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Production of (2s 2) 'S, (2p ) 'D, and (2s2p) 'P states by double
electron capture in 150-500-keV 3He2++He collisions

T. J. M. Zouros, ' D. Schneider, and N. Stolterfoht
Hahn-Meitner Institut -fur Kernphysik, Glienicker Strasse IOO, 1000 Berlin 39, West Germany

(Received 11 August 1986)

The production of (2s~)'S, (2p2)'D, and (2s2p)'P states formed by double capture into pro-
jectile autoionizing states was measured with high resolution using 0 Auger spectroscopy in
150-500-keV He ++He collisions. Absolute cross sections for these states were determined to
lie approximately between 10 '8 and 10 2' cm2, the production of the (2s2)'S state being dom-
inant. An extension of a continuous distorted-wave independent-particle model to the calculation
of double-electron-capture cross sections was found to overestimate our results by a large factor,
ranging between 6 and 75.

In collisions of highly charged projectiles with atoms,
single- and multiple-electron-capture processes proceed
not only to the ground state but also to the formation of
excited projectile states that later decay via photon or elec-
tron emission. Recently, the study of such state-selective
electron-capture (SSEC) processes has become a very ac-
tive field of interest, due to important practical implica-
tions of these processes for controlled thermonuclear
fusion, astrophysics, and the creation of vuv and x-ray
lasers among other things (for a recent review, see Ref. 1).
In particular, high-resolution studies of multiple capture
into specific excited states in contrast to single-capture
studies, can provide information on the role played by
electron-electron interactions.

To date, however, very little information on state-
selective multiple electron capture is available. Measure-
ments of state-selective double-electron-capture (SSDEC)
cross sections are tedious, measured yields usually being
compromised by the high-energy resolution required.
Furthermore, only a few, if any, calculations are applic-
able. A few experimental attempts have been reported:
Energy gain or electron spectroscopy were used to
study SSDEC in collisions of C +, N7+, 06+, and 07+
with Hz, He, or Ne, at low impact energies ( ~ 4.5 keV/u).
Absolute SSDEC cross sections were not reported. At
high energies, high-resolution Auger-electron data were
reported for bare F + projectiles at —', MeV/u incident on
noble gases. Limitations due to kinematic line broadening
effects, allowed only for the determination of double-
electron-capture (DEC) n distributions. These broadening
effects, however, can be substantially reduced by observ-
ing ejected electrons at 0 with respect to the beam.

In the present work, high-resolution 0 Auger spectros-

copy is used to study SSDEC for the system:

He ++ He(1 s ) He" (2 lnl') +He

= He+(ls)+e

One or two electrons can be captured by the projectile. In
particular, only doubly excited He" (21nl') (n ~ 2) pro-
jectile states formed by double electron capture decay via
Auger electron emission after the collision. Thus, by
detecting these electrons with high-resolution information
about DEC into these intermediate states is gained. Here
we report absolute cross sections for SSDEC only into the
three lowest He autoionization states (2s ) 'S, (2p ) 'D,
and (2s2p) 'P which were well resolved in the overall elec-
tron spectra. Several projectile energies between 50-166
keV/u were utilized.

This is the first systematic study of SSDEC for the fun-
damental symmetric He ++He system and its depen-
dence on the collision energy. Our reported SSDEC cross
sections at these intermediate collision energies are expect-
ed to provide stringent tests of newly developed formal-
isms '0 for few-electron systems which will bridge the gap
between low- and high-energy collisions. In particular,
such state-selective two-electron transfer data should pro-
vide basic information on the effects of electron-electron
interactions. "

The experimental apparatus has been previously de-
scribed' and therefore will not be discussed in detail. A
He + beam resulted from stripping He+ ions which

were accelerated through the 500-kV AN Van de Graaff
at the Hahn-Meitner-Institut fur Kernforschung, Berlin.
The beam was magnetically selected, tightly collimated,
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The ejected electrons were detected at 0 with respect to
the beam direction by a tandem spectrometer composed'
of an entrance an exid exit 45 parallel-plate electrostatic
analyzer, subtending an effective solid angle o—2.2X10 sr. The measured yields were due to Auger
electrons e~ec e at d t an angle of 0' in the emitter frame
from the decay of projectile autoionizing states n
corresponding to an electron energy ra gn e of 32-42 eV in
the emitter rest frame. A final resolution of about 120
meV (in the projectile rest frame) was attained y e-
celerating all detected electrons to 7 eV between the two

1 The kinematic broadening caused by the finiteana yzers. e ine
meter7s (58-1')acceptance (half)-angle of the spectrometer

was only about 30 meV (projectile frame) for a projectile
ener E 500 keV (worst case) and was neglected.
Beam currents ranged between 0.030- . p
energy ~ e

-1.5 A for E be-P
tween 150-500 keV, respectively.

In Fig. 1, high-resolution electron spectra are shown re-
suiting rom e1

' f H ++He collisions. The measured yields
are shown after subtraction of background continuum
electrons and transformation to the projectile rest frame.
0 1 ctral lines resulting from the decay of autoioniz-
ing states with n =2 are shown, i.e. 2s, s p
(2 )'D, and (2s2p)'P, these being well resolved in the
overall electron spectra. The and 'D states can be
for me yed b DEC. However, the P state cannot be formed
by DEC, since this would require one of the two cap ure
electrons to spin flip in order for a spin triplet to be pro-
duced. Such spin-flipping processes should be weak in
1 -Z stems where the spin-orbit interaction is small.ow- sys em

The P state is assumed to be formed by successive one-
electron capture events taking place in two collisions. Evi-
dence for this is demonstrated in Fig. 2, where the target
pressure (P, ) dependence for the different states is shown
in a typical case of 300 k V He ++He collisions. In thise

~ ~

figure, a inear e1' d pendence of the yields on pressure, tm-

p ying sing e1 le collision conditions, is depicte as a straig
line parallel to the pressure axis. Deviations from such be-
havior in ica e e ex'' d' t th istence of multiple collision contri u-

'P are seen totions. eThe three singlet states, 'S, 'D, an P, are seen to
sure axisb 11 fitted b straight lines parallel to the pressure
onstrat-over most of the lower-pressure region, clearly demons

ing their single-collision production origin. However, this

quadratic behavior. For the P state, it appears (see ig.
2) that when P, ~ 1 mTorr both collisions take place in
the target gas, while for P, & 1 mTorr, the first collision
takes place predominantly within the beam line before the
scattering c am er.h b r. This was further verified by making a

Torr atsmall leak in the beam line (normally at 5X10 Torr at
the lowest P, studied (0.15 mTorr). Only the P yield rel-
ative to the other three states was increased, thus ruling

o 00

.2

400
keV

500
keV

300keV He + He
~ 20-

15.

10.
'P

QJ Jr
25.

~ ~

~ ~

0.0 —. -

32 33 34 35 36 37
Electron Energy (eVI

FIG. 1. Electron spectra (projectile rest frame) produced in
He ++He collisions at different projectile energies.
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FIG. 2. Target pressure dependence of the S,'S P 'D, and 'P
states. Statistical errors are indicated.
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out the possible observation of spin flip. The quadratic
and linear pressure dependence of the triplet and singlet
states, respectively, was checked and confirmed for all pro-
jectile energies studied.

Absolute differential cross sections for DEC were ex-
tracted directly from the measured electron yields in the
single collision region (P, =0.68-2 mTorr) using methods
described elsewhere. ' It can be readily shown that for the
states studied here total SSDEC cross sections a2o('L)
can be obtained by multiplying the differential cross sec-
tions measured at 0' (Fig. 1) by 4x, 4x/3, and 4x/5 for the
'S, 'P, and 'D states, respectively, to account for the an-
gular dependence of the M 0 substrates which are
predominantly selected by observing the electrons at 0 .
These DEC cross sections are shown in Fig. 3. Only sta-
tistical errors are indicated. Absolute errors are estimated
to be smaller than about 30%. The 'S state is seen to be
dominantly populated, ozo('D) and cr2o('P) being about
6-20 times smaller than o2o('S). DEC to the 'P state is
slightly larger than to the 'D. The projectile energy
dependence of the three states is seen to be quite similar at
the higher energies.

To date, no calculations exist for SSDEC. Recently,
Salin, Bachau, and Gayet' calculated SSDEC cross sec-
tions into the 'S, 'D, and 'P autoionizing states for this
system by extending the independent electron model of
Gayet, Rivarola, and Salin. ' These states were described
through a configuration interaction treatment' using an-
tisymmetrized hydrogenic orbitals. This model assumes
that the electron-electron interaction is switched off during
the transition. Each electron is then captured indepen-
dently to a final He+(nlm) state with amplitude a„l (b),
computed in a continuous distorted wave (CDW) approxi-
mation'6 and a total amplitude A(LMS) for DEC is ob-
tained from the product of the single-electron amplitudes,
i.e.,

A ~ g g M~!2m~m2ILM)a„, t,~, (b)a„,t, ,(b),
n I l]n2l2 mIm2

from which cross sections

crzo(LMS) 2x I b db I
&'"'(b ) I

'

are obtained. The most important impact parameters b
range between 0-1 a.u. Calculations break down below
-250 keV, as the limit of validity of the CDW method is
reached.

The results of these calculations for o2o(LMS), with
M 0, are also included in Fig. 3. The CDW SSDEC
cross sections are seen in general to be much larger than
the measured ones by factors ranging from 6 for the 'S
state up to 75 for the 'P state. A more sophisticated cal-
culation in which the first electron is captured into a He +
ion and the second into the remaining He+ ion, rather
than both electrons being captured into a He + ion (as as-
sumed above), should lead to smaller DEC cross sections,
since aio can be about an order of magnitude smaller'
than a2~. Furthermore, electron correlation effects" not
treated by this independent particle calculation should
partially account for some of this discrepancy.

In conclusion, state-selective double-electron capture
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FIG. 3. Absolute SSDEC cross sections cr20 for the '5, 'D,
and 'P states. Only statistical errors are indicated. Absolute er-
rors ~ 30%. Dashed lines: CDW calculation (Ref. 10) with
M 0 already divided by numbers in parentheses.
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(SSDEC) into autoionizing states of He" (21nl') was
studied for Hez++ He collisions at diff'erent projectile en-
ergies between 150-500 keV. Using the simplicity and
high-resolution capabilities of 0 Auger spectroscopy, the
three lowest doubly excited projectile states of He, i.e., the
(2s ) 'S, (2s2p) 'P, and (2p ) 'D states, were clearly
resolved and SSDEC cross sections into these states were
measured with excellent statistics. These were found to be
of the same order of magnitude as the transfer-excitation
cross sections measured for He++He collisions. 'z The
only available SSDEC calculation, '3 an independent parti-
cle CDW approximation, was found to overestimate
SSDEC cross sections by large factors ranging from 6 to
75, pointing to the lack of adequate understanding of
SSDEC even for the simplest existing two-electron system.
These and other such measurements could be an important
testing ground for newly developed more sophisticated for-
malisms that include electron-electron interactions, " such
as time-dependent Hartree-Fock9 or atomic-orbital
coupled-channel'o calculations which are expected to be
quite accurate in the intermediate velocity regime and
should soon be available for the study of SSDEC.

Note added in proof. Improved agreement (about a
factor of 2 or better than the CDW calculation) with our
SSDEC's has very recently been obtained by an indepen-
dent particle coupled-channel approach (AQ+) valid over
the entire 100-500-keV energy range.
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