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Observation of Resonant Transfer and Excitation to Specific LS-Coupled States
in 05++He Collisions by High-Resolution, O' Auger-Electron Spectroscopy
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Conclusive evidence is presented for resonant transfer and excitation to specific intermediate states in

collisions of Li-like 05+ with He. Using the technique of high-resolution 0 Auger-electron spectros-
copy, we observed a maximum in the cross section for production of Be-like 1s2s 2p 3D and 1s2s2p 'D
states as a function of incident ion energy. The peak appears at —13 MeV with a width of -7 MeV
and is in good agreement with the impulse-approximation model for resonant transfer and excitation.

PACS numbers: 34.50.Fa, 34.50.Pi, 34.70.+e

Resonant transfer and excitation'~ (RTE) has re-
ceived a great deal of attention over the past five years,
both for its relationship to dielectronic recombination
and as a basic mechanicm in ion-atom collision physics.
Just as radiative electron capture3 is the ion-atom col-
lision analog of the inverse photoelectric effect for free
electrons, RTE is the collision analog of the inverse
Auger effect.

RTE may be viewed, from the projectile frame, as the
collision of a loosely bound target electron with an elec-
tron bound to the projectile in which the projectile elec-
tron is excited and the loosely bound electron thereby
loses just enough energy to be transferred to the projec-
tile, forming a doubly excited state. If the transferred
electron were in fact free (inverse Auger effect), this
would be a sharply resonant process and would occur at
an electron collision energy e, equal to the Auger transi-
tion energy e, for that doubly excited state. Since this
electron is bound to the target atom, it has an intrinsic
momentum distribution along the collision axis (the
Compton profile). This shifts the resonance energy e, by
the ratio of the projectile to electron mass, to a collision
energy E, e,M/m, and smears out the resonance over
several megaelectronvolts in collision energy.

Equation (1) illustrates the more general transfer plus
excitation (TE) process in which an electron is trans-
ferred from the target to the projectile-ion and a core
electron in the projectile is excited:
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The doubly excited intermediate state may be formed
through electron-electron interactions described above or
from two clearly independent events, e.g., nuclear
Coulomb excitation of the electron bound to the projec-
tile ion plus electron transfer in the same collision. The
latter process is referred to as nonresonant transfer and

excitation (NTE).
The doubly excited state of Eq. (1) may then decay

via emission of a photon or through reemission of an

Auger electron. The similarity with dielectronic recom-
bination results when radiative decay occurs. However,
for low-Z ions (Z (20) and Iow-n states, electron emis-

sion will be the dominant decay mode. For these sys-

tems, it is desirable to study the RTE process through
the Auger decay channel.

Up to now, the RTE process has been studied almost
exclusively through x-ray, charge-changed-beam coin-
cidence techniques. In these experiments projectile ions
which had captured one electron were detected in coin-
cidence with projectile K x rays. The energy resolution
of the x-ray detector was sufficient to resolve Ka and KP
x rays; thus they were able to distinguish simultaneous
capture and excitation events involving the n 2 shell
from those events which involved shells with n ~ 3.

Pepmiller et al. 6 used high-resolution x-ray spectros-

copy to study F + collisions with He, Ne, and Ar. Their
results showed only an NTE contribution to the cross
section for formation of doubly excited F7+ ions in the
2s2p and 2p configurations and no significant RTE
contribution. However, the resolution of that experiment
was insufficient to resolve the different multiplets, e.g.,
the 2p 'D and 2p 3P states, which were each expected
to have different RTE and NTE contributions.

High-resolution Auger-electron measurements of the
TE process were made by Itoh et al. for the He++He
collision system. It was proposed that the 2p2'D state
was being populated through the RTE mechanism, but
this interpretation involved difficulties since the width of
the resonance feature was found to be narrower than the
He 1s electron's Compton profile ~ould permit. Straten
and Morgenstern have attempted to explain their results

by showing that the observed energy dependence of the
production of the 2p~'D state could be reproduced by
taking into account post-collision interactions and in-

terferences between the 2p D and the 2s2p P autoion-
izing states.
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In this Letter, we present conclusive evidence that
RTE is proceeding through specific resolved intermedi-
ate states. Our results show that RTE is an important
mechanism in the production of Be-like doubly excited
states in energetic collisions of Li-like 0 + ions incident
on He. Using high-resolution O' Auger spectroscopy, we
have measured the cross sections for the production of
Auger electrons from the decay of the ls2s2p D and
1s2s2p2'D states in 04+ to the ls22s 2S ground state of
Os+ as a function of the incident ion energy. We ob-
serve a resonance in these cross sections with a max-
imum at 13 MeV and a full width at half maximum of 7
MeV. These results are in good agreement with Brandt's
impulse-approximation model for RTE.' The RTE reso-
nance features are observed to be superimposed upon a
monotonic NTE-Auger background.

The experiment was performed at the EN Tandem
Van de Graaff facility at Oak Ridge National Laborato-
ry with the high-resolution electron spectrometer and
target chamber temporarily transported from the Hahn-
Meitner Institut, Berlin. Details of the experimental ap-
paratus and the technique of high-resolution 0' electron
spectroscopy have been given previously. s 5- to 25-MeV
oxygen ions were stripped after acceleration and Os+

ions were magnetically selected from the emerging
charge-state distributions. These ions were collimated
and sent through a He gas cell. The beam then passed
through the first stage of a tandem 90' parallel-plate
electron spectrometer where electrons emitted at 0' to
the beam axis were deflected out of the beam. These
electrons were then decelerated in front of the second
stage where they were energy analyzed in high resolu-
tion. The undeflected ion beam was collected and in-
tegrated in a suppressed Faraday cup. The chamber
base pressure was 1 &&10 s Torr, and was 4&10 Torr
with 20 mTorr of He in the cell. The Auger-electron
yield was found to be linear with He pressure, thus
ensuring single-collision conditions. In this experiment,
Auger electrons were decelerated to a constant pass en-
ergy of 50 eV which resulted in a typical energy resolu-
tion of AI'-/E 0.2%.

Figure 1 shows a series of high-resolution O' Auger-
electron spectra for Os++He, after background subtrac-
tion and transformation into the projectile frame, for
various incident beam energies. Line assignments were
made by use of the calculations of Bruch et al. ' Very
high-resolution spectra (&&lE & 0.1%) were acquired
prior to these measurements for a series of incident
charge states of 0&+ to help unfold the complex struc-
ture of the spectra shown in Fig. 1.

We shall focus our attention on the Be-like ls2s2@ D
and 1s2s2p 'D states which are formed when Os+ ions
capture a target electron and, in the same collision, are
excited into an autoionizing state. Augerwlectron emis-
sion will occur with -99% probability and result in de-
cay to either the ls 2s S ground state or the ls 2p P

state with a branching ratio for decay to the ground state
of 0.9 and 0.4 for the D and 'D states, respectively (see
Table I). The Auger lines which result from the decay of
these two states to the ground state are shown as shaded
peaks in Fig. 1 in the 5-MeV spectrum.

First, we call attention to the asymmetric Fano line
shape' observed for the is2s2p 3D state for ion ener-
gies 10 to 15 MeV. This results from the interference in
the amplitudes for electrons produced via the TE mecha-
nism and for continuum electrons produced through
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FIG. 1. High-resolution Auger-electron spectra for
0~++He for various incident ion energies. The 1s2s2p23D
and 'D states refer to dceay to the ionic ground state 1s 2s S,
whereas the 1s2s2p~3D and 'D states refer to decay to the
1s22p ~P final state.
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TABLE I. Calculated values (Ref. 11) for oRc for
e+0 +(1s 2s) 0 +(1s2s2p ) averaged over an energy in-

terval of h, s 1 Ry. The barred states refer to decay to the
05+(1s~2p) final state, whereas the unbarred states refer to
the 05+(Is22s) ground state. g and ro are the calculated
Auger and fluorescence yields, respectively. Resonant-
excitation cross sections oaa (~c, in units of 10 cm, are
given in comparison with our experimental results.
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direct ionization of the target [as represented by the
dashed line in Eq. (I)]. We note that at the beam ener-

gy where RTE has a maximum cross section, the cen-
troid of the energy distribution of the binary-encounter
electrons'3 is equal to that of the RTE Auger electrons
ejected at O'. As we move away from this ion energy,
there is more of a mismatch between the Auger energy
and the centroid energy of the binary-encounter peak,
and it is interesting to note that the interference effect
decreases.

In Fig. 2, the integrated cross sections, if we assume

isotropy in the projectile frame, for Auger decay of the
1s 2s 2pz 3D and 'D states to the ionic ground state
ls 2s S, are shown in comparison with calculations of
the cross section for RTE followed by Auger-electron
emission (RTEA). By use of the impulse-approximation
model for RTE, ' the RTEA cross section for a particular
intermediate state with a resonance energy a, [Eq. (23),
Ref. Il can be written as

where g is the Auger yield for the selected decay chan-

nel, oRC is the cross section for radiationless capture into
a particular intermediate state averaged over an energy
interval of 1 Ry, " M and E are the ion mass and in-

cident energy, respectively, and g, J;(p, ) is the proba-
bility that the ith electron in the target has a momentum

p, (a„—Em/M)(M/2E)'~2 along the z (beam) direc-
tion (the Compton profile), summed over all target elec-
trons. For a He target g,. is replaced by a 2 for the two

He 1s electrons.
The RTEA cross sections were obtained with use of

Eq. (2) and the values for oRg and g for the Is2s2pz3D
and 'D states in oxygen, " given in Table I. The dashed
curve in Fig. 2 is the resulting 3D RTEA calculation
multiplied by a factor of 1.45. This is superimposed

FIG. 2. Cross sections for Auger decay of the 1s2s2p23D
and the 1s2s2p 'D states to the 1s 2s S ground state follow-

ing collisions of 0 ++He. The upper solid curve is an
impulse-approximation-model calculation for RTE followed

by Auger decay, for the 3D state (dashed curve), superimposed
on an underlying NTE-Auger background (dotted curve). The
lower solid curve is the corresponding calculation for the 'D
state.

upon a monotonic NTE-Auger (NTEA) background
(dotted curve). This curve agrees with an NTEA calcu-
lation multiplied by 0.7, for the energy region above 8

MeV. A similar calculation was done for the 'D state
with use of Table I and the same scaling factors, and is

shown as the lower solid curve in Fig. 2. Relative uncer-
tainties in the data are + 10% and are due to back-
ground subtraction and peak fits. Absolute uncertainties
in the data are + 30%. Uncertainties in the calculated
RTEA cross sections are ~ 30% and are due to uncer-
tainties in the scaling factors and in the quantities listed
in Table I.'

The good agreement between the energy dependence
of the 3D cross section and the scaled calculation for
RTEA indicates that the impulse-approximation model
can be used to describe the RTE process for this collision
system. Therefore we may extract from Eq. (2) the
product (ottc oRp, (the resonant excitation cross sec-
tion)" and make a direct comparison with our experi-
ment. On the basis of the RTEA scaling factor, we find

oaE( D) 3.5X10 ' cm compared to the value of
2.4X10 ' cm given in Table I.

%'e see that the predicted cross section for the 'D state
(lower solid curve) underestimates the measured 'D
cross sections by -30%. If we consider the degree of
uncertainty associated with the decay rates for these
states, ' our results are not entirely inconsistent with the
calculation. We find a ratio of the D to 'D RTEA cross
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sections to be -4, whereas the calculated ratio is 6.6.
Thus crRE('D ) 8.7 x 10 cm2, compared to 3.6
X10 ~oem as given in Table I.

An important aspect of the results presented here is
that high-resolution Auger spectroscopy provides de-
tailed information concerning both the target and the
projectile when the impulse-approximation model can be
used to describe RTE. The shape and width of the RTE
resonance feature is directly related to the Compton pro-
file of the target electrons. Measurement of RTEA cross
sections for individual states provides a direct compar-
ison between experiment and theory.

Future studies of RTE for other systems such as
C3++He would be usefuL For this more symmetric
case, discrepancies between the impulse-approximation
model and experiment, which are evident for the He+
+He system, 7 may begin to appear It.is clear that for
those cases where the impulse approximation is not valid,
a more complete theoretical treatment of RTE (and
NTE) is needed. High-resolution Auger-electron mea-
surements for these systems could give detailed informa-
tion on the collision process and thus provide stringent
tests of the models used to describe phenomena such as
RTE.
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