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Angular Distribution of Auger Electrons Emitted through the Resonant Transfer
and Excitation Process following 05+ + He Collisions

M. Benhenni, ' S. M. Shafroth, ' J. K. Swenson, ' ' M. Schulz, ' J P. Giese, ' H. Schone,
C. R. Vane, P. F. Djttner, and S. Datz

' 'Department of Physics and Astronomy, University of North Carolina at Chapel Hill,
Chapel Hill, North Carolina 2?599-3255

Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
(Received 1 May 1990)

This Letter reports the first measurements of the angular distribution of Auger electrons emitted from
the decay of the (ls2s2p )'D 04+ doubly excited state formed predominantly through resonant
transfer and excitation (RTE) in collisions of 13-MeV 0'+ projectiles with He. The (ls2s2p')'D angu-
lar distribution is strongly peaked along the beam direction in agreement with recent calculations of the
RTE angular-dependent impulse approximation. Furthermore, interference eAects between the RTE
and the elastic target direct-ionization channels are observed.

PACS numbers: 34.70.+e

High-resolution projectile-electron spectroscopy has
become an increasingly attractive tool for studies of ion-
atom collision processes. ' These studies have usually
been performed at zero degrees because the kinematic
broadenings are minimal. However, information con-
cerning the magnetic substate populations cannot be ob-
tained from such measurements alone. In order to ob-
tain this information, one has to perform angular distri-
bution measurements. Such studies are important in

ion-atom collision physics because they give a more com-
plete picture of the collision mechanism and the distor-
tion of the electron cloud in the field of the target. Mea-
surements of electron spectra at various ejection angles
are also necessary in order to obtain total cross sections
for the different excitation processes. Finally, angular
distribution measurements can give important informa-
tion on the interference eAects between processes giving
rise to the same final state. Such angular distribution

measurements have not previously been possible due to
the severity of the kinematic or Doppler broadening at
high projectile energies. The recent development of a ki-
nematic "refocusing" parallel-plate electron spectrome-
ter has made these measurements possible.

Processes such as transfer and excitation (TE) have
been shown to proceed via different mechanisms. One
such mechanism, resonant TE (RTE), is a correlated
two-electron process where the projectile electron is ex-
cited by an interaction with the captured target electron.
In a second TE process, nonresonant transfer and excita-
tion (NTE), the doubly excited states are populated by
two uncorrelated processes where the projectile-electron
excitation is induced by the target nucleus, independent-
ly of the target-electron capture. For a Li-like projectile
P + incident on a target T, the TE process can be
represented, assuming single ionization of the target, as
follows:

P +(ls 2s)+ T~ P +**(ls2s2p )+T+~ P +(ls 2s)+e+ T+ (TE) .

(direct ionization)
&W & WW & WW W WW & W

Furthermore, electrons emitted via the direct ionization
of the target, known as the binary-encounter (BE) elec-
trons, contribute a broad background whose centroid
coincides with the energy of Auger electrons formed
through RTE when the resonance condition EA„g„
=(m, /M;, „)Eb„Eb;„q;„si—s met. This alternate chan-
nel is shown as the dashed line in the above expression
for TE. Therefore, the electrons emitted through the
RTE, NTE, and the BE channels might show interfer-
ence effects For Li-. like ions, the (ls2s2p ) D state
formed through the transfer and excitation processes
RTE and NTE might show such interference eA'ects.

This has already been observed at 0 in such col-
lisions, ' where the Auger line shape showed a pro-
nounced "Fano" profile. " When such interference
occurs, angular distribution studies are important in or-

der to extract the resonance cross section from the
coherently summed emission amplitudes of the different
interfering channels.

Both RTE and NTE have been studied intensively in

the last decade ' ' ' in the x-ray as well as in the
Auger decay channel. In these experiments, good agree-
ment with theory was found in the resonance energy and
the shape of the total cross sections versus projectile en-

ergy, which served to validate the impulse approximation
model for RTE. However, in absolute magnitude, vari-
ous discrepancies between the theoretical and experimen-
tal total cross sections of TE were found, especially in
the Auger decay channel. In these earlier measurements
of TE, Auger electrons or x rays were detected at a fixed
emission angle and an isotropic angular distribution was
assumed in order to compare the measured RTE
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differential cross sections with the calculated total cross
sections since theoretical cross sections diff'erential in an-

gle were not available.
This Letter gives the first evidence for a strong anisot-

ropy of the angular distribution of Auger electrons emit-
ted in the decay of the states (Is2s2p ) D populated via
RTE. We observe a differential cross section strongly
peaked along the beam direction which indicates a non-
statistical magnetic substate population. We also ob-
serve an angular-dependent Fano line shape for this
state, indicating interferences between the Auger and
binary-encounter electrons. These results are in good
agreement with recent calculations by Bhalla for the
angular-dependent impulse-approximation model for
RTE. Our data allow a more direct comparison of the
measured cross section with the theory and help improve
the agreement between theory and experiment.

The experiment was performed at the Oak Ridge Na-
tional Laboratory EN tandem Van de Graaff accelera-
tor. After collimation, the Li-like 0 + ions passed
through a differentially pumped gas cell and finally were
collected and integrated in a suppressed Faraday cup.
The gas cell consists of two concentric slotted cylinders
containing helium in the inner one of 25-mm diameter.
Linearity of electron yield versus target gas pressure en-
sured single-collision conditions at 10-mTorr He gas
pressure. Electrons emitted following 13-MeV 05++He
collisions were detected with a high-resolution pro-
jectile-electron spectrometer at angles ranging from 5'
to 40' in the laboratory frame (corresponding to 10' to
80' in the projectile frame) in steps of 5'. The length of
the target viewing region varied from 25 mm at 5' to 0.8
mm at 40'. The emitted electrons exit the gas cell
through radial slots and were decelerated typically to
one-fourth of their initial laboratory energy to enhance
their energy resolution. They were then energy analyzed
by a two-stage refocusing 30' parallel-plate analyzer and
detected by an 8 x 50-mm2 microchannel plate equipped
with a resistive anode encoder at a position proportional
to their energy. The Doppler-broadening effects caused
by the variation of the observation angle, AHL = ~0.4',
permitted by the spectrometer entrance slit width be-
come more severe as the observation angle increases.
They are eliminated to first order through refocusing of
the projectile electrons on the detector which is remotely
positioned along the shifted focal line. Details concern-
ing the spectrometer and the refocusing technique have
been reported previously.

Figure 1 displays the different Auger electron spectra
for laboratory observation angles ranging from 5' to
40', obtained following 13-MeV 0 + on He collisions
after relative efticiency correction, background subtrac-
tion, and kinematic transformation to the projectile
frame. The state of interest (Is2s2p ) D at 449 eV,
formed through RTE, ' is clearly seen at 5', 10', 15',
20', and 25' and is almost not discernible at 30, 35,
and 40'. The (ls2s2p ) 'D state at 454 eV, also popu-

lated via RTE, ' is well resolved from the D state.
However, the 'D cross section was too small to get good
statistics, but it is clear from Fig. 1 that the D ground-
state-decay angular distribution is also forward peaked.
An asymmetric Fano line shape" due to the interference
of the RTE Auger (RTEA) process with the binary-
encounter channel is observed for the D state (Fig. 1).
Moreover, Fig. 1 shows that the D line shape varies
from a weakly asymmetric peak in the forward direction
to a "dip" at larger emission angles. This is in good
agreement with recent calculations by Bhalla. 3 The
remaining lines observed in the spectra are Li-like transi-
tions which are formed through various excitation mech-
anisms. 2 Of these lines, the (Is2s ) S (Is )'S tran-
sition at 412 eV, clearly discernible at each angle, is used
to normalize the measured electron intensity at each ob-
servation angle, since this line decays isotropically.
Thus, it is possible to eliminate the solid-angle, target-
density, and beam-current-integration uncertainties in

the D differential-cross-section data by studying the ra-
tio [d /cdrQ( D)]/l[dcJ/dQ( S)] as a function of observa-
tion angle, where dcr/dQ( D) and dcr/dQ( S) are the
respective Auger ground-state-decay differential cross
sections of the 'D and S excited states. The nearest
state to the S is the metastable state (Is2s2p ) P at
416 eV, which mostly decays outside the gas cell at 13-
MeV projectile energy and therefore does not contribute
significantly to the spectra.

In Fig. 2, the ratio [dcr/dQ( D)]/[dcr/dQ( S)] is

plotted as circles versus laboratory angle, obtained from
the spectra in Fig. 1. The represented error bars in the
data are due to background subtraction and counting
statistics. The solid line represented in Fig. 2 is the re-
cent calculation by Bhalla 5 for our collision system
0 ++ He obtained by use of the RTEA angular-
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FIG. 2. The circles are the experimental ratios
(der/dA)('D)/(do/drt)( S) vs laboratory angle for 13-MeV
projectile 0 + on He. The solid line represents Bhalla's theory
(Ref. 25) as given by Eq. (1), normalized to experiment at
8~ 10'. The dashed line is the resonance contribution
Cg(Eg, 8L) to the RTEA differential cross section, excluding
the interference between RTEA and BE.
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dependent impulse approximation and given by

do (3D) =cR(F, e, )+c,(F, e, ), (1)
RTEA

where [do/dQ( D)]RTEA is the difference between the
total differential cross section for electron emission and

the binary-encounter diAerential cross section. The term

CR represents the contribution of the Auger angular dis-

tribution of the RTEA resonance and Ct is the contribu-
tion from the interference between RTEA and the elastic
binary-encounter channel. Ep and 8L are the resonance

energy and the laboratory emission angle, respectively.
The dashed curve in Fig. 2 is a plot of the resonance
term CR alone, which corresponds to a pure spherical
harmonic iYzoi . Thus the observed anisotropy of the
RTEA angular distribution results from the fact that the
D state is exclusively populated with the magnetic sub-

state tztt 0. This is expected since in RTE, the ex-

change of angular momentum takes place solely between
two electrons and the transferred target electron carries
no net angular momentum into the collision. Since we

measured a ratio of cross sections, the theory has been

scaled by a factor of 0.56 to normalize the theory to the
data at 10'. By comparing the solid and the dashed

curves, relatively small constructive interference between
RTEA and the elastic binary-encounter channels is indi-

cated in the forward direction, while strong destructive
interference occurs when HL is greater than 25'.

Earlier measurements of RTEA performed at 0' emis-

sion angle show that the total RTEA cross section for
the system 0 ++He, after very careful spectrometer
efficiency determination and assuming isotropy of the
angular distribution, is larger by a factor of 3.5 than

theory. z After correction for measured anisotropy of
the RTEA angular distribution, the total cross section
o„given by [4tr/(2/+1)]do/do (HL =0', mt 0), be-
comes lower than theory by a factor of 0.7. Thus an im-

proved agreement between experiment and theory is ob-
tained when the measured angular distribution for the
state in question is used.

In summary, we have measured the angular distribu-
tion of the (ls2s2p ) D Auger ground-state decay at
the resonance energy for 13-MeV 0 + energy. The data
show an angular distribution strongly peaked along the
beam axis direction. Furthermore, at this resonance en-

ergy, the data show a small constructive interference be-
tween the RTEA and the elastic binary-encounter chan-
nels in the forward direction and strong destructive in-

terference at laboratory angles greater than 25'. Our
results are in good agreement with Bhalla's recent calcu-
lations of the RTEA angular-dependent impulse approxi-
mation.

The correction of earlier RTEA measurements for an-

isotropy in the angular distribution improves the agree-
ment between the experiment and theory and gives a
stringent test of the impulse approximation.

Finally, it will be of interest to perform further angu-

lar distribution measurements at a collision energy where
RTE and NTE have comparable amplitudes, since this

may provide information on possible interferences be-
tween these two processes, and at a collision energy
where NTE predominates.
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