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CORRELATION EFFECTS ON DOUBLE ELECTRON CAPTURE IN HIGHLY-CHARGED,
LOW-ENERGY ION-ATOM COLLISIONS
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The method of zero-degree Auger electron spectroscopy has been used to study
two-electron excited states populated in slow double capture collisions of
highly charged ions with He and H2. The focus of this study is on produc-
tion of autoionization electrons originating from the non-equivalent
Is22pnx electron configurations in comparison with electron production
resulting from the Auger decay of (near) equivalent ls2nxn'ji' (with n~n')
configurations. It is shown that production of non-equivalent electron
configurations 1s significant and involves electron-electron correlation
effects whose analysis leads beyond the Independent-particle model. Recent
results that Include a measurement at non-zero angles are presented to
illustrate the angular dependence of electron emission from non-equivalent
electron configurations, as well as the dependence on projectile charge
state and target species. Comparison of high resolution scans over two
lines of the Is22pnx sequence for the 0 6 + + He system with accurate tran-
sition energy calculations shows preferential population of high angular
momentum substation.

INTRODUCTION

The study of two-electron capture by highly charged projectiles during slow
collisions with few-electron targets Is of considerable current Interest.
While the essential features characterizing single-electron capture are now
quite well understood, a similar level of understanding of the mechanisms
involved in double-electron capture by highly charged ions can not yet be
claimed, despite a surge of research act ivi ty In this area In recent years.

Crandall et a l . (1) showed that double-electron capture Into bound f inal
states is an important process 1n low energy Ch+ + He col l isions. The forma-
tion of autoionizing final states has been studied using the technique of
translational spectroscopy by, for example, Tsurubuchi et a l . ( 2 ) . Energy
gain measurements that are di f ferent ial In scattering angle have been
described by Ronein et a l . ( 3 ) . Auger electron-spectroscopy measurements of
the decay of doubly-excited states formed in electron-capture collisions
involving slow, highly charged ions were f i r s t reported by Bordenave-
Montesquieu ( 4 ) . Similar measurements have recently been made by Gleizes
et a l . ( 5 ) , Mack et a l . ( 6 ) , Stolterfoht et a l . ( 7 ) , and Mann ( 8 ) . Theoretical
treatments of double-electron capture have been published by Harel and Sal in
( 9 ) , Grozdanov and Janev (10) , and by Kimura and Olson (11) for a number of
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highly charged collision systems. An extension of the classical over-barrier
model to multiple electron capture has recently been reported by Niehaus (12) .

One aspect of two-electron capture processes Involving highly charged Ions
that 1s the subject of much current discussion 1s the role of electron-electron
correlation at low energies. In this energy regime, transitions that occur
during multicharged ion-atom Interactions can be described in terms of pseudo-
crossings of the potential curves describing the quasi-molecule formed during
the col l is ion. Transitions at pseudocrossings [denoted (13) as type I ] of
orthogonal quasi-molecular states ( I . e . , potential curves) that di f fer by one
spin orbital are caused by one-electron interactions such as radial or rota-
tional coupling. On the other hand, transitions at crossings of orthogonal
states (denoted as type I I ) that di f fer by two electron orbitals require a
two-electron interaction. Complications arise due to the fact that there can
be, in general, alternate paths to a given two-electron final state, consist-
ing of a series of type I crossings ( i . e . , one-electron transit ions) , that can
bypass a particular type I I pseudocrossing. In those Instances, depending on
the path taken, the probability of formation of a particular two-electron
final state can be written either as a product of one-electron transition
probabil i t ies, which l ies within the framework of the Independent particle
model, or as a single two-electron transition probability, which does not. As
wi l l be shown below, there exists, however, a special class of double-electron
capture states (referred to below as non-equivalent configurations), for which
one or both of the one-electron transition probabilities for the alternate
path bypassing the correlated ( I . e . , simultaneous two-electron) transition are
essentially negligible. Observation of such final states provides direct ev i -
dence of correlation effects, and forms the basis of the method described
below. I t is emphasized that , 1n the present context, the term "correlation"
is used as an attr ibute for those transitions that are possible only through
electron-electron Interactions, and 1s not meant to Include here any Implica-
tions about the structure of the bound-state wavefunctions prior to the col 11-
sional interaction.

ELECTRON CORRELATION IN DOUBLE CAPTURE

The configurations (nxn'ji') formed by double-electron capture In highly
charged, slow ion-atom collisions may be categorized as either equivalent or
non-equivalent. This categorization is imperfect In that the l ine of demar-
cation between these two types of configurations Is somewhat arbitrary. A
configuration is denoted as "non-equivalent" i f the two electrons occupy
widely different shells, while the term "equivalent" (or "near-equivalent") is
used here, 1n contrast to i ts more restr ict ive historical usage, to denote
configurations of two electrons occupying Identical or "similar" shells.
Equivalent or nsar-equivalent configurations can arise either from two sequen-
t i a l transfers of one electron during the col l is ion, or from a single
(correlated) two-electron transfer, or from both. As noted above, i t is not
straightforward to draw general conclusions about the role of correlation In
the formation of such electron configurations; rather, a case-by-case analysis
of each collision system 1s required. The measurements by Crandail (1) of
double-electron capture in slow C**+ + He collisions were found to agree well
with theoretical results (11) evaluated by means of correlation effects (for
this collision system calculations have shown that the equivalent configura-
tion Is22s2 of C2+ Is predominantly populated). On the other hand, recent
measurements of double capture formation of equivalent electron configurations
by Mack and Niehaus (6) Involving higher charge state Ions were found to be
consistent with theoretical results based on an extension of the classical
overbarrier model which does not expl ici t ly take electron correlation effects
Into account. Further work to illuminate the basic mechanisms underl ing
double electron capture by highly charged Ions has been reported by F.oncin



et a l . (3) . Their resul ts, obtained by analyzing the angular scattering
resulting from double capture col l isions 1n concert with energy gain spectros-
copy, indicate the dominance of two-step mechanisms in double electron capture
into equivalent electron configurations by highly charged (q>7) ions.

The situation is less ambiguous when analyzing the production of non-
equivalent electron configurations. In which one electron occupies a low lying
orbi ta l and the second electron occupies a Rydberg state. The sequential
transfer of single electrons 1s now an unlikely formation mechanism, provided
that the n d is t r ibut ion of f inal states populated by single electron capture,
which at IOW energies is known to be very narrow, excludes at least one of the
two orbitals in question. This condition is f u l f i l l e d for a large number of
highly charged co l l is ion systems, Including He-I1ke project i les (q>4) incident
on He or H j . Analysis of the production of non-equivalent electron configura-
tions produced by double capture 1n such systems thus affords a direct method
for observing correlation effects in two-electron processes.

RESULTS AND DISCUSSION

The concept described above has been applied in a recent study (7) of
double electron capture 1n slow col l is ions of 06+ with He by use of the tech-
nique of zero-degree Auger electron spectroscopy (15). Since kinematical l ine
broadening 1s minimized at zero degrees, this technique has the potential for
providing very high resolution spectra. Details of the experimental configu-
ration have been described elsewhere (16). Focus of the above study was the
production of LHX-Auger and L1L23X Coster-Kronig electrons, which originate
from the (near) equivalent Is 2 3in 'x ' and non-equivalent Is22pnjt electron
configurations of 0"*+, respectively. The possible mechanisms for formation of
these doubly excited states are schematically I l lus t ra ted in Fig. 1 , which
shows the single-electron-eigenenergies manifold of states for the 06 + + He
system. In the incident channel, two electrons occupy the He Is orbi ta l whose
binding energy decreases strongly with decreasing Internuclear separation due
to the Coulombic attract ion of the multicharged co l l is ion partner. At about 5
a.u. uncorrelated double capture may occur via two sequential single-electron
transit ions into the n*3 leve l , the dominant single capture channel. As the
internuclear distance further decreases, resonance conditions are created or
the correlated double capture process in which one electron 1s captured {rito
fve 2p level while the other electron is transferred Into a Rydberg state. An
additional path leading to the non-equivalent electron configurations, pointed
out by Winter et a l . (17), 1s single electron capture Into n-3, followed by a
correlated transfer-(de)excitation process. This path 1s I l lus t ra ted in
Fig. l b . Subsequent to the co l l i s i on , the doubly excited project i les decay by
autoionization, the (near) equivalent electron configurations Is23xn' j i l

result ing in LMX Auger electrons and the non-equivalent electron configura-
tions Is22pnji giving rise to L1L23X Coster-Kronig electrons.

Figure 2 shows an electron spectrum for 06+ + He covering both Coster-Kronig
and LMX-Auger electrons. This spectrum was acquired without the negative bias
on the gas cel l previously used (7,16) and thus 1s free from the poss ib i l i ty
of preferential focusing of the low energy Coster-Kronig electrons. As has
been noted above, observation of the Coster-Kronig electrons provides direct
evidence of the presence of electron correlation In the formation of the
ls22pnji non-equivalent electron configurations.

In Fig. 3 the Coster-Kronig electron spectrum Is shown in greater d e t a i l .
This spectrum shows a Rydberg series converging to a well-defined series
l i m i t . The lowest energy peak corresponds to n-6, which 1s the threshold
principal quantum number at which the Is22pnji states become autoionizing.
Both the series l im i t and the observed threshold n are determined by the 12 eV
2s-2p sp l i t t ing of the 1on1c core. The Individual n states 1n the series are
well described by the Rydberg formula (q - l ) 2 / 2 (n - | i n i )

2 , where q Is the I n i -
t i a l project i le charge, and , i n l the appropriate quantum defect (18).
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FIGURE 1
Diabatic potential curves showing the electronic eigenenergies of the single
electron capture manifold of the 06* + He system vs. internuclear separation;
(a) diagram shows the sequential two-electron capture to the n=3 shell at
about 5 a.u. (open circles), and the correlated two-electron capture popu-
lating the Is22pni configurations at about 3 a.u. (solid circles); (b) diagram
shows alternate path to Is22pnjt configuration: single capture Into n-3,
followed by a correlated two-electron process.

In order to obtain more detailed information about the ̂ -distributions
describing the 2pnji configurations, high resolution scans were performed over
the first two lines (i.e., n-6 and 7) of the Rydberg sequence. Results of
those measurements are shown In F1g. 4. Comparison with Hartree-Fock struc-
ture calculations, also shown in F1g. 4, Indicates preferential population of
very high angular momentum states. It can be argued that the formation of
high angular momentum states 1s to be expected, by considering the orbital
angular momentum acquired if the two electrons are transferred simultaneously
to the (fi+ projectile at an internuclear separation of 4 a.u. From the
approximate expression (19) x*bv+l/2, for a projectile velocity of 0.4 a.u.
(corresponding to 60 keV) each electron is seen to acquire a maximum of 2
umts of angular momentum in the transfer. The total angular momentum of the
two electrons is additive, furthermore, since they are both captured on the
same side of the projectile (the separation of the two electrons on the He
target is very small compared to the crossing distance at which the transfer
occurs) and thus have the same sense of rotation, if one now imposes conser-
vation of orbital angular momentum during the subsequent electron-electron
repulsion (see Fig. 1) In which one of the electrons falls to the 2p state,
giving up one unit of angular momentum, the other electron Is left In an ji-3
angular momentum state, roughly consistent with the spectrum shown In Fig. 4.

Alternatively, the ̂-distribution observed nay be not so much a signature
of the primary double electron capture process as it may be of the Stark mixing
of the nearly degenerate Rydberg sublevels 1n the field of the residual target



ORNL-DWG 87-«3307

£ 2
c
V
>

V
w

S
E

C
T

IO
N

 (
C

R
O

S
S

)

u

"COSTER
KRONIG

i
-)Iv10

r

n'=3
i

20

K
i

30

60 keV 06 ++ He

I -AllRFR

~> n'=4
[

n'=5

n'=6

L
40 50 60 70

ELECTRON ENERGY (eV)

FIGURE 2
Spectrum of L1L23X Coster-Kronig and L-Auger electrons for 60 keV 06+ + He
col l is ions. The relative cross sections and energy scale on al l spectra shown
refer to the projecti le frame of reference.
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FIGURE 4
High-resolution spectrum of Is22pru Costar-Kronig electrons showing first two
peaks of Fig. 3 in greater detail. Also shown are calculated transition
energies for all possible "jt"; heights of lines are proportional to singlet
purity times multiplicity. The groupings of lines are labelled by the Rydberg
state principal quantum number "n" and angular momentum "x."

ion. Intrashell mixing subsequent to single electron capture for hydrogenic
systems has been treated theoretically by Sal in (20) and has been considered
for the case of autoionizing states by Stoiterfoht et al. (21). Further work
is needed to isolate the various mechanisms responsible for the observed
^-distribution.

In order to obtain a relative measure of the contribution of electron
correlation effects to double-electron capture Into autoionizing states, the
ratio of Coster-Kronig to total electron production (I.e., Coster-Kronig plus
LMX-Auger) for the 0 6 + + He system was determined and found to be 28% at an
energy of 60 keV. Subsequent measurements at energies of 30 keV and 105 keV
have yielded similar ratios, and are consistent with results of Mann and
Schulte (8) on Coster-Kronig and LMX-Auger electron production for the sane
collision system at 120 keV, also measured at zero degrees. On the other
hand, studies of electron emission at laboratory angles of 50 and 150 degrees
by Mack and Niehaus (22) and by Bordenave-Montesquieu (23), respectively, have
yielded Coster-Kronig electron production cross section fractions of less than
10%.

To investigate the Interesting possibility, proposed recently (24), that
anisotropic electron emission In the emitter frame may be responsible for this
discrepancy, an additional measurement was made at a laboratory angle of 50
degrees, using the same tandem electron spectrometer that was employed for the
zero-degree measurements, together with a He gas jet. The resulting spectrum
is shown in Fig. 5. In contrast to the other measurements at non-zero angles,
the Coster-Kronig electron cross section fraction determined from Fig. 5, was
25%, and is thus similar to the zero-degree results. Comparison with the
zero-degree spectrum also shown In Fig. 5, however. Indicates a significantly
stronger attenuation of the Is22pnjt peaks with Increasing n. The question of
possible anisotropies for individual Coster-Kronig lines thus regains open.
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FIGURE 5
Comparison of LLX Coster-Kronig and LMX-Auger electron spectra measured at
zero degrees and 52 degrees, respectively.

In addition, the possibility of spurious Instrumental effects 1n this experi-
mentally challenging low-energy region can s t i l l not be completely eliminated.

DEPENDENCE ON PROJECTILE CHARGE AND TARGET

In order to obtain a better understanding of the systematics of the pro-
duction of non-equivalent vs. (near) equivalent electron configurations, the
dependence of Coster-Kronig electron production on projecti le charge and on
target species has been investigated. Figure 6 shows more conventional diaba-
t i c potential curves for three quasimolecular systems of different Ionic
charge, including the 0 6 + + He system discussed above. In contrast to F1g. 1 ,
Fig. 6 shows both single- and double-capture molecular states, whose energies
now include the internuclear Coulomb repulsion of the coll ision partners. I t
is important to note that the two electron transitions that occur at the reso-
nance points shown in F1g. 1 , occur In Fig. 6 at pseudocrossings of the rele-
vant two-electron potential curves (solid l ines) . The cross-hatched areas
highlight the range of Is22pnx final states that are autoionizing. Also shown
in Fig. 6 are the various single capture channels (dash^ curves) which may
provide alternate paths to the various two-electron final states considered,
as has been already jiscussed above.

As can be seen from Fig. 6a, 1n the case of the C * + He system, the 2pnji
double capture states are a l l endothermic. The consequent absence of pseudo-
crossings between these final states and the entrance channel results In
strongly suppressed production of these non-equivalent configurations at low
energies. Indeed, electron spectra acquired for this coll ision system at
40 KeV show only very weak Coster-Kronig and L-Auger l ines, consistent with
the energy gain measurements of Okuno et a l . (25) who find that capture Into
the non-autoioniz1ng ls22s2 configuration 1s the dominant double capture chan-
nel . In similar spectra acquired at 70 keV projectile energy, however, the
intensity of these lines Is significantly enhanced, as has also been observed
by Mann ( 8 ) . This enhancement may be due to the presence of secondary
couplings at small internuclear separations on the repulsive wall of the
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FIGURE 6
Approximate diabatic potential curve diagrams for the (a) C1** + He,
(b) 06* + He, and (c) Ne8+ + He coll ision systems. Solid curves are double-
electron capture channels; dashed curves are single-electron capture channels.

potentials, which is not well represented in the approximate potential curves
shown in Fig. 6. I t is noted that for the C*+ + He col l is ion system, the
dominant single-capture channel populates C3+(2p), and crosses the entrance
channel at smaller internuclear separations than any of the double-capture
channels.

In the case of the 06+ + He system, shown in Fig. 6b, the autoionizing 2pnji
double capture channels have become exothermic, crossing the entrance channel
in the range 3.9-4.6 a0 . The dominant single capture channels leading to
population of 05+(3x) cross the entrance channel in the same range of inter-
nuclear separations.

As the projecti le charge increases further, the pseudocrossings of the
autoionizing 2pnjt states are shifted to smaller Internuclear separations,
while those for the dominant single capture channels are shifted to larger R.
This trend is i l lustrated in Fig. 6c, which shows the diabatic potential
curves for Ne8+ + He. In this system the autoionizing 2pnji(n>7) configura-
tions cross the entrance channel 1n the range 2.1-2.3 a0 . The dominant single
capture channels lead to Ne7+(4i.) and have pseudocrossings In the range
5.9-6.4 a0. The crossings of the single capture channels leading to Ne7+(3x)
are seen to l i e outside those leading to the 2pnx double capture channels
also. The n*3 single capture crossings effectively block the direct t ransi-
tions to the 2pru f inal states, since, at the energies considered here, these
n=3 crossings are completely adiabatic. Formation of the 2pnx electron con-
figurations in the Ne8+ + He system can thus proceed only via the pathway
i l lustrated in Fig. lb , i . e . , via a single-capture transition followed by a
correlated transfer-(de)excitation transit ion.

Figure 7a shows an electron spectrum measured for the Ne8+ + He system,
covering the L-Coster-Kronig and L-Auger electron energy ranges. As can be
seen more clearly from Fig. 8a, which shows the energy range 0-20 eV in
greater deta i l , the L-Coster Kronig electrons are s t i l l of comparable Inten-
si ty to that observed for the 06 + He case. L-Auger transitions stemming
from 3i3Jl', 3 I4J I ' , and 3A5A'configurations are very prominent 1n the spectrum,
and constitute the dominant fraction of the Auger electrons observed. Two new
features are also evident in the spectrum. The f i r s t , a grouping of lines 1n
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FIGURE 7
Auger electron spectra for 80 keV Ne8+ incident on (a) He and (b) H2 .

the range 10-16 eV, is interpreted as M-Auger transitions to 3JU continuum
states from 4x4x' configurations. The second, less-prominent feature, Is seen
below about 4 eV, and corresponds to M-Coster-Kronig transitions from 3piU
electron configurations to 3se continuum states. This feature is more evident
in Figs. 7b and 8b, which show spectra measured for the Ne8+ + H2 system. The
effect of changing the target is twofold. F i rst , In comparison to the
Ne8+ + He system potential curves, the entrance channel l ies 1.5 a.u. higher
in energy to reflect the lower total electron binding energy of H2. This has
the effect of shifting al l the double capture crossings to smaller R. Second,
the crossings for the single capture channels at the new entrance channel
position are shifted outward relative to the double capture crossings. The
end result Is that the n»3 single capture channels s t i l l block the 2pnjt
crossings, and that the dominant single capture channels populate n»4 and 5
via crossings at about 5 and 10 a . u . , respectively.

The effect of the change In target has a dramatic effect on the observed
electron spectrum. The most striking difference is the almost total absence
of L-Auger transitions, which were the most prominent feature of the He target
spectrum. The M-Auger transitions on the other hand art strongly enhanced
(the same relative cross-section scale has been used for a l l the spectra
shown), and include now transitions from 4x5*' and 4jt6£'. In addition, the
series l imit of the M-Coster-Kronig transitions at 4.3 eV 1s now more clearly
discernible. The presence of strong 2pnji Coster-Kronig transitions 1s quite
puzzling, in view of the absence of the L-Auger transitions originating from
3xn.it1 configurations, since the crossings of the 2pnjt f inal states occur at
much smaller R than those for the 3im' f inal states. Part of the explanation
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of the puzzle is the l ikely presence of cascading from 3dnx configurations via
radiative decay. The radiative decay rate for the 3d-2p transition in Ne7+ 1s
extremely fast (26) (>2 x 1OU sec"1 ) , and 1s comparable to the Is23dnx Auger
decay rate, particularly for the higher angular momentum states that apear to
be preferentially populated in these correlated double-capture coll isions.
Without quantatively taking these cascading effects into account, the obser-
vation of L-Coster-Kronig transitions 1n the Ne8+ + He and H2 systems cannot
be unambiguously interpreted as evidence of a two-step pathway ( i . e . , Fig. lb
instead of l a ) .

CONCLUSIONS

The study of Coster-Kronig electrons originating from non-equivalent elec-
tron configurations that are populated in double electron capture collisions
has been shown to provide a direct method of observing correlation effects In
low energy two-electron transfer processes. I t Is found that the charge state
of the project i le , the projecti le energy, as well as the Ionization potential
of the target atom have significant influence on the production of the auto-
ionizing electron configurations studied. The non-equivalent Is22pnji electron
configurations produced in O6* + He collisions are dominated by high angular
momentum states. This feature may be a further signature of the electron
correlation effects contributing to the formation of these f inal states, or,
al ternat ively, may be due to Stark mixing of the nearly degenerate JI sublevels
in the f ie ld of the product target ion. Additional work, both experimental



and theoretical, is needed to further clarify the mechnisms for double elec-
tron capture, and to permit more definitive conclusions regarding the role of
correlation effects in slow, highly charged ion-atom collisions.
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