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Correlation in double electron capture in collisions of fully stripped ions on He and H2
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Energy spectra of electrons resulting from collisions of bare ions C +H2 and O' +He are
presented. A detailed analysis is given for those parts of the spectra that are due to two-electron
capture into (31,31') configurations of the He-like projectile ions and subsequent autoionization.
Measured peaks are uniquely identified by comparison with existing theoretical calculations. Based
on a detailed investigation, it is concluded that an influence of interference effects on the spectra
cannot be identified. A quantitative fit of the spectra allows us to determine the population proba-
bilities of the various states with (31,31') configuration. We find a preferential population of states
that can be characterized by a correlated electronic motion with the two electrons on opposite sides
of the capturing ion and rotating in the same sense. This result is discussed in terms of a classical
picture for the capturing process.

I. INTRODUCTION

It is well known that an independent electron model is
insufticient to describe various quantities such as energies
and lifetimes of states with two or more electrons. Corre-
lation has to be taken into account for a good quantita-
tive description, especially for electrons with the same
principal quantum number. On the other hand, it is un-
clear how far electron correlation has an influenc on
dynhmical processes, such as charge exchange or excita-
tion, and there has recently been some discussion' with
respect to this. A two-electron system consisting of a ful-

ly stripped ion like C or 0 + and a two-electron target
like He or H2 is well suited to study this question: Elec-
trons are mainly captured into excited states, and capture
of both electrons leads to a population of doubly excited
states, which subsequently decay by electron emission in
an autoionization process. Analysis of the electron ener-

gy spectra allows us to find out how far certain classes of
doubly excited correlated states are populated when both
electrons are transferred from the target to the projectile
ion. One could, e.g. , suspect that those states are pre-
ferred, in which both electrons are "on the same side" of
the ion, since they are both transferred from a well-
localized area, i.e., their initial separation within the tar-
get is small as compared with the most relevant impact
parameters. As will be seen in the following, such a
suspicion is not justified. First, experimental results on
the population of the correlated states of the (3l, 3l')
configuration have recently been obtained by Bordenave-
Montesquieu et a(. for the N +He system, and by
Mack and Niehaus for the system 0 + +He and
C ++Hz. An analysis of the data on the N ++He sys-
tem in terms of a quantitative fit, yielding numbers for

the population probabilities of the various states, is in-
cluded in Ref. 3. In the procedure that was applied the
possibility of the influence of interference of overlapping
contributions from diferent states was not discussed. In
this paper we present an analysis on the data of the
0 ++He and C ++Hz systems. The spectra are mea-
sured at an electron emission angle of 6=50'. As op-
posed to 6= 10'—used in Ref. 3 for the N +He
system —one expects a larger Doppler broadening of
measured peaks. Nevertheless, we observe well-resolved
peaks even at places where only broad structures have
been observed in Ref. 3 for N ++He. Therefore we re-
gard the quantitative fits of our spectra as being more
critical than those of Ref. 3, especially as they allow us to
investigate the following questions.

(i) Are there certain classes of correlated states that are
preferably excited?

(ii) Is it allowed, for our case of noncoincident mea-
surements, to neglect interferences between autoionizing
transitions?

(iii) Which of the theoretically determined energies and
lifetimes for the various states, presented in Tables I and
II, are most dependable?

II. EXPERIMENT

The experimental setup has been outlined in Ref. 5 and
in detail in Ref. 6 and is only briefly described here. A
schematic drawing for our apparatus is shown in Fig. 1.
Fully stripped ions C + and O + are produced in an elec-
tron cyclotron resonance (ECR) ion source of the
MINIMAFIOS type which is installed at the
Kernfysisch Versneller Instituut (KVI) in Groningen.
Behind the first deflection magnet respective beam
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outer cylinder

collimator

FIG. 1. Schematic view of the apparatus. For the experiments described here only the electron analyzer part has been used.

currents of 0.3 and -0.1 pA are obtained. Before enter-
ing the scattering chamber the ion beam is collimated by
two diaphragms of 1 mm diameter at 50 mm distance.
For the reaction center we estimate a beam diameter of
less than 1.5 mm and a beam divergence of —7 mrad.
Some percent of the above-mentioned currents arrive at
this place. The energy spread of the ions after having
passed the various focusing elements and switching mag-
nets is estimated to be less than 2 eV.

The target gas enters the reaction center through a
ring-shaped conical channel (4.5 mm long, 0.2 mm wide)
that forms an angle of 63.5' with the electron spectrome-
ter axis and which points to the reaction center. The
channel ends in a ring slit with a diameter of 14 mm at a
distance of 3.5 mm from the reaction center. The tip of
the cone defined by the gas inlet channel coincides with

the "viewing point" of the electron spectrometer and
forms the reaction center. This gas inlet system resulted
in a considerable increase of the target gas density in the
reaction center (a factor of 8.4+0.5 with respect to the re-
sidual gas was measured for He and H2). To insure single
collision conditions the background gas pressure was
kept below 5 X 10 mbars for all measurements.

The electron spectrometer is a cylindrical mirror
analyzer (CMA) with radii for the inner and outer
cylinder of 56+0.03 and 142.85+0.03 mm, respectively,
and a distance of focal points of zo =376.9+0.1 mm. It
has an acceptance angle with respect to the ion beam
direction of 8, =50'+2.4', a calculated energy resolution
of AE/E =3 X 10 and an estimated solid angle detec-
tion fraction of ~ 1 X 10 . Its design is based on the tra-
jectory calculation for finite source size of Draper and
Lee. The whole spectrometer is surrounded by a triple
I[L-metal shielding which reduces the external fields (1—3
G from the KVI cyclotron magnet) by a factor of —1000.
The spectrometer is operated in a constant-hE/E mode,
i.e., the transmission energy is varied by scanning the
voltage U, on the outer cylinder. The corresponding
number of detected electrons is counted by means of a
channel-plate detector and stored in a multichannel
analyzer, the channels of which are switched synchro-
nously with the stepwise variation of U, . The electron

spectra shown in the following have been corrected for
the energy-dependent spectrometer transmission by mul-

tiplying all channel contents by a factor proportional to
(E„b) '. Also a correction factor of (E, /E„b)'/ has

been applied in order to obtain electron intensities in the
emitter frame' (E, and E„b are electron energies in the
emitter and laboratory frame, respectively).

III. EXPERIMENTAL RESULTS

Figures 2 and 3 show in an overview energy spectra of
electrons resulting from ' C + +Hz collisions and
' 0' ++He collisions at energies of 60 and 96 keV, re-

spectively. Since we look for possible effects of correla-
tion we are mainly interested in the electrons between 20
and 30 eV for the C + +H2 case and between 30 and 40
eV for the 0 ++H2 case since these are due to autoioni-
zation from doubly excited states with the configuration
(3l, 3l'), i.e. , with equal principal quantum numbers for
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FIG. 2. Energy spectrum of electrons from "C +H2 col-
lisions at 60 keV. The energy scale refers to the electron emitter
frame. The dashed line indicates the reaction window as calcu-
lated from the extended classical barrier model (Ref. 11).
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FIG. 3. Energy spectrum of electrons from ' 0 ++He col-
lisions at 96 keV. The energy scale refers to the electron emitter
frame. The dashed line indicates the reaction window as calcu-
lated from the extended classical barrier model (Ref. 11).

FIG. 5. Part of the spectrum of Fig. 3 showing electrons
from autoionizing 0 + states with (31,31') configuration.
Identification of states is according to the calculations of Ho
(Refs. 21 and 22). The approximate correlation quantum num-
bers (K, T) are indicated for a characterization of states.

5c.=4 c.,E sin8, (b,8, +8~),

with m and M the masses of electron and emitting ion, re-
spectively. The term 0 is caused by the velocity com-

2
)

c (+3t )

D (1,1)

D'(o 2)

both electrons, giving rise to the most pronounced corre-
lation effects. Therefore these groups of electron peaks
are shown separately in Figs. 4 and 5, respectively. First
of all, it should be noted that a broadening of the peaks
due to kinematical effects apparently does not play an im-
portant role. The narrowest peaks have a width of
6m=300 meV. A kinematical broadening could be pro-
duced by an uncertainty of electron detection angles with
respect to the direction of the electron emitted projectiles
and is given by

1/2

ponents perpendicular to the beam direction which are
distributed with equal probabilities over all azimuthal an-
gles P. For our conditions (8, =50', c,, =30 eV, and
E=60 or 96 keV, respectively) one finds that
A8, +0 ~ 1'. At first glance this result seems to be in
contradiction to the fact that the uncertainty A8 of the
detection angle (caused by the spectrometer slit width) is
2.4. However, the influence of A6 on Ac is in reality
smaller than implied by Eq. (l) since the kinematical en-

ergy shift of the electrons, connected with different emis-
sion angles, is partly compensated by the focusing prop-
erties of the spectrometer. As is discussed in more detail
in Ref. 6, electrons at angles smaller than the nominal
detection angle of 8, =50 need a somewhat larger energy
than those at 50' in order to be focused to the same point.
The degree of compensation between Doppler shift and
focusing properties is different for different electron and
projectile energies. However, for the parts of the spectra
to be discussed in the following there is a very good com-
pensation. We estimate that 0 &0.5, which means that
the overwhelming majority of electrons is due to process-
es corresponding to a small deflection of the projectile.
The main reason for this is the fact that electron capture
predominantly occurs at large impact parameters. This is
well understood in terms of the modified classical over-
barrier model" and will be exploited in the discussion of
possible interference effects.
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l
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IV. ANALYSIS OF THE SPECTRA

A. Autoionizing states, contributing to the spectra

electron energy (eV)

FIG. 4. Part of the spectrum of Fig. 2, showing electrons
from autoionizing C + states with ( 31,31' ) configuration.
Identification of states is according to the calculations of Ho
(Refs. 21 and 22). The approximate correlation quantum num-
bers (K, T) are indicated for a characterization of states.

Figures 4 and 5 show those parts of the energy spectra
in which the electrons are due to autoionization from
states with the configuration (31,31'). For the interpreta-
tion of the spectra we take only singlet states into ac-
count since the electrons have been captured from He
and H2 where the electrons initially have opposite spin.
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A spin change is very unlikely, as was discussed by
Mack. ' Besides their total spin, angular momentum,
and parity, the states are also characterized by their
correlation quantum number (K, T)" as, e.g. , discussed
by Lin. ' In our case these latter quantum numbers are
especially interesting since they give an indication about
the different types of correlated electron motion in the
various states. K=2, e.g. , indicates that the electrons are
predominantly on opposite sides of the nucleus and T=O
indicates a preferential motion of both electrons in the
same plane. The quantum number A characterizes the
radial correlation. In our case, where both electrons have
the same principle quantum number n=3, it is always
A =+1 and therefore no longer specified in the follow-
ing.

Theoretical calculations for the energies and lifetimes
of autoionizing states have been performed by various
methods. Lipsky et ar. ' and Bachau' ' calculated posi-
tion and width of quasibound states within a scattering
continuum by means of a Feshbach formalism. A varia-
tional close-coupling method has been used to determine
doubly excited states as resonances in the electron
scattering cross section of hydrogenic ions for C + and
0 + by Abu-Salbi and Callaway and for N +

by Oza. ' '
Ho' applied a complex coordinate rotation method

I

and determined width and position of doubly excited
states from complex eigenvalues of the Hamiltonian.
Martin et al. , finally, calculated N + states using a
variant of the Feshbach method, based on the addition of
a pseudopotential to the Hamiltonian. The various calcu-
1ations are in qualitative agreement in the sense that they
all lead to the same identification of the various peaks,
which is indicated in Figs. 4 and 5. There are, on the
other hand, significant differences in the predicted values
of energies and widths, and a comparison with our spec-
tra will allow us to get information on the dependability
of the various types of calculations. Also, since our spec-
tra exhibit well-resolved peaks, it will be possible to
determine the contributions of various states to the spec-
tra quantitatively. For this, however, a detailed analysis
of the spectra is essential.

B. Spectral shapes and intensities

A quantitative analysis of noncoincident electron ener-
gy spectra has been performed earlier by v.d. Straten
et al. and also by Wada et aI. In principle the spec-
tral distribution of ejected electrons can for a well-defined
scattering event be described by

do(0 ) &I L„P,o;I.~~[V, ~~P,I. &

'
X f (EL E)alM(~p) ~LM(k)
L, M v'2L + 1

(2)

[For a short derivation of (2) see, e.g., Eq. (5) of Ref. 26.]
Here aLM are the complex population amplitudes for the
various magnetic sublevels M of the states L, the YLM are
spherical harmonics, and & ~~V„~~ ) are reduced
matrix elements for autoionization, essentially given by
the lifetime of the doubly excited states. The f (EL, E) are
the so-called post-collision-interaction (PCI) amplitudes,
the squares of which describe the energy distribution of
electrons from a single state. For a decay of an isolated
atom the f ( ,EL)represent a Lorentzian at the energy
cL. However, due to the PCI—i.e., the Coulomb interac-
tion between the emitted electron and the slowly reced-
ing, ionized collision partner —the line is shifted and be-
comes asymmetric. The f (sL, E) have to be modified ac-
cordingly. For the simplest case (where the collision ve-
locity V is small as compared to the electron velocity Uo

and therefore the internuclear separation of the collision
partners can be regarded as constant during the electron
emission process), Barker and Berry derived a line shift
which to a good approximation is given by —Q/2Vr
with Q the charge of the PCI-inducing collision partner
and ~ the lifetime of the decaying state. For higher veloc-
ities V both the PCI shift and the peak shape become
emission angle dependent, as was discussed by v.d. Stra-
ten and Morgenstern and by Arcuni. In our analysis
we use PCI amplitudes f (EI,E) as given by v.d. Straten
and Morgenstern, which yield peak maxima at a posi-
tion which is shifted by

Ac=-
2V~

V1—
/V —v, /

(3)

Quite understandably this shift of the measured peak
with respect to the theoretical positions deviates from the
normal PCI shift —Q /2 Vr especially for the case
V —vo=0, i.e., when the emitted electron and the PCI-
inducing collision partner are moving with equal veloci-
ties in the same direction. The shift according to (3) is
taken into account in the peak identifications of Figs. 4
and 5.

In Eq. (2) the sum of amplitudes is squared and this im-
plies that interferences can occur between various au-
toionization amplitudes. Such interferences have in fact
been observed ' ' as pronounced structures in energy
spectra of electrons, measured in coincidence with scat-
tered projectiles, i.e., for well-defined collision events.

Noncoincident spectra, however, can be regarded as an
incoherent superposition of coincident ones. Such a su-
perposition could wash out the interference structures
and it is questionable if they are observable at all, or if
they can just be neglected in the analysis of the spectra.
In the following we discuss this question in some detail
since it turns out that in the case of the processes investi-
gated here, an inAuence of interferences can by no means
be excluded a priori.

One can distinguish four different effects which will
lead to a smoothing of interference structures.
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(i) Kinematical shifts are different for spectra corre-
sponding to a well-defined scattering angle 6~ of the pro-
jectile but to different azimuthal orientations N of the
scattering plane.

(ii) Kinematical shifts are different for spectra corre-
sponding to different scattering angles 6+ of the projec-
tile.

(iii) The interference structures themselves will be
different for spectra corresponding to different orienta-
tions of the scattering plane.

(iv) Interference structures may be different for
different 6 since the phases of the population ampli-
tudes aLM may depend on the scattering angle.

One can easily see that (i) and (ii) can in our case not lead
to a complete extinguishing of interference structures:
from the theoretical understanding of the charge ex-
change process one knows that only a narrow range of

I

small scattering angles —corresponding to large impact
parameters —is responsible for the overwhelming fraction
of electrons. One can estimate that shifts of the spectra
due to different orientations of the scattering plane are
smaller than 0.1 eV. This is supported by the sharpness
of the observed structures which were discussed in Sec.
III.

The infiuence of (iii) can be treated in an analytical way
if one assumes that energy shifts caused by (i) and (ii) are
negligible with respect to the natural linewidth: then the
total spectral electron intensity is given by an integral of
(2) over all azimuth angles P and scattering angles 6 of
the projectile

der(0 )= f

deaf

dB sinO (4)

The integration over the azimuth angles P can be done by
using the relation

L L' I L I ' I
f YLM(II)YL M (Il)dp= —,'( —1) 6MM. g (2J+1)&(2L +1)(2L'+1)

Q Q Q ~ ~ Q
PJ(cosg) .

J

This integration removes all interferences between levels
with different magnetic quantum numbers M.

In order to take (iv) into account we have to perform
an integration over all scattering angles 0 . For this we
introduce the averaged quantities PLMI M given by

PLML'M LM p L'M p p ~p

This yields an averaged cross section for electron emis-
sion given by

8c d8

Xf (cL,c)f*(cL,c),
where the coefficients CLL are given by

T

to a large range of scattering angles 0 and if at the same
time the phases of aLM and az M vary differently as func-
tions of t9 . However, as we have discussed above, col-
lisions leading to a small range of scattering angles are re-
sponsible for most of the electrons. Therefore the result-
ing phase variation of the corresponding aLM is small and
one can suspect that the A, values are close to 1.

C. Fit procedures

In order to see how far it is important or necessary to
take interferences of autoionizing transitions from
different states into account in the interpretation of the
spectra we followed different fit procedures.

(i) "Incoherent fits, " in which only intensities of elec-
trons from different autoionization states are superim-
posed. The spectral intensity is essentially given by

L L' J
CLL'(~) p g ( ) PLML'M( )

Q Q Q
J, M

I(B,c)= g f (c)l 3 (8)I
L

(1Q)

(8)

In Eq. (8) the terms containing CLL with L &L
' describe

interferences of autoionizing transitions from different
states and the question is, how large are their contribu-
tions relative to the CLL terms? This is to a large extent
determined by the ratio

Q2 —2 /(—
P LML'M ~ ~PLMLMPL'M'L'M'

with 0 A, 1. The interference terms will be small if
contributions to the population of L,M sublevels are due

I

where the AL contain the population amplitudes aLM
multiplied by the spherical harmonics Yz~ and the re-
duced matrix elements.

(ii) "Coherent fits, " in which also interferences are tak-
en into account. Here the proper procedure would be to
take the Czz. of Eq. (8) as fit parameters. This would au-
tomatically take care of excluding interferences between
transitions from levels with different M. With %=11
states possibly contributing to the spectra shown in Figs.
4 and 5, however, this would result in —,'%(&V+1)=66 fit

parameters. We regard this as too much and therefore
followed a simpler though less accurate procedure. We
used the following expression for the spectral intensity:

1(a,c)=y If (c)l IA (8)l + g IfL(c)l lfL, (c)l IA

(8)Iles

(8)Icos[a (c)—n (c)+p (8)—p (8)], (11)
L~L'
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with aL(e)=arg[fL(s)] and PL(8)=arg[AL(8)]. The
moduli

~ AL ~
and the phases PL were taken as fit parame-

ters. In this way we have reduced the number of fit pa-
rameters to 22. However, one has to keep in mind that in
this way certainly "too many interferences" are taken
into account, since also those between amplitudes from
levels with different M are included. One can in fact
suspect that reality lies between (i) and (ii).

(iii) "Fits with selected interferences, " in which physi-
cal insight is used to take only those interference terms
into account which can be expected to have the most
significant inhuence on the spectra. Interferences be-
tween states lying close to each other are certainly more
important than those between states far apart from each
other. Also the lifetime of the higher states is of impor-
tance: states with short lifetimes result in peak shapes
with intensive low-energy tails, corresponding to large
transition amplitudes at the position of the lower states.
The most visible effects can therefore be expected from
interferences of transitions from the strongly populated
and short-lived states 'G and 'F (see Figs. 4 and 5) with
those from lower states. To further limit the number of
free parameters one can argue that especially strong in-
terferences can be expected for the case of transitions
leading to similar angular electron distributions. Since
the angular electron distributions are closely connected
with the electron density distributions and these on
their part are to a large extent characterized by the corre-
lation quantum numbers (for T=O, e.g., both electrons

I

are in the same plane), we expect that interferences be-
tween states with the same (K, T) values are most likely
to produce a visible effect in the spectra. We therefore
looked specifically for such interferences.

We started with incoherent fits, assuming in the first
place fixed positions c.L and widths I L of the contribut-
ing states as given by theory, and only taking the popula-
tion amplitudes as fit parameters. For most of the sets
(rL, I L) this resulted in unsatisfactory fits which could
significantly be improved by changing the (Ei, I L )

values. Only the theoretical results of Abu-Salbi and Cal-
laway' and the most recent results from Ho led immedi-
ately to rather good fits. We took this as a strong indica-
tion of the correctness of the corresponding (E~, I L)
values.

In a second step we tried to improve these fits by per-
forming coherent fits as described above. This did not re-
sult in a significantly improved agreement, neither did it
lead to drastically different populations of the various
states as compared to the incoherent fits. Since, on the
other hand, it is possible, just by choosing phases arbi-
trarily, to create significant disagreement with the mea-
sured spectra, we take this as an indication that interfer-
ences are not of an overwhelming importance.

In a third step we performed fits with selected interfer-
ences. As a test whether or not the selection of a particu-
lar set of interferences would affect the fit we used the fol-
lowing general expression for the spectral intensity:

+(&,s)= g lfL, (E)l'I&L(&)I'+ g lf&«)I lfL «)I lc«(~)Icos[~&(E)—~& «) —y«(~)], (12)

with y«(&)=arg[C«(8)]. We looked at the interfer-
ences between 'F(l, 1) and 'D'(l, l) and between 'G(2, ())
and 'D(2,0). These are interferences between states with
the same (E, T) which could appear on the prominent
low-energy tail of the 'F(l, l) and the 'G(2, 0) peaks, re-
spectively. Also this did not lead to significantly im-
proved fits.

D. Fit results

c(nl, nl') = Z cx

n
(l3)

with a screening constant a which is independent of Z,
i.e. , a is calculated from the energy values E(nl, nl') for
the N system and then used to determine the analo-

For the incoherent fits with fixed energies and lifetimes
of the states involved we used sets of data from various
theoretical treatments. An overview of these data is
given in Table I for C +(31,31') and in Table II for
0 +(31,31'). The calculations had in some cases been
performed for N +(31,31') and in order to use these data
we have extrapolated them for the case of 0 + and C +

by the following procedure: the lifetimes were assumed
to be independent of Z and the term energies were as-
sumed to vary with Z according to

2

gous energy values for 0 + and C + states. Figure 4
shows a fit of the C + spectrum using the theoretical
(E, I ) values of Ho. ' Only the populations of the vari-
ous states were used as fit parameters. It should be point-
ed out that the energies and widths from Ho which are
used in Fig. 4 are very similar to those obtained earlier by
Abu-Salbi and Callaway (see Table I). The quality of our
spectra is in fact not sufficient to discriminate between
these two sets of data. On the other hand, we can clearly
see that fits with the other data sets given in Table I lead
to a less satisfactory agreement with the experimental
spectra. Not only the energy positions of the states are
probed by our fits, but also their widths; these are on the
one hand directly reAected in the peak widths, and on the
other have also an important inAuence on the actually
measured peak positions since the PCI shift as given in
Eq. (3) leads to a shift of the peak maxima by about—3.5I for the case of ' C (60 keV}. The rather accurate
prediction of lifetimes is especially remarkable since the
lifetimes are very sensitive to electron correlations: the
agreement therefore indicates that correlation effects in
the stationary states are properly taken into account in
the calculations of Abu-Salbi and Callaway and of Ho.

For the case of 0 ++He, fit results are shown in Fig.
5. In this case the use of fixed (e, l ) sets from theory did
not directly yield satisfactory results and therefore we al-
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TABLE I. State energies (first lines) and width (second lines), both in eV, for C +(3l, 3l ) states as predicted by various theoretical
treatments. Energies are given with respect to the n=2 level of C'+, i.e., the final state in the autoionization of C + (Ref. 4). Th last
column gives the relative populations (in %) of the various states following from the fit shown in Fig. 4. An asterisk means that the
energy values below were obtained by extrapolation using Eq. (13).

States
»+~L (~ T)

'S(2,0)

'D(2,0)

'P'(l, 1)

'D (l, l)

'D(0,2)

'S(0,0)

'G(2, 0)

'F (1,1)

'D(0,0)

'P (
—1,1)

S (
—2,0)

Ho
(Ref. 22)

21.42
0.130

22.51
0.177

23.39
0.381

23.82
0.0084

25.31
0.310

25.51
0.523

26.96
0.620

27.22
0.316

28.90
0.0789

29.82
0.106

32.88
0.0078

Ho
(Ref. 19)

21.42
0.129

23.40
0.381

25.51
0.525

29.82
0.106

32.88
0.0077

Bachau*
(Ref. 3)

21.54
0.170

22.61
0.230

23.56
0.440

23.96
0.011

25.55
0.350

25.75
0.60

27.29
0.770

27.65
0.380

29.39
0.120

30.38
0.110

33.49
0.0064

Bach au
(Ref. 15)

21.45
0.166

22.48
0.233

23.43
0.427

25.42
0.338

25.61
0.578

30.24
0.107

Oza*
(Ref. 18)

21.43
0.139

22.52
0.180

23.43
0.403

23.85
0.0084

25.36
0.327

25.61
0.544

27.17
0.544

27.39
0.357

29.12
0.117

30.15
0.114

Martin*
et al.

(Ref. 23)

23.28
0.400

30.90
0.113

Abu-Salbi
and Callaway

(Ref. 16)

21.42
0.129

22.51
0.176

23.41
0.389

25.32
0.307

25.53
0.524

26.99
0.639

27.26
0.327

28.98
0.109

29.97
0.110

Population (%)

12
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TABLE II. The same as Table I, but for 0 +(31,3l'). In addition, state energies are given which result from the fit shown in Fig.
since none of the theoretical sets of energies gave satisfactory fit results.

States

'S(2,0)

'D(2,0)

'D (1,1)

'D(0,2)

'S(0,0)

'G(2,0)

'F(1,1)

'D(0,0)

'P( —1,1)

'S (
—2,0)

Ho
(Ref. 22)

34.68
0.138

36.15
0.176

37.40
0.381

37.94
0.0084

40.01
0.329

40.36
0.569

42.41
0.708

42.82
0.362

45.09
0.114

46.46
0.118

50.64
0.069

Ho
(Ref. 19)

34.68
0.136

37.40
0.381

40.36
0.569

46.46
0.118

50.64
0.069

Bachau*
(Ref. 3)

34.82
0.17

36.26
0.230

37.54
0.440

38.08
0.011

40.23
0.35

40.50
0.60

42.59
0.77

43.07
0.38

45.44
0.12

46.79
0.11

51.03
0.064

Bach au
(Ref. 15)

34.70
0.166

36.15
0.233

37.45
0.427

40.15
0.365

40.47
0.621

46.95
0.118

34.58
0.139

36.05
0.180

37.29
0.403

37.84
0.0084

39.89
0.327

40.22
0.544

42.34
0.544

42.63
0.357

44.99
0.117

46.38
0.114

37.16
0.400

47.50
0.113

Martin
Oza* et al.

(Ref. 18) (Ref. 23)

Abu-Salbi
and Callaway

(Ref. 16)

34.68
0.136

36.15
0.176

37.42
0.389

40.02
0.340

40.39
0.58

42.45
0.735

42.87
0.380

44.23
0.122

46.65
0.121

36.69

37.66

38.19

40.06 14

42.21 48

42.59

44.51 12

45.52

Expt. Population (%)

34.80
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lowed for a variation of the energy positions of the states
involved. The widths, however, were not varied but we
used the widths calculated by Ho' which are again very
close to those calculated by Abu-Salbi and Callaway. In
Table II we present various sets of theoretical (s, I )

values together with the state energies following from our
fit. At present it is not clear to us why in the case of 0 +

the experimentally determined energies diAer significantly
from all the theoretical ones, whereas this was not the
case for C +. As in Table I we give again the relative
populations of the various states following from our fit.

As in the case of C + above we proceeded by perform-
ing coherent fits. However, this did again not
significantly improve the fit results, nor did it lead to
drastically dift'erent populations of the various states.
The same is true for fits with selected interferences. We
therefore take the population probabilities obtained from
the incoherent fits as the basis for the discussion of the
physics of the charge exchange process. Also we con-
clude that very probably the neglect of interferences in
the analysis of N + spectra by Bordenave-Montesquieu
et al. did not give rise to additional uncertainties of
their results. However, it should be pointed out that the
relative unimportance of interference eff'ects could not de-
pendably be predicted and therefore it was necessary to
perform a corresponding analysis as presented above.

V. DISCUSSION

In order to see if the population of certain
configurations is preferred by the dynamics of the charge
exchange process we can compare the observed popula-
tions with those to be expected statistically. As one can
see from Table II our analysis shows that more than 50%
of the electrons are ejected from the state 'G(2,0). Statis-
tically one would expect significantly less (only 20%), and
it is worth speculating about a possible mechanism re-
sponsible for this. The correlation quantum numbers
(IC, T)= (2,0) characterize states with both electrons mov-
ing in the same plane (T=O) on opposite sides of the nu-
cleus (E =2), ' and the angular momentum L=4 indi-
cates that both electrons are rotating in the same sense.
This implies the following picture for the capture of the
two electrons: (i) the electrons are not simultaneously
becoming molecular" when the collision complex is
formed, but with a time delay of at least one-half electron
revolution time. (ii) The second electron behaves in a
correlated way, namely, such that with respect to the first
one it ends up on the opposite side of the quasimolecular
orbit. Classically this can be understood by keeping in
mind that the second electron experiences a time-
dependent potential. At a fixed internuclear distance R

of the collision partners the Coulomb barrier, which has
to be overcome by the second electron in order to become
molecular, will change its height dependent on the posi-
tion of the "first" electron. The lower barrier corre-
sponding to the electron on the "other" side will then
cause a preferential population of configurations with
correlation quantum numbers K=2. (iii) The correlation
within the quasimolecular formed during the collision is
preserved in the electronic configuration of the projectile
state when the collision partners separate.

We have performed some simple calculations in order
to check if such a completely classical picture can have
any significance. According to the extended classical bar-
rier model" the internuclear distances in the 0 on He
system, at which the first and second electron can be
transferred, are R, =7.4 a.u. and R2=5.0 a.u. , respec-
tively. First of all, we checked if the transition of the
second electron can really be regarded as localized in the
sense that the probability for tunneling at internuclear
distances between R, and Rz can be regarded as small.
Using WKB functions for the electron we found that
with a probability of -70%%uo the second electron is still at
the target atom —i.e., it has not yet made a transition—
when the system reaches the distance R2. At Rz the
transition probability suddenly becomes very large, pro-
vided that the first electron really does not cause any
screening of the projectile charge q, as has been assumed
in the calculation of Rz. On the other hand, if one as-
sumes that, due to a position of the first electron on the
"same" side, the second electron sees an efT'ective charge
q

—1, an internuclear distance of R 2=4.7 would have to
be reached to allow an overbarrier transition. Keeping in
mind that at R z the eft'ective binding energy of the
second electron is —5.6 a.u. and that the projectile veloc-
ity is only 0.46 a.u. , one can justify an adiabatic picture in
which the transition of the second electron near R2 is
clearly preferred. This implies a preferential population
of configurations with a correlation quantum number
K=2—in agreement with the experimental observations.
The same preferential population has been found in Ref.
3 for the case of N ++He collisions.

We therefore conclude that electron correlation has a
well-recognizable influence on the charge exchange pro-
cess, in which two electrons are transferred from one col-
lision partner to the other.
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