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Electron-correlation effects in double-electron-capture collisions of 60-keV C + with He
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The method of zero-degree Auger spectroscopy was used to measure cross sections for the pro-
duction of E and L Auger electrons by double electron capture in 60-keV C ++He collisions. Cor-
responding atomic-structure calculations were performed to determine the related Auger and x-ray
transition rates. The resulting Auger yields are found to deviate significantly from unity. The
Auger yields were applied to evaluate cross sections for the production of the configuration 3lnl'
(n =3 to 5) and 2lnl' (n =3 to 8). These data are found to compare well with experimental results
obtained previously for the isocharged system 0 ++He. Comparison is also made with recent cal-
culations including the electron-electron interaction. It is shown that electron-correlation effects

play a significant role for double electron capture in the studied collision system.

I. INTRODUCTION

In the past few years, the study of double electron cap-
ture by highly charged projectiles incident on few-
electron target atoms at low collision energies has re-
ceived a great deal of attention. By measuring total
double-capture cross sections for the collision system 40-
keV C ++He, Crandall et al. ' were the first to show
that double capture is an important process in slow, rnul-
ticharged ion-atom collisions. For this system two-
electron transfer had been interpreted in terms of a one-
step process where the electron-electron interaction plays
an important role. ' More recently, state-selective dou-
ble capture has been studied by the methods of transla-
tional spectroscopy and electron spectroscopy.
These more recent experiments have been interpreted ei-
ther in terms of the one-step process produced by
electron-correlation effects ' ' or in terms of two suc-
cessive single-electron transitions' ' caused by nucleus-
electron interaction. These latter transitions may also
occur simultaneously when the associated transition re-
gions overlap as shown by Barat and collaborators. ' In
accordance with related work, ' ' the process involving
uncorrelated transitions produced by the nucleus-electron
interaction will be referred to as a two-step process.

In a series of papers ' we reported on rneasure-
ments of double capture in 60-keV 0 ++He collisions.
In that work we proposed a direct method of verifying
effects of electron correlation in double electron capture
in slow, multicharged ion-atom collisions. The
correlated-double-capture (CDC) process produces the
nonequivalent electron configurations 2pnl (n ~ 6), while
the uncorrelated double capture creates the
configurations 3131' (or 2131') of equivalent (or nearly
equivalent) electrons. These electrons are added to the
oxygen 1s core which is not explicitly indicated here. It
is noted that the production of the equivalent electron

configuration 3l3l' may also involve correlation effects.
The important point of this method is that the states in-
volving equivalent and nonequivalent electrons decay by
Coster-Kronig and L Auger transitions, respectively, and
that they can readily be distinguished using high-
resolution electron spectroscopy. Recent improved ex-
periments for the system 60-keV 0 ++He yield a frac-
tion of 0.3 for the production cross section of the 2pnl
configuration with n ~ 6 relative to the summed cross sec-
tions for the production of the configurations 2pnl (n ~ 6)
and 31nl' (n ~3). From this finding we concluded that
double capture in 60-keV 0 ++He collisions involves
significant electron-correlation effects. ' Similar con-
clusions have been drawn by Mann and Schulte' and
Tanis et a1.

The observation of the Coster-Kronig electrons in
0 ++He collisions created an interesting discussion
about the relevance of electron-correlation effects in slow,
rnulticharged ion-atom collisions. From energy-loss mea-
surements, Barat and collaborators' concluded that
correlation effects are negligible in double electron cap-
ture for 0 ++He collisions, but this conclusion could
not be substantiated for the 0 ++He system. Recently,
Roncin et al. confirmed that correlation effects are im-
portant in 0 ++He collisions. From measurements at
relatively low energies of 9 keV, Roncin et al. conclud-
ed that single capture into the 3d orbital of oxygen fol-
lowed by a correlated transfer excitation (CTE) process is
dominant. This CTE process has been previously sug-
gested by %inter et al. and has been considered also in
our work. ' ' ' However, at higher impact energies we
would expect that the CDC process proposed previous-
ly in our work ' gains importance relative to the CTE
process. As a result of this apparent lack of consensus,
we feel that further work is needed to analyze the
different mechanisms involved in double capture at ener-
gies as high as 60 keV.
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Aside from the discussion of electron correlation
effects, the Coster-Kronig electrons produced in 60-keV
0 ++He collisions have also become a matter of contro-
versy because of the lack of agreement of the relative in-
tensity of these electrons measured by different groups.
Mack and Niehaus and Bordenave-Montesquieu et al.
found relative Coster-Kronig line intensities which are
much smaller (by a factor of about 4) than our results,
whereas measurements by Mann and Schulte' and
Chantrenne et al. " supported our results. It had initial-
ly been suggested that possible alignment effects might
produce the observed discrepancies, but this supposi-
tion was found to be invalid. Therefore other reasons
for the observed discrepancies need to be considered. In
the 0 ++He system the decay of states associated with
the 2pnl configuration gives rise to electrons which have
relatively low energies near 10 eV. At these low energies
it is difficult to avoid instrumental effects influencing the
collection efficiency of the electron analyzer. Hence, to
obtain conclusive results about the production of the 2pnl
configurations it would be desirable to employ a method
other than the detection of the Coster-Kronig electrons.

Such method exists for the collision system C ++He.
Since the systems C ++He and 0 ++He are isocharged,
it can be expected that the dynamics of the double-
capture process are similar for both systems. The essen-
tial difference between the two systems is the missing 1s
electrons in C + which strongly reduces the quantum de-
fect. This results in a negligible energy splitting between
the 2s and 2p subshells. The Coster-Kronig transitions
are thus not possible for the Rydberg electron of interest
here. Rather, the states due to the 2lnl' configurations
decay by K-shell Auger transitions which produce elec-
trons of several hundred eV. The much higher energies
of the K Auger electrons can be measured without the in-
strumental problems generally involved in the detection
of the Coster-Kronig electrons. In addition, the occupa-
tion of both the 2s and 2p subshells as well as Rydberg
levels n as small as 3 can be observed.

In this work we measured the double capture in 60-keV
C ++He collsions. We calculated also x-ray and Auger
transition rates by means of a Hartree-Fock atomic-
structure code which indicates a significant deviation of
the related Auger yield from 1. Using the theoretical
Auger yield we determined cross sections for the produc-
tion of the configurations 2161' and 2171' which are con-
sistent with our previous results for the 0 ++He system.
In addition, we obtain cross section results for the
configurations 2131', 2141', and 2151' which could not be
observed for the 0 ++He system. The production of
these configurations will be discussed from the perspec-
tive of electron-correlation effects occurring during the
collision. It is noted that preliminary results of our mea-
surements have been presented recently.

II. EXPERIMENTAL METHOD AND RESULTS

The principle of our method is illustrated in Fig. 1,
which shows the orbital electron energies of the
(C+He) + system. In the incident channel two electrons
occupy the He 1s orbital which crosses the 31 orbital of
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FIG. 1. Diagram of the orbital electron energies for the sys-
tem (C+He) + showing correlated and uncorrelated two-
electron captures. These processes produce configurations de-

caying by K Auger and L Auger electron emission, respectively.

carbon near 5 a.u. In this region the uncorrelated double
electron capture may occur by two independent one-
electron transitions creating the configurations 3131' (or
2131') of equivalent (or near equivalent) electrons. It is
noted that due to orbital relaxation the second transition
into the 31 shell may occur at distances larger than 5 a.u.
As the internuclear distance continues to decrease, reso-
nance conditions are created for the CDC process in
which one electron is transferred into the 2p orbital while
another electron is excited into a Rydberg level nl. Alter-
natively, the 2p and nl orbitals may be populated by one-
electron capture into the 31 orbital followed by a CTE
process. The doubly excited states associated with the
configurations 21nl' and 31nl' autoionize giving rise to K
Auger and L Auger electrons, respectively. Thus the
production of nonequivalent and equivalent electron
configuration can be studied by means of high-resolution
Auger spectroscopy.

Since the experimental method has been described be-
fore, ' only a brief outline is given here. The measure-
ments were carried out at the electron cyclotron reso-
nance (ECR) source at Oak Ridge National Laboratory
using the electron-spectroscopy apparatus temporarily
transported from the Hahn-Meitner-Institut Berlin.
Electron spectra produced by 60-keV C +He collisions
were measured by means of the O' Auger spectroscopy
method extensively applied in the past. ' A C + beam
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was extracted from the ECR source and collimated to a
diameter of 2 mm. Typical beam currents of about 1 nA
were collected in a Faraday cup and were used to normal-
ize the spectra. In the scattering chamber the beam
passed through a gas cell of 5 cm length within which a
pressure of about 10 Torr of He was maintained. Dur-
ing operation of the cell the pressure in the scattering
chamber was —10 Torr. We observed a certain line in-
tensity due to Li-like configurations (e.g., is2s2p) which
can only be produced by multiple collisions. For the pro-
duction cross sections of the configurations 2tnl' and
3lnl' and the corresponding Auger peak structures no
pressure dependencies were found. Hence we assume
that charge changing collisions may occur in the beam
line or at slit edges producing C + before entering the
scattering chamber.

Electrons produced in the target cell were observed at
an angle of 0' with respect to the incident beam direction
using a tandem electron spectrometer consisting of two
consecutive 90' parallel-plate analyzers. The entrance
analyzer was used to deflect the electrons out of the ion
beam as well as to suppress background electrons. The
exit analyzer determined the electron energy with high
resolution. The intrinsic resolution of the exit analyzer
was 7.5% [full width at half maximum (FWHM)]. A
constant energy resolution of 1.5 eV was achieved by de-
celeration of the electrons in the region between the two
analyzers to 20 eV. The electron acceptance angle was 1

(FWHM), which was small enough to avoid kinematic
line-broadening effects.

Typical examples of the measured E and L Auger elec-
tron spectra are shown in Figs. 2 and 3, respectively.
Figure 2 indicates the peak structure associated with the
configurations 2lnl' (n ~3), whereas Fig. 3 shows the
spectra attributed to the configurations 3lnl' (n =3 to 6).
It should be noted that E Auger lines associated with the
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FIG. 2. Spectrum of E Auger electrons produced in 60-keV
C +He collisions. Each peak corresponds to the decay of
states associated with a configuration 21nl' where n =3 to 7.
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FIG. 3. Spectrum of L Auger electrons produced in 60-keV
C ++He collisions. Each peak corresponds to the decay of
states associated with a configuration 31nl' where n =3, 4, and
5.

31nl' configurations have not been observed, indicating
that the decays of these configurations do not proceed via
K Auger transitions but via L Auger transitions. It is
added also that in this work we did not analyze the inter-
nal structure of the Auger peaks due to individual
states. Details of such an analysis are given by Mack
et al. , Sakaue et al. ,

' and Boudjema et al. ' Similar
work has been performed by Lin.

Rather, the main purpose of our work was to deter-
mine absolute cross sections for the emission of the E and
L Auger electrons and to evaluate the corresponding
cross sections for the production of the configurations
2lnl' and 3lnl'. Differential cross sections for electron
emission at 0' were obtained by integrating each peak
with respect to electron energy (Figs. 2 and 3). In this
work we devoted specific effort to the determination of
the absolute cross sections. The methods to evaluate ab-
solute cross sections have been described previously. '

We performed also auxiliary measurements for the
0 ++He system and compared the results with our cross
section obtained previously.

The measurements of the 0 ++He system showed
that our previous absolute cross sections must be correct-
ed. We noticed a severe instrumental problem concern-
ing the determination of the gas-cell pressure. After hav-
ing once calibrated the ratio of the pressures in the gas
cell and scattering chamber, we monitored the pressure
in the chamber only. This procedure, however, is valid
only when the pumping speed of the vacuum pump stays
constant. Unfortunately, in some cases, our turbo pump
was not operating properly so that its pumping speed
changed in an uncontrolled manner. After our first pa-
per concerning double capture in 0 ++He collisions we
increased our data by a factor of 4, affecting all absolute
cross sections (but leaving cross section ratios essentially
unchanged). Now we noticed that this factor of 4 in-



42 ELECTRON-CORRELATION EFFECTS IN DOUBLE-ELECTRON-. . . 5399

TABLE I. Difterential cross sections do. , ldO (I =E or L)
for the production of E and L Auger electrons at 0 following
the production of the configurations 2lnl' and 3lnl', respective-
ly. Also given are the corresponding Auger yields QI(n). The
respective total production cross sections cr„f„ f are obtained di-

viding by the related Auger yield and multiplying by 4m. . The
indicated errors account only for uncertainties due to statistics
and background subtraction.

Configuration

2131'
41'
51'
61'
71'
81'
~ 91'

(0)

(10 " cm'/sr)

5.5 +0. 13
1.05 +0.06
0.28 +0.04
0.135+0.03
0.055+0.02
0.02 +0.02

Qf

0.66
0.53
0.35
0.29
0.18

+nln'l'

{10 " cm')

10,6 +0.3
2.5 +0. 15
1.0 +0.16
0.59+0. 13
0.37+0.13
0.27'
0.87'

3131'
41'
51'
61'

1.9 +0.2
1.05 +0. 1

0.22 +0.06
0.09 +0.04

1.00
1.00

2.4 +0.2
1.32+0. 1

'Obtained by extrapolation using the n ' law.

crease was erroneous and that our first results were
correct. Hence all our recent data' ' ' concerning also
collision systems other than 0 ++He are to be reduced
by a factor of 4.

The measured differential cross sections for K and L
Auger emission at 0' in the C ++He system are shown in
the first column of Table I. The experimental uncertain-
ties of the absolute cross sections are estimated to be
about 40%. The ratio of corresponding cross sections for
C + and 0 + impact were measured with an uncertainty
of 30%. The errors of the relative cross sections for
different Rydberg states given in Table I are primarily

due to counting statistics and uncertainties produced by
the subtraction of background. Moreover, as shown in
the third column of Table I, from the differential cross
sections we derived total cross sections for the emission
of K and L Auger electrons by assuming that the electron
emission is isotropic. Indications for isotropic electron
emission have been found by Boudjema et al. measur-
ing L Auger spectra at 10', 90', and 160' in 60-keV
0 + +He collisions. Furthermore, in our previous
study of electron ejection at 0 and 50', we have shown
that the ratio of the line intensities associated with
Coster-Kronig and Auger transitions is constant. It is
noted, however, that the information about isotropic
electron emission is limited. We expect that the electron
angular distributions still need further study.

The derivation of total cross sections has primarily
been done to allow for comparison with previous results
as shown in Table II. This table will be discussed in more
detail below. Here, it is noted only that for the total L
Auger electron emission cross section, obtained by sum-

ming over the contributions for the configurations 3lnl'
(n =3 to 6), the value of 4.2X10 ' cm is obtained. It
agrees within the combined experimental uncertainties
with the L Auger emission cross section of 5.5X10
cm for the system 0 + +He. This confirmed our expec-
tation that the mechanisms for double capture into the
equivalent (or near equivalent) electron configurations are
similar for the isocharged systems C ++He and
0 ++He.

The mechanisms for the production of the nonequiva-
lent electron configuration 2lnl' (n =6 and 7) in the
C ++He system initially appear to be different from that
for 0 ++He, since the corresponding cross sections
differ significantly for the two systems. For instance, the
electron production cross section associated with the
2161' configurations for C ++He is about a factor of 4
smaller than the corresponding result that we measured
for the 0 ++He system. However, this conclusion is
premature, since deviation of the Auger yield from 1 has
to be taken into account before a comparison is made be-

TABLE II. Cross sections 0.2f f' and o.»„f summed over the quantum numbers nl' produced in the systems C ++He and 0 ++He.
Also given are the corresponding cross-section fractions. The absolute cross sections from (a) are divided by a factor of 4, see also

text. The following references indicate also the electron observation angle. (a) Stolterfoht et al. (Ref. 23) (0'). (b) Meyer et al. (Ref.
20) (50'). (c) Bordenave-Montesquieu et al. (Ref. 28) (10'). (d) Mack and Niehaus (Ref. 9) (50'). (e) Mann and Schulte (Ref. 10) (0').

(f) Chantrenne et al. (Ref. 11) (0'). (g) Roncin et al. (Ref. 25) (All).

C ++He
This work

(b)

0 ++He
Other authors

(d) (e)

g o,l„l (10 " cm')
n=6

2.2+0.9 2.5 1.2 2.5

0 3l l' (10 " cm')
n —3

4.2+1.7 5.5 14

+2lnl'
n=6

~2lnl +g 0 3lnl''
n=6 n =3

0.34+0.08 0.31 0.28 0.08 & 0.1 0.40 0.35
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tween the results for the C ++He and 0 ++He systems.
The theoretical evaluation of the Auger yield is described
in the following section.

III. DATA ANALYSIS AND DISCUSSION

A. Auger yield calculations

In the analysis of the L Auger transitions involving ini-
tial states due to the electron configurations 31nl' (n = 3
and 4) it is assumed that the corresponding L Auger
yields ar (n) are equal to I (Table I). The same assump-
tion has previously been made with respect to the
Coster-Kronig transitions involving the nonequivalent
configurations 2pn1 in the 0 ++He system. The assump-
tion of the unit L Auger and Coster-Kronig yields for
0 has been verified using the Hartree-Fock code by
Cowan in the range of low-n values which is of primary
interest here. Thus, in the case of the L Auger transi-
tions for C + also unit Auger yield was assumed. (Recall
also that no experimental evidence was found for E
Auger decay of the 31nl' configuration).

The high L Auger yield for the equivalent
configuration rejects the good spatial overlap between
the wave functions of the active electrons involved in the
initial and final state. Thus the decay via the competing
radiative decay branch is small in the case of the 3lnl'
configurations. However, it is felt that future work is
needed to verify the Auger yield for the 3lnl'
configuration. Deviation of the Auger yield from unity
may occur for n ~ 5. The Auger yield deviations from
unity may be responsible for the finding that the cross
section for the production of the 3lnl' electrons in the
C ++He system is about 25% smaller than that in

0 ++He (Table II). Nevertheless, no strong Auger yield
effects are expected for the 3131' and 3141' configurations.

The spatial overlap of the relevant wave functions,
however, is significantly poorer when the K shell and
higher lying Rydberg states are involved in the Auger
transition. Also, since the energy gap involved in the

filling of the K shell is considerably larger, radiative tran-
sitions gain in importance so that they may becomes
dominant. Consequently, the Auger yield may deviate
noticeably from unity. Then, to evaluate cross sections
for the production of the 2lnl' configuration from the
corresponding cross section for K Auger emission, it is
necessary to determine the related Auger yields.

The K Auger yields for the 21nl' configurations (n =3
to 7 were calculated by means of the Hartree-Fock code
by Cowan. The results for the states associated with
the configuration 2131' are given in Table III. The calcu-
lations were performed for two-electron states ~2lnl'v J, ),
where J„ is the total angular momentum and v labels the
states obtained within the framework of the intermediate
coupling scheme. Configuration mixing with a few
significant terms (less than 10) was included in the
analysis. It is noted that configuration interaction is ex-
pected to be less important for the nonequivalent
configurations 2lnl' than, e.g., for the equivalent
configuration 3l31'. As usual, the states are specified by
their major configuration and LS component. Transition
rates for radiative and nonradiative decay for the state
~2lnl'vJ„) were evaluated to determine the associated K
Auger yield az(2lnl'v J,)

The individual Auger yields were used to obtain the
average Auger yield ax (n) for a given n quantum number

by means of the expression

a~(n) = g Q„(1,1', v, J„)as(2lnl'v J ),
1, I', v

where Q„(1,1', v, J,), with the normalization

+&I,Q„(1,1', v, J„)=I, is the probability for the produc-
tion of the state ~2lnl'vJ, ) for a given n. We adopted a
simple model in which this probability is factorized ac-
cording to

Q„(1,1', v, J„)=q (1)q„(l')p (J„)s( v),
where q (1), q„(l'), and p (J„)are the occupation probabil-
ities associated with the quantum numbers l, l', and J,

TABLE III. Energies, radiative rates, Auger rates, and Auger yields of states associated with the
configuration 2l3l . The calculations are performed within the intermediate coupling scheme including
configuration interaction. The squared coefficient s for the singlet component are also given. The states
are specified by their major configuration and LS component.

State

2$3$ Sp
2$3p Pl
2s3d 'D2

2p 3$ Pl
2p 3p So
2p 3p Pl
2p3p 'D,
2p3d 'P,
2p3d 'D2

2p3d 'F3

Energy
(eV)

324.564
323.290
330.322
329.156
332.622
325.056
327.516
331.212
326.913
330.659

Singlet
component

1.00
1.00
1.00
1.00
1.00
0.96
0.95
1.00
0.92
1.00

Radiative
rate

(10" sec ')

0.27
1.55
2.31
1 ~ 80
0.73
2.85
2.79
2.23
4.11
6.13

Auger
rate

(10" sec ')

153.6
0.551

321.3
203.9

4.42
0.001

355.7
36.6

1.47
113.2

Auger
yield

1.00
0.26
0.99
0.99
0.86
0.00
0.99
0.94
0.26
0.95
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respectively, and s(v) is the squared coefficient of the
singlet component of the intermediate coupling state v
(Table III). The factor s(v) takes into account that the
two captured electrons are originally in a singlet state
and that spin flip can be neglected during the collision. It
is found that the states with a dominant triplet com-
ponent play a minor role in the analysis. The probabili-
ties q (s) =0.25 and q (p) =0.75 are obtained from the as-
sumption that weighting of the 2s and 2p subshells is pro-
portional to the number of electrons in each subshell.
The probability p (J,, ) is set to be proportional to 2J„+1,
which follows from the assumption of a statistical popu-
lation of the state specified by the total angular momen-
tum J,. This statistical model has been used previously
in the evaluation of Auger yields. ' ' The probability
q„(l') was estimated from recent experimental results
using also the model by Burgdorfer, Morgenstern, and
Niehaus for extrapolation. For q„(1') we tested various
distributions including the uniform occupation of the
quantum numbers I'. We found that the average Auger
yield ax(n) is quite insensitive to the distribution q„(l ),
so that we concluded that its choice is uncritical.

The results of the (average) E Auger yield ax (n) calcu-
lations are shown in Table I. It is seen that the K Auger
yield deviates increasingly from unity as the quantum
number n increases. For instance, the K Auger yield for
n =7 is only 0.18, which indicates that more than 80% of
the decay of the 2l7l' configuration proceeds via the radi-
ative decay branch. The Auger yield is reduced by com-
peting K x-ray transitions which are dominant in specific
cases. First, within the LS-coupling scheme, K Auger
transitions are forbidden because of parity selection rules
when I =L in the initial states (2pnl)L In this . case
Auger transitions may proceed via spin-orbit interaction
which, however, is relatively weak (Table III). Second,
the Auger yield decreases strongly with increasing I, i.e.,
the calculations show that the average Auger yield
amounts to less than 0.2 for I =3 (f state) and is negligi-
ble for l & 3. Because of missing overlap the interaction
between the 2p electron and the I & 3 Rydberg electron
becomes small so that autoionization loses significance.

The calculated K Auger yields allows the determina-
tion of the cross sections 0.

21„& for the production of the
configuration 21nl' as given in Table I. These cross-
section data are also shown in Fig. 4 indicating that they
follow the well-known n law. It should be emphasized
that if radiative decay occurs, both captured electrons
remain bound on the ion, and true double capture' re-
sults. Extrapolating the total cross sections for the pro-
ductions of the 2lnl' configuration by means of the n

law and assuming a negligible Auger yield for n ~9, one
obtains a value of 7.5X10 ' cm for the true double-
capture cross section. This value is not much smaller
than the cross section 13X10 ' cm for K and L Auger
electron production (Table I).

In Fig. 4 the cross-section results for C +He are
compared with the corresponding cross sections for the
0 ++He system. The latter data are taken from our
previous work, taking into account the factor of 4
reduction mentioned before. It is seen that good agree-
ment is obtained between the cross sections for C ++He

10—()

60-keV C ', 0 on He

2lnl'

t-6

E
LJ

2

0.5

0.2

0.1 —
l

3
I I I I I I l

5 6 7 8 9 10
Principal Qunntum Number

FIG. 4. Cross section for the production of the configuration
21nI' (n =3 to 7) in 60-keV C ++He collisions in comparison
with previous cross sections for the 60-keV 0 ++He system
(Ref. 23). The solid line representing the n law is normalized
to fit the experimental C ++He. The indicated error bars of
30% are due to the uncertainties in the ratio of the cross sec-
tions for C + and 0 + impact; see also text.

and 0 ++He. This agreement, however, may be ac-
cidental as the experimental uncertainty is about 30%%uo for
the ratio of the C + and 0 + data. It is recalled that in
the 0 ++He system only the configurations 2pnl can be
observed via autoionization. To account also for the 2snl
configuration one may increase the 0 ++He data by the
factor 1+q (s)/q (p) = 1.33, assuming again the equal
weighting of the 2s and 2p electrons. In any case, we may
conclude that the mechanisms for the production of the
nonequivalent configuration 216l' and 217l' are closely
similar in the two systems as expected from our previous
discussion.

In Table II summed cross sections for the production
of the configurations 2lnl' (n «6) and 31nl' (n «3) are
compared with results from other authors. More infor-
mation about the data comparison may be found else-
where. ' The (summed) cross section for the produc-
tion of the 2lnl' configurations in the C ++He system
was obtained with some extrapolated data using again the
n law. The present 2lnl' production cross section for
0 ++He agree well with those by Roncin et al. and
Mack and Niehaus. In the case of the data by Mack and
Niehaus this agreement may be fortuitous since the cor-
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responding cross-section fraction (Table II) is smaller
than our results by at least a factor of 3. A similar devia-
tion (factor -4) exists between our results and those by
Bordenave-Montesquieu and co-workers. * On the
other hand, our cross-section fraction is in reasonable
agreement with the data by Mann and Schulte' and
Chantrenne et a/. " As shown previously, the
discrepancies are not produced by anisotropic angular
distributions of the electrons (see also Table II). It was
noted above that the Coster-Kronig transitions associated
with the production of the 2pn1 configuration in
0 ++He gives rise to electrons of relatively low energies
which are difficult to measure. One of our motivations in
using the C ++He system was the observation of the
21nl' production via K-shell Auger electrons which have
rather high energies. The agreement between the cross
sections for the systems C ++He and 0 ++He (Table
II) gives us confidence that, despite confiicting results
from other groups, ' our previous data for the intensity
of the Coster-Kronig lines observed in 0 ++He col-
lisions ' are correct.

B. Discussion of the double-electron-capture processes

We now discuss the electron correlation processes lead-
ing to the configurations 21nl' and 3lnl' within the frame-
work of the potential-curve diagrams representing the
electronic energies of the states relevant for the collision
system. ' Figure 5 shows the potential curves for a lim-
ited number of molecular (C-He) + states which are im-
portant for the production of the equivalent 31 and the

nonequivalent 2161' electron configurations in C +. Simi-
larly, Fig. 6 shows potential curves relevant for the pro-
duction of the nearly equivalent configuration 2p3d and
the nonequivalent configurations 2pnl where n =4 and 6.
The potential curves are nearly identical to the corre-
sponding curves for 0 ++He, supporting our earlier
suggestion that the characteristic features of the double-
capture process are similar for the two systems. Figures
5 and 6 show crossings between potential curves which
differ by one spin orbital (circles) and two spin orbitals
(squares). Transitions at the crossing identified by a cir-
cle are caused by a one-electron interaction such as radial
coupling, whereas transitions at crossings identified by a
square require a two-electron interaction such as electron
correlation. Second-order effects due to the nuclear-
electron interaction causing simultaneous two-electron
transitions' near a crossing identified by a square are ex-
pected to be small for the cases considered in the follow-
ing.

Each process affecting two electrons may, in principle,
be due to a single correlated transition or two indepen-
dent single-electron transitions. The potential curves fol-
lowed in these two alternative paths form a "triangle"
whose corners consist of two single-electron transitions
(circles) and a correlated two-electron transition
(square). In Fig. 6 two such triangles are indicated by
the hatched areas illustrating that there are striking
differences in the alternative paths leading to the produc-
tion of nonequivalent and (nearly) equivalent electron
configuration in C ++He collisions. It is seen that the
triangle X associated with the nonequivalent
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FIG. 5. Potential-curve diagram for the system (C+He) +.
The diagram shows a limited number of potential curves
relevant for the production of the equivalent configuration 3d
and the nonequivalent configurations 2@61. Crossing are indi-
cated where the correlated double capture (CDC) and the corre-
lated transfer excitation {CTE)occurs.

FIG. 6. Potential-curve diagram for the system (C+He)'+ as
in Fig. 5. The curves are relevant for the production of the
nearly equivalent configuration 2p3d and the nonequivalent
configurations 2pnl where n =4 and 6.
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configuration 2161 is considerably larger than the triangle
E attributed to the nearly equivalent configuration 2p 3d.

Before we consider the nonequivalent configuration
2p61, the question may be asked of whether electron
correlation effects are also important for the production
of the equivalent configuration 3131' or the nearly
equivalent configuration 2131'. For the configuration
3131' this question can be considered as being still open.
Barat and collaborators' found for the system 0 ++He
that the nuclear-electron interaction accounts for most of
the observed cross sections for the production of the
equivalent electron configurations. This conclusion, how-
ever, is not necessarily valid for the 0 ++He system.
The successive single-electron transitions involve a cross-
ing at 4.3 and —30 a.u. (Fig. 5). The transitions at the
latter crossing are expected to be rather improbable.
Indeed, it should be noted that Roncin et al. did not
observe a production of the configuration 3131' at an in-
cident energy of 9 keV.

However, at higher energies, such as 60 keV, the state
coupling in noncrossing regions, e.g. , considered by Dem-
kov and Nikitin, gains importance. Close-coupling
calculations restricted to the nuclear-electron interaction
during the collision performed by Lin yield a cross sec-
tion for the production of the 3131' configuration which is
consistent with the present result. On the other hand, the
3131' configuration may also be produced in a one-step
process by means of electron-electron correlation (see the
crossing near 7 a.u. in Fig. 5). It is noted that Mack
et al. studied electron-correlation effects in C ++Hi
collisions producing the configuration 3131'. Hence, at
present we expect that both correlated and uncorrelated
two-electron transitions play a role in the production of
the equivalent configuration 3131'. Similar conclusions
can be drawn when n exceeds 3 in the configurations
31nl'. It is noted that the peak attributed to the
configuration 3141' is rather intense, which may be due to
specific promotion mechanisms considered by Roncin
et al. 48

For the nearly equivalent configuration 2131' it is found
that its production cross section is relatively large, i.e., it
is about a factor of 4 larger than that for the equivalent
configuration 3131' (Table I). Also, Fig. 4 shows that the
2131' production cross section exceeds even the n scal-
ing. Hence it appears that another mechanism enters in
the production of the 2131' configuration. Indeed, Fig. 6
indicates that the 2131' configuration is most likely pro-
duced by a two-step process of single-electron transitions.
These transitions take place at crossings near 2 and 4 a.u.
which can be shown to lay well within the related reac-
tion window. Hence it is probable that the production of
the 2131' configuration involves uncorrelated electron
transitions only. The question of whether a similar con-
clusion can be drawn for the production of the
configuration 2141' is open.

However, obviously, correlation effects are dominant
for production of the nonequivalent configuration 2lnl'
(n ~ 5). The large extent of the triangle X (Fig. 6) illus-

trates the fact that both one-electron transitions occur
well outside the reaction window for single electron cap-
ture. In fact, the horizontal curve representing the in-

cident state and the curve labeled asymptotically
C +(61)+H(ls) do not even cross at large internuclear
distances, suggesting that the probability for the corre-
sponding single-electron transitions is small. This feature
has been discussed in detail recently, ' as was the con-
clusion that uncorrelated single-electron transitions are
unimportant for the production of the nonequivalent
configuration 2pnl. Therefore, in the following, we shall
focus our attention on the processes involving correlation
processes.

Closer inspection of Fig. 5 shows that the production
of the 2p61 configuration involve a collection of pathways
all of which involve correlated two-electron transitions.
The correlated-double-capture process corresponds to
the crossing which is seen near the square at 3.8 a.u.
formed by the horizontal curve and the curve labeled
asymptotically C +(2p61)+He. The correlated-transfer
excitation process involves a single-electron transition
into the state labeled C +(3d)+He+(ls) near 4.3 a.u. ,
followed by a two-electron transition into the final
C +(2p61)+He state near 3.5 a.u. A further path is seen
near 2.5 a.u. , where the correlated transfer (target) excita-
tion process occurs which involves the transfer of a He
electron to the oxygen 2p level and, e.g. , the n =4 ex-
citation of the other He electron. This two-electron
transfer populates the state labeled asymptotically
0 +(2p)+He(41). In a second step the n =4 electron is
transferred to an nl Rydberg level of oxygen. Thus the
0 +(2p61)+He + state is populated.

In the following we shall focus our attention on the
CDC and CTE processes. As noted already, the role of
both processes has been discussed in some detail be-
fore. ' ' Roncin et al. have shown for relatively low
energies of 9 keV that the CTE process is dominant in the
0 ++He system. However, at higher energies the sys-
tem is expected to behave more nonadiabatically, i.e., to
follow the incident path rather than to enter the path la-
beled asymptotically C +(3d)+He+( ls). Hence it would
be interesting to see whether the conclusion of the domi-
nance of the CTE process holds at higher energies.

Recently, Fritsch calculated cross sections for the
CDC process in 40-keV C ++He collisions. The impact
velocity of 40-keV C + is nearly equal to that for 60-keV
0 + and it is not expected that the velocity difference to
60-keV C + is essential for the cross sections considered
here. The calculations include two-electron coupling ma-
trix elements which are based on the electron-electron in-
teraction. Hence the results shown in Table IV are well
suited to model the electron-correlation effects under
study here. The calculations are approximated by using a
limited number of basis states which were selected to in-
clude the main contributors to a given final state. There-
fore the basis set varies with the final state. The LS-
coupling scheme is used to represent the final state. To
study exclusively the CDC process the path associated
asymptotically with C + (3d ) +He+ ( ls ) was not taken
into account. However, for the dominant final state 'H
this path was added to study also the role of the CTE
process (Table IV).

The cross-section data by Fritsch yield various infor-
mation. First, it is noted that the calculated distribution
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TABLE IV. Theoretical cross sections for the production of
the configuration 2p61 by double capture in 40-keV C ++He
collisions. The calculations were made accounting for the CDC
process only. The data in parenthesis for the 'H state include

also the CTE process from Fritsch (Ref. 49).

State
M=0 All M

(10 "cm)
's
1p
la
lp
16
'a

lg

Sum

0.026
0.09
0.11
0.25
0.21
0.36
(0.6)'
0.15
1.2

0.026
0.12
0.29
0.66
0.71
1.2

(2.6)'
0.59
3.6

'Includes the CTE process.

IV. CONCLUSIONS

Cross sections for the emission of K and L Auger elec-
trons were measured following double capture in the sys-
tem C ++He. Auger yields for the configurations 2lnl'
were derived by means of Hartree-Fock calculations

of the angular momentum is consistent with our previous
results for the 0 ++He system. Second, the theoreti-
cal data show that the M =0 contribution to the cross
section is dominant. (If the M quantum numbers were

equally populated the "a11-M" cross section would be
2L+ I times higher than the M=0 result. ) This shows
that the electron angular distribution is forward peaked.
The deviations from the LS-coupling scheme, found in
the present Auger yield calculations, complicates the
analysis of this anisotropy. Third, it is seen that the
theoretical cross sections are significantly larger than the
measured results, although it is difficult to perform a de-
tailed comparison because of the uncertainty in the aniso-
tropic angular distribution. Fourth, it is noted that the
inclusion of the path associated asymptotically with
C +(3d)+He+(ls) increases the cross section for the
dominant 'H final state by a factor of -2, indicating that
the CDC and CTE processes are of similar importance at
the collision energy of 60 keV. This finding in conjunc-
tion with the results by Roncin et al. shows that the
CDC process gains in importance as the collision energy
increases. In any case, the calculations by Fritsch" give
conclusive evidence that electron-correlation effects are
responsible for the production of the 2p6l configuration.

showing significant deviations from unity. Consequently,
the cross sections for true double capture were found to
be surprisingly high. With the knowledge of the Auger
yield it was possible to determine the 2Inl' production
cross sections. For n =6 and 7 these cross sections were
found to be in good agreement with corresponding results
for the 0 ++He system measured previously. In partic-
ular, we confirmed our previously measured cross-section
fraction for the production of the configuration 2lnl'
(n ~ 6) in the 0 ++He system for which controversial re-
sults exist in literature.

The mechanisms for the creation of the configurations
21nl' and 3lnl' are discussed under the perspective of
electron-correlation effects occurring during the collision.
The discussion is based on diagrams of approximate po-
tential curves. A relatively large production cross section
was found for the configuration 2131' which is most prob-
ably created by uncorrelated single-electron transitions.
The question whether the creations of the configurations
2141', 3131', and 3141' are infiuenced by correlation effects
needs further studies. However, the production mecha-
nisms of all configurations involve most likely electron
correlation. Hence, using the values in Table I it follows
that the cross-section fraction due to the configurations
involving electron correlation in relation to all
configurations produced by double capture may be as
high as 0.5. This value may still increase when the nl
Rydberg series are extended into the continuum. It
would be interesting to see whether this result holds for
systems other than C +He or 0 ++He.

Particular attention is devoted to the discussion of the
configurations 2ln!' where n =6. It is made conclusively
evident that electron correlation is responsible for the
creation of this highly nonequivalent configurations.
This conclusion is drawn from model calculations of
transitions caused by the electron-electron interaction.
Specifically, the calculations show for the collision energy
of 60 keV that the correlated-double-capture and the
correlated-transfer-excitation processes are of equal im-
portance.
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