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Ag, and Au

S. Kim,! A. Eshed,' S. Goktepeli,? P. A. Sterne,> A. R. Koymen,' W. C. Chen,' and A. H. Weiss'
'Department of Physics, The University of Texas at Arlington, Arlington, Texas 76019, USA
2Motorola, 3501 Ed Bluestein Blvd., K10, Austin, Texas 78721, USA
3Lawrence Livermore National Laboratory, Livermore, California 94550, USA
(Received 22 July 2005; published 26 January 2006)

The energy spectra of vy rays resulting from positron annihilation with selected core levels of Cu, Ag, and Au
were obtained separately from the total annihilation spectra. The separation was accomplished by measuring
the energy of 7y rays detected in time coincidence with Auger electrons emitted consequent to the filling of
holes resulting from the annihilation of core electrons. The results of these measurements are compared to the
total annihilation spectra and with local-density approximation based theoretical calculations of the core con-
tributions of the selected levels. Good agreement was found between calculated and measured values of the
core momentum densities with no adjustable parameters outside of the overall normalization.
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INTRODUCTION

Spectroscopies based upon the detection and analysis of
the vy rays emitted when a positron becomes trapped and
annihilates in a defect are among the most sensitive probes
of open volume or charged defects in metals and
semiconductors.' In addition, the tendency of positrons to
become trapped at open volumes in polymers, at surfaces, at
interfaces, and within nanoparticles has allowed positron-
annihilation spectroscopy to be used as a highly selective
probe of these systems.*~” The contributions to the Doppler-
broadened annihilation spectra due to core electrons has be-
come a subject of increased interest as the result of measure-
ments demonstrating that it is possible to identify elements>3
from a chemically distinct spectral signature in the region of
the 7y spectra corresponding to core annihilation. In coinci-
dence Doppler broadening (CDB) two Ge detectors are used
to measure both the red and blue shifted annihilation 7y rays
in coincidence. The use of two detectors in coincidence has
made it feasible to extract a statistically significant core an-
nihilation contribution from the background resulting
from the large valence contribution.” The CDB tech-
nique has been extensively applied in studies of vacancy-
impurity complexes'~ and quantum -dot nanoparticles and
nanoprecipitates.>~’

In order to be confident in the elemental identification
made using the coincidence-Doppler technique, it is impor-
tant to understand the spectral contributions of the annihila-
tion with core electrons in detail. However the core contri-
butions constitute only a small fraction of the total spectrum
due to the fact that, typically, more than 90% of the annihi-
lation events occur with the valence electrons due to the
repulsion of positron from the positive core. This makes it
impossible, using only <y detection, to uniquely identify the
core contributions to the spectra. Recently, Eshed et al.'®
reported measurements of the Doppler-broadened y-ray en-
ergy spectra associated with the annihilation of a positron
with selected core levels of Cu and Ag using a technique in
which vy rays are detected in coincidence with Auger elec-
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trons. In this paper we report research expanding on this
previous work and report data on the Doppler-broadened
y-ray energy spectra associated with the annihilation of a
positron with the core levels of Au. The core annihilation
spectra for Au is compared to data obtained for Cu and Ag.
An analysis applied to all three sets of data yielded improved
agreement with local-density approximation (LDA) calcula-
tions of the core momentum densities by taking into account
the contributions from deeper cores due to the Auger cascade
process. We also present a detailed discussion of the experi-
mental system used in the y-Auger coincidence measure-
ments and the methods used in extracting the pair momen-
tum densities from the Doppler broadened 7y spectra. The
Auger-coincidence methods, described in this paper, can be
applied in other types of momentum measurements including
angular correlation of annihilation radiation (ACAR) and to
study the effects of adsorbates and reduced coordination on
the core level momentum densities of atoms at the surface.

The experimental measurements of the annihilation 7y
spectra for core levels reported in this paper provide a strin-
gent test of theoretical calculations of core annihilation mo-
mentum distributions, and a guide to the construction of im-
proved descriptions of the electron-positron correlation
effects as they pertain to annihilation with core electrons.
The addition of the Au data to that obtained for Cu and Ag
has allowed us to test if LDA-based theory adequately ac-
counts for the ratio of high momentum to low momentum
spectral weight in the extracted momentum densities for
cores with increasing principal quantum number. It was
found that excellent agreement could be obtained between
theory and experiment for Au and Cu when the contributions
of all core annihilations events that lead to Auger electron
emission in the appropriate energy range are included. The
agreement between the data, which were obtained from the
annihilation of surface state positrons, and the theory, which
was calculated for annihilation of a positron in a spherical
state around the atom, indicate that positron wave function
effects do not cause serious problems in calculating momen-
tum densities for core electrons.
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BACKGROUND

Positrons in solids annihilate predominantly into two 7y
rays. In the center of mass frame these 7y rays are emitted
equal in energy and opposite in propagation direction. In the
laboratory frame, the center of mass motion of the positron-
electron pair results in a Doppler shift of magnitude,
(PLc)/2, yielding energies, E,; and E., for the two annihi-
lation vy rays:

E, =myc* - Eg/2 + (PL0)/2,

E.p=myc* - Eg/2 = (PL)/2. (1)
Where my, is the rest mass of the electron (positron), ¢ is the
speed of light, Ey is the binding energy of the electron, and
Py is the component of the center of mass momentum of the
electron-positron pair along the direction of the 7y-ray emis-
sion. Equation (1) can be inverted to obtain the momentum
of the electron-positron pair at the time of annihilation in the
direction of the HPGe 7y detector'>!"

PL: 2E71 —2m0C2+EB. (2)
c

As a consequence, a histogram of the energy of detected
annihilation ’s can be used to obtain a one-dimensional pro-
jection of the momentum distribution of annihilating
electron-positron pairs. This distribution can be modeled by
appropriate two-dimensional integration of a calculated mo-
mentum distribution given by

2
p(p)=77r502 f dre® "W () Wy (n[Ti(p.n)]" |, (3)

where r, is the classical electron radius, p is the total mo-
mentum of the annihilation pair, and W*(r) is the positron
wave function W’ (r) is the wave function for the ith electron
and I';(p,r) is a weighting function that models “enhance-
ment” i.e., electron-positron correlation affects which lead to
an annihilation rate higher than that predicted in the indepen-
dent particle approximation.'!

Calculations of the annihilation 7y spectra with sufficient
accuracy to extract chemical information in positron defect
studies require a detailed understanding of the enhancement
factor, I'; (p,r), for core levels. Conventional measurements
(including those using -7y coincidence techniques®®?) probe
the total momentum density of the system including both
core and valence electrons. In modeling this data, Eq. (3)
must be summed over all occupied electron states. Thus con-
ventional spectra must be compared with calculations of
sums of individual level momentum densities weighted by
momentum dependent enhancement factors that introduce
uncertainties that seriously limit the reliability of the com-
parison.

The +y spectra obtained using the y-Auger coincidence
technique make it possible to compare the measured and
model momentum distributions of selected core levels and
provide a unique means to test theoretical efforts to go be-
yond the local density approximation (LDA), (which can be
expected to break down for the core levels because of their
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wide range of momenta and large electron density
gradients'?), such as the generalized gradient approximation
(GGA) (Ref. 13) and explicitly non-local treatments'? such
as the weighted density approximation (WDA). In addition,
the y-Auger coincidence measurements provide the only
means available, to date, of measuring the low momentum
part of the annihilation spectra for cores (the low momentum
contribution of the cores is swamped by valence band anni-
hilation using 7y spectroscopy alone). The measurement of
the low momentum part of the spectra of the cores makes it
possible to determine the ratio of the high momentum to low
momentum contributions providing a test of attempts to
model the momentum dependence of I".'#

EXPERIMENT

The method of selecting y rays associated with the anni-
hilation of core electrons relies on the fact that an energetic
core hole left by the annihilation event can decay via the
almost simultaneous emission of one or more Auger elec-
tron(s) with energies characteristic of the core level(s).!>!°
For the outer core levels (the levels of most relevance to
Doppler broadening measurements) almost all the core hole
excitations decay via Auger processes.!”!8 For example, in a
core-valence-valence Auger process, a valence electron car-
ries off the energy made available when another valence
electron fills the core hole left by annihilation. Previous mea-
surements have demonstrated that it is possible to detect
annihilation-induced Auger electrons with high efficiency
and with an energy resolution sufficient to infer the energy
levels of the initial core holes.!>!® As a result, y spectra
associated with positron annihilation with electrons in se-
lected core levels can be obtained by measuring the energies
of v’s detected in coincidence with annihilation-induced
Auger electrons of the appropriate energy.

The vy-Auger coincidence data were collected using a
magnetically guided positron beam system described
previously.'® The measurements were performed using a pos-
itron beam energy of 12 eV and a flux of ~2 X 10* positrons/
second. The beam system is equipped with a trochoidal en-
ergy analyzer which is used for Positron annihilation-
induced Auger spectroscopy, an ion-sputter gun and a
conventional electron stimulated Auger system (PHI-1100)
(the later two systems are operated with the magnetic field of
the positron beam turned off). The previous configuration of
the beam system was augmented with the addition of a
HPGe detector (ORTEC-GEM-30185P, 58.6 mm diam.
X54.8 mm, relative efficiency 32% at 1.33 MeV), which
was mounted perpendicular to the positron beam, 0.058 m
from the sample, and behind a 0.0016 m stainless steel
vacuum window. The full width at half maximum (FWHM)
of the detector resolution was measured to be 1.23 keV at
514 keV using a 3Sr calibration source.

The samples were cut to a size of 20 mm X 20 mm from
pure Ag, Cu, and Au foils, etched in a 48% solution of hy-
drofluoric acid and rinsed in acetone and ethyl alcohol before
loading into the vacuum chamber which was evacuated and
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baked to obtain UHV conditions. The samples were initially
cleaned by repeated sputter-anneal cycles (30 min sputtering
by neon (Ag) or argon (Cu, Ag, Au) ions followed by anneal-
ing at ~150 °C. The sample was maintained under UHV
conditions and sputtered for 3 h two times a week during the
period of data acquisition (~20 days per sample). Surface
cleanliness was monitored throughout the ~20 day period
required for data accumulation by conventional electron
stimulated Auger spectroscopy (EAES) and contamination
levels were observed to be below 1% except for C and O for
which the surface concentration stayed below 10% during
the data collection period. We note that the spectral weight in
the energy range of interest from the low energy tails of the
annihilation-induced C (O) Auger lines for 100% C (50% O)
surfaces are only a few percent of the positron annihilation
induced Auger intensities of Cu, Ag, and Au.”’ Consequently,
we estimate that less than 0.2% of the y-Auger coincidence
signal is from the C and O cores.

The y-Auger coincidence spectra (containing contribu-
tions only from core annihilation) were obtained by gating
the input from the HPGe detector into the multichannel ana-
lyzer (MCA) with a pulse resulting from the detection of
electron in the selected energy range within 600 ns of the
detection of the y-ray (see Fig. 1). Conventional “non-
coincidence” y-spectra (containing contributions from both
core and valence annihilation) were obtained by setting the
gate input high allowing all of the HPGe pulses into the
MCA.

The annihilation 7y spectra of the core levels (levels with
binding energies greater than or equal to that of the 3p level)
of Cu were obtained by requiring coincidence with electrons
in the energy range 57—59 eV. This range spans the peak of
the energy distribution of the M,3VV Auger transition. Simi-
larly the annihilation vy spectra of the core levels (levels with
binding energies greater than or equal to that of the 4p level)
of Ag were obtained by requiring coincidence with electrons
in the energy range 35-38 eV (corresponding to the Ag
N,;VV Auger transition) and the annihilation vy spectra of the
core levels (levels with binding energies greater than or
equal to that of the 5p level) for Au were obtained by requir-

ing coincidence with electrons in the range 38—40 eV for Au
(corresponding to the Au O»;VV Auger transition).

A small background (accounting for 5.4% of the total in-
tensity for Cu, 11.6% for Ag, and 5.5% for Au) due to acci-
dental coincidences between the 7y signal and uncorrelated
pulses from the microchannel plate (MCP) was determined
directly from a measurement of the integrated intensity of the
v signal taken in coincidence with electrons detected in an
energy range where no true coincidences are present (20 eV
above the annihilation-induced Auger peak). The accidental
contribution was then removed by subtracting a high statis-
tics, noncoincidence 7y spectra scaled to match the measured
intensity of the accidental contribution to the spectra. Figure
2 shows a comparison of the y-Auger coincidence data as-
sociated with the annihilation of positrons with Cu 3p elec-
trons before and after subtraction of the accidental back-
ground.

We note that the kinetic energy of the positrons hitting the
surface at 12 eV, was below the impact-ionization threshold
for all of the core levels studied. This was important to en-
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FIG. 2. Comparison of y-ray -Auger electron coincidence data
from a Cu surface as collected and the same data with the accidental
background subtracted. The y spectra were obtained by impinging
12 eV positrons on a Cu surface and taken in coincidence with the
detection of electrons in the Cu M3VV Auger peak.

014114-3



S. KIM et al.

sure that the Auger electrons detected resulted from annihi-
lation with core electron and not from Auger electrons result-
ing from impact ionization. If a positron beam-energy higher
than the core ionization energy was to be used, it would
excite Auger electrons both by positron annihilation with
core electrons and by impact ionization. The use of too high
a positron-beam energy would also result in positron-induced
secondary electrons with energies in the range of the Auger
electrons.?! Since the positrons that cause impact ionization
or impact-induced secondaries are free to annihilate with va-
lence electrons after the impact, the presence of Auger elec-
trons (or secondary electrons) in the Auger energy range
from impact excitation would result in an undesirable va-
lence background in the coincidence measurements. Note
also that a large fraction of the positrons injected into the
samples at 12 eV diffuse back to the surface and become
trapped in an image correlation well before they annihilate.
This greatly increases the escape probability of the Auger
electrons and implies that the y-Auger coincidence technique
predominantly samples atoms in the topmost atomic layer.

THEORETICAL CALCULATIONS

The calculations were based on an atomic code using a
local-density form for the electron-positron correlation
function.”? The calculations include appropriate integration
of the three-dimensional (3D) radial momentum distribution
to correspond to the 1D Doppler measurements. We use an
approach in which the momentum integration is performed
analytically using a J-function identity, thereby reducing the
expression for the 1D momentum density to real-space inte-
grals over well-behaved radial functions. As a result of the
integration, nodes in the radial momentum distributions re-
sult in breaks in momentum that appear as shoulders in the
1D momentum distribution.

The calculations use a generalized-gradient approxima-
tion (GGA) for the electron-positron enhancement.?® Sepa-
rate calculations were performed using state-dependent and
r-dependent enhancement. State-dependent enhancement
uses a constant, momentum-independent enhancement factor
equal to the average enhancement of the individual atomic
state, corresponding to I';(p,r)="; in Eq. (3). In r-dependent
enhancement, the enhancement factor in I';(p,r) Eq. (3) is
replaced by a density-dependent enhancement factor, y{n(r)]
prior to performing the radial integrations to produce the 1D
momentum density, resulting in a momentum-dependent en-
hancement function.

The electron-positron enhancement function y{n(r)] be-
comes very large when the density becomes small. In our
atomic calculation, the electron charge density drops off rap-
idly at large radii, while in a real solid the charge density
from the neighboring atoms would maintain a much larger
charge density. For this reason, we limit the enhancement to
a value determined by the interstitial charge density in each
of the elements we consider here, with r, values of 2.67,
3.02, and 3.0, respectively, for Cu, Ag, and Au.

RESULTS AND DISCUSSION

Figure 3(a) shows a comparison of the energy distribution
of annihilation y rays from positrons incident on Cu mea-
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FIG. 3. Comparison of the core + valence and core annihilation
y-ray energy spectra resulting from the bombardment of polycrys-
talline Cu (a), Ag (b), and Au (c) foils with a 12 eV positron beam.
The core + valence spectra (open symbols) were acquired without a
coincidence requirement. The core spectra (solid symbols) were ac-
quired in time coincidence with the detection of an electron in the
range of the peaks of the energy distribution of Auger electrons
emitted as a result of transitions involving an initial hole in the Cu
3p (M53), Ag 4p (Ny3), and Au 5p (O,3) levels for panels (a), (b),
and (c), respectively.

sured in coincidence with an Auger electron emitted as a
result of filling the 3p core hole in Cu with a spectra ob-
tained without the requirement of coincidence. Similarly,
panels 3(b) and 3(c) show comparisons of the energy spectra
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of annihilation vy rays obtained with and without the require-
ment for coincidence with Auger electrons emitted as a result
of filling the 4p level in Ag and the 5p level in Au, respec-
tively. All the data sets shown in Fig. 3 were scaled such that
they coincide at the peak.

In all three cases the widths of the coincidence spectra are
significantly larger than those of the non-coincidence spectra.
The full width at half maximum (FWHM) of the noncoinci-
dence spectra are 2.24, 2.73, and 2.38 keV from Cu, Ag, and
Au, respectively, while the corresponding FWHM of the co-
incidence spectra are 5.5, 4.6, and 4.4 keV, respectively. This
is consistent with the fact that the noncoincidence data are
dominated by +’s resulting from annihilation with the rela-
tively low momentum valence electrons and the coincidence
data characterizes the energy spectra of 7y rays emitted as a
result of annihilation with relatively high momentum core
electrons.

A qualitative understanding of the spectral widths of the
noncoincidence spectra can be obtained by estimating the
width of the momentum distribution of the valence electrons
alone. To the lowest approximation this contribution can be
modeled by a parabola representing annihilation with free
conduction electrons. The parabola cuts off at an energy
AEmax

14
AE,, = moczz—z ~ 1 KeV (4)

where Vp is the Fermi of an electron
(~10° ms~1).15-17

The larger width of the coincidence spectra is due to the
relatively large Doppler shift associated with the core elec-
trons which are the sole contributors to the coincidence spec-
tra. As noted above, the FWHM of the coincidence spectra
are 5.5, 4.6, and 4.4 keV from the Cu 3p, Ag 4p, and Au 5p
levels, respectively. The ratios of these widths, 1.25:1.05:1,
correspond approximately to the ratios of the square root of
the binding energies of the p*? levels (a rough estimate of
the ratios of the magnitudes of momentum of these levels)
1.15:1.01:1. The fact that the Au 5p is less tightly bound than
the Ag 4p which in turn is less tightly bound than the Cu 3p
implies that the Au 5p is wider in real space than the Ag 4p
which is again wider than the Cu 3p and hence their widths
in momentum space are reversed.

We note that the use of y-Auger coincidence, like the use
of -y coincidence eliminates background due to Ps, nuclear
decay and cosmic ray 7y’s, etc. However, only y-Auger coin-
cidence is capable of separating the core part of the annihi-
lation spectra from the much larger (20 times at the peak)
valence contribution.

Figure 4 shows a comparison between measurements
made using the Auger-+y coincidence technique and first prin-
ciples calculations of the one-dimensional projection of the
momentum distribution of annihilating electron-positron
pairs of core electrons determined using the methods de-
scribed above with state-dependent enhancement. The mo-
mentum is expressed in dimensionless atomic units, where g
is the wave vector and a is the Bohr radius. The calculated
values are the result of summing the intensities of the mo-

velocity
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FIG. 4. Momentum distributions of the positron-electron pairs
involved in the annihilation of positrons with the core levels of Cu
(a), Ag (b), and Au (c). The experimental distributions (solid
squares) were extracted from the Doppler-broadened spectra by us-
ing Eq. (2). The measured distributions are compared to LDA-based
calculations normalized to have the same value at the peaks.

mentum distribution for all core levels with binding energies
greater than or equal to those of the 3p in Cu, the 4p in Ag,
and the 5p in Au. We note that we have modified the analysis
used previously in Ref. 10, in which only the contribution
form the outer core was included, by including the contribu-
tion from the deeper core levels. The previous analysis as-
sumed that all the (MVV) Auger transitions in Cu and
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(NVV) Auger transitions in Ag were preceded by annihila-
tion with M shell electrons in Cu and N shell electrons in Ag,
respectively. This assumption neglects the contribution to an-
nihilation spectra from events in which vy rays emitted from
deeper core levels are detected in coincidence with Auger
electrons emitted in a cascade process.’* For example, the
annihilation of an electron in the L shell of Cu can result in
a MVV Auger transition via the cascade process in which a
LMYV or LMM transition is followed by a MVV Auger tran-
sition. Although such processes account for only a small
fraction of the electrons emitted in the energy range of the
Cu MVYV peak (which are overwhelmingly electrons emitted
in a direct Auger transitions in which the positron annihilates
with electrons in the M shell), the contribution of coinci-
dence events involving cascade processes is significant in the
high momentum region of the +y spectra. This follows from
the fact that the high momentum region of the total annihi-
lation spectra is dominated by contributions from annihila-
tion with the deeper cores due to the high momentum of the
core electrons even though the probability for such annihila-
tion events is low due to core repulsion together with the fact
that holes in the deep core level are converted into holes in
the outer cores with high efficiency.?* Consequently the spec-
tral contribution of annihilation events involving the deeper
holes needs to be included in order to accurately model the
coincidence data in the high momentum region. We note that
contributions from individual core levels could be obtained
by comparing a sequence of 7y spectra taken in coincidence
with higher and higher energy Auger peaks.

The agreement between theory and experiment is remark-
able given the complexities of both the experiment and
theory and the fact that the calculations were done indepen-
dently with no adjustable parameters aside from the overall
normalization. Referring to Fig. 4 panels 4(a) and 4(c), it
may be seen that the agreement between theory and experi-
ment is within the limits of statistical uncertainty for Cu and
Au. However, referring to panel 4(b) it may be seen that
there are differences between theory and experiment for Ag
that are outside of the statistical uncertainties of the experi-
ment. Specifically, when both theory and experiment are set
to be equal at the peak, the calculation for Ag lies consis-
tently below the experimental values for gay>3. Because
the normalization procedure made the measured and theoret-
ical values coincide in the low momentum part of the spec-
tra, some care should be taken in assuming the comparison
indicates that the discrepancy between theory and experi-
ment is only at high momentum.

There are a number of possible explanations for the dis-
crepancies between theory and experiment in Ag: (1). Auger
cascade processes lead to a larger relative contribution of
annihilation events with deeper cores in Ag than in the case
of Cu and Au. We note however that modeling of the data
indicates that in order to get better agreement, the contribu-
tions from coincidence events involving annihilation with
deeper cores would need to be much larger for Ag than for
Cu or Au, while the Auger cascade processes should have
similar efficiencies for all three metals. (2). The LDA-based
calculation of the core electron momentum distribution may
underestimate the high momentum tails. However, while the
LDA is known to give the wrong core level binding energies,
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the charge densities from which the momentum distributions
are calculated are believed to be accurate. (3). The discrep-
ancies may be due to the level of approximation used in
modeling the positron wave function in which only a s-like
state was included. While s states have appeared to be ad-
equate for approximating the positron state in bulk calcula-
tions, it is likely that a mixed s-p state may be more appro-
priate for the overlap of a positron in a surface state with a
surface atom. We note however, that the observed discrepan-
cies appear to be in the high momentum region in which the
positron’s contribution to the total pair momentum could be
expected to be small due to the fact that, on the average, the
positrons are at thermal energies at the time of annihilation.
(4). The discrepancy may reflect inadequacies in the treat-
ment of electron-positron correlation effects and the need for
an enhancement term with an explicit momentum depen-
dence that increases at higher momentum. We note, however,
that current treatments of the momentum dependence of the
LDA based theories predict the opposite momentum depen-
dence, and our r-dependent enhancement factor calculations,
which introduce a momentum-dependent enhancement fac-
tor, in fact showed a preferential enhancement of the low-
momentum electrons, further worsening the agreement with
experiment for Ag.

CONCLUSIONS

The data presented in this paper represents the results of
the first measurements of the Doppler-broadened y-ray spec-
tra resulting from the annihilation of positrons with indi-
vidual core levels. Annihilation 7y spectra from selected core
levels in Cu, Ag, and Au were obtained by measuring the
energies of +y-rays time coincident with Auger electrons
emitted as a result of positrons annihilating with a core level.
A comparison with calculations of the annihilation spectra
for the core levels shows excellent qualitative agreement
with no adjustable parameters aside from the overall normal-
ization. However, differences with theory are well outside of
the statistical uncertainties for Ag.

We note that our measurements directly separate the low
momentum contributions of the core from the much larger
signal from annihilation with valence electrons. The method
of using coincidence with the detection of Auger electrons to
select core annihilation events, while used in this study to
measure the Doppler broadened +y spectra, is of general ap-
plicability in studies of core annihilation. Future y-Auger
coincidence measurements could be used to measure the core
spectra of impurity atoms at the surface. The core signatures
of impurities thus obtained could then be used to provide
confirmation of the signatures of vacancy-impurity com-
plexes in the bulk as seen in Doppler spectra obtained using
v-v coincidence. The Auger coincidence technique can also
be used in conjunction with the measurement of the angular
correlation of annihilation radiation, (ACAR), in high-
resolution fundamental studies of core electron momentum
distributions.
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