies not covered by this path. Therefore also other transitions must be
considered.

B
in

di
ng

 e
ne

rg
y 

(e
V

)

-600

-400

-200

(3333)

(2222)

(123)

(222)

(233)

(22)

(23)

(24)

(12)

(13)
(1)

(2333)

(2233)

(2223)

(223)

264-
  283270-

   297

272-
300

317-
   351

C2+ C5+C4+C3+

(c)

(c)(c)

(d1)

(d)

(d2)(e1)

(e2)

(133)

{01111}

{1111}

(e2)

(e1)

268-
   318
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coincidence with Ar 4+. Indicated in italic is the kinetic energy of an autoionization electron.

The binding energies of the (2,3,3,3) con�gurations are partially degenerate

with (2,3,3). This can be seen by the small overlap in �gure 5.6 between these
two manifolds. Those of the (2,3,3,3) con�gurations which are more strongly
bound than the (2,3,3) manifold, will decay to (2,2,3), indicated in the �gure
as (d). The latter can then decay via two di�erent autoionizing steps. Firstly
the two electrons in n=2 can interact, yielding (1,3) as a �nal state (d1), or in
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the second place the electrons in n=2 and n=3 interact which will result in a
�nal state (1,2) (d2). Transition d2 yields somewhat higher energy electrons, see
�gure 5.5 and 5.6.

The assumption of target excitation, described with e.g. the string f01111g,
is not in contradiction with the observed electron spectra. For this string, the
(2,2,3,3) con�gurations will probably be populated. This manifold possibly de-
cays via path (e1) to (2,2,2), which subsequently decays to (1,2) yielding a high
energy electron or to (1,3,3)!(1,2), yielding a low energy electron in the second
decay step (path e2). The electron energy range of the latter decay channel is
indicated in �gure 5.5 as the hatched part.
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Figure 5.7: Partial electron energy spectrum of electrons in coincidence with Ar 5+ for high
electron energies. In this �gure also the autoionizing electron energy of di�erent decay channels
is plotted.

5.4.4 Ar
5+

coincidences

For �ve-electron capture processes (�gure 5.7) it is rather di�cult to identify
the various electron-capture processes. At �rst sight the observed autoionizing
electrons are in the same energy range as for Ar 4+ coincidences. Therefore, the
observed decay is possibly the same. The di�erence is that here the observed
transition is the second or third step in the decay of C 1+. In principle several
pathways of autoionizing cascades can contribute to the spectra, partly yielding
electrons in the same energy range. The electrons measured in the energy range
between 275 and 300 eV can result from the (1,2,3)!(1,1), or the (2,2,2)!(1,2)
transition. For each of these two a reconstruction can be made to determine the
original level in which the �ve electrons were captured.

In �gure 5.8 the binding energies of some multiply excited states of carbon
are presented. Also this �gure is an extension of �gure 5.6 by adding the �ve-fold
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excited states of carbon. The �gure gives an overview of the processes which
lead to charge equilibration. For �ve-electron capture only the cascades starting
at the far left part of the �gure are relevant. The reaction window plotted for
�ve electron capture corresponds to the f11111g string.

A possible transition between two con�gurations is indicated with an arrow.
Decay (2,2,3)!(1,3), as observed in the electron spectrum (d1), can originate
from initial electron capture in the (2,3,3,3,3) manifold, which then decays to
(2,2,3,3) if two of the n=3 electrons interact, and subsequently to (2,2,3). This
decay path is indicated with (d). The possible decay of (2,2,3,3)!(2,2,2)!(1,2)
in the �nal step of the decay will yield electrons in the same energy range as
(2,2,3)!(1,3).

At the left the reaction window for the string f11111g is plotted. The overlap
with the various manifolds is large. Capture of electrons in (2,2,3,3,3) is therefore
also possible. The corresponding decay, labeled (e), is indicated in the �gure.
Autoionization electrons corresponding to this decay can be expected in the
range indicated as (e) in �gure 5.6.

Di�erent cascades can lead to the same �nal or intermediate states and this
indicates that it is not fully clear into which manifold the electrons are initially
captured. Reconstruction allows for a number of initial states of which the
binding energies correspond fairly well to the binding energy and range predicted
for �ve electron capture.

5.5 Conclusions

In electron-target ion coincidence measurements for collisions of 13C 6+ on Ar
we found that in 13C 6+ - Ar collisions target excitation is an important process.
Doubly excited states in collisions between highly charged ions and multi (>2)
electron targets are populated via di�erent processes. Besides capture of the two
most loosely bound electrons, also capture of two more strongly bound electrons
is observed. This latter process results in target excitation and capture in more
strongly bound projectile states.

For multi-electron capture it was shown that the observed electrons in the
coincidence spectra result from cascading steps after multiple electron capture.
The calculations of the overbarrier model are in fair agreement with the binding
energies of initially populated states.

Figure 5.8 summarizes the observed electron capture processes and the sub-
sequent pathways. The binding energy of di�erent multiply excited states cor-
responding to C 1+ to C 5+ are plotted, together with the reaction windows for
the various capture processes including target excitation. The reaction windows
mark the starting manifold for the decay pathways. Indicated with letters are

the autoionizing transitions which show up in the electron spectra. Many of the
transitions can be traced back almost uniquely to a speci�c capture process; for
example the transitions (1,2,2)!(1,1) and (1,2,3)!(1,1) observed in the decay
of C 3+ (labeled f1 and f2) do not originate from three-electron capture but most
likely from �ve-electron capture into C 1+(2,2,3,3,3). According to �gure 5.8



5.5 Conclusions 59

other transitions such as d1 and d2 (2,2,3)!(1,2) or (1,3) can originate from
either four- or �ve-electron capture and indeed transitions d1 and d2 are found
in the spectra measured in coincidence with Ar 4+ and Ar 5+. So �gure 5.8 gives
a handle to unfold multiple electron capture in C 6+-Ar collisions. Note that
one-, two- and three-electron transfer eventually results in C 5+-ions, so e�ec-
tively capturing only one electron, while four- and �ve- electron transfer leads
to two-electron capture, the production of C 4+.
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Figure 5.9: In this �gure the non-coincidentelectron energymeasurementsare plotted (cf 5.1).
The letters in the �gure represent the energy of di�erent autoionizing cascades steps after
multi-electron capture.

In �gure 5.9 the high energy part of the non-coincident measurements (�g-
ure 5.1) is shown. The letters in the �gure indicate, conform �gure 5.8, the
pathways leading to the emission of high energy electrons. From the coincidence
measurements presented in this chapter it is clear that transitions leading to
emission of high energy electrons result from capture of di�erent numbers of
electrons. For example, the transition (c), which results from three- and four-
electron capture, as well as (d1) corresponding to capture of four or �ve electrons
show up in the same energy range. The �gure gives an overview of the peak iden-
ti�cations of the (high energy) autoionization electrons and the corresponding
transitions after multi-electron capture.
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