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Predominance of multielectron processes contributing to the intrinsic spectra of low-energy Auger
transitions in copper and gold
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Positron-annihilation-induced Auger electron spectroscopy (PAES) was used to obtain Cu and Au Auger
spectra that are free of primary-beam-induced backgrounds by impinging the positrons at an energy below the
secondary-electron-emission threshold. The removal of the core electron via annihilation in the PAES process
resulted in the elimination of postcollision effects. The spectra indicate that there is an intense low-energy tail
(LET) associated with the Auger peak that extends all the way to 0 eV. The LET is interpreted as indicative of
processes in which filling of the core hole by a valence electron results in the ejection of two or more valence
electrons which share the energy of the conventional core-valence-valence Auger electron.
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I. INTRODUCTION

Electron and x-ray-induced Auger electron spectroscopy
(EAES and XAES) are sensitive to the composition and
chemistry of the topmost layers of a surface1–3 owing to the
short inelastic mean-free path of electrons (5–20 Å) emitted
in the Auger energy range (∼20–2000 eV).4,5 However, the
surface-related spectral contributions in EAES and XAES
are accompanied by a large background which leads to
uncertainty in the determination of Auger line shapes and in the
quantitative analysis of Auger spectra. This background cannot
be avoided due to the fact that the incident electron or photon
beam energy must exceed the ionization energy required to
create the core hole that gives rise to the Auger transition.
Secondary-electron cascade processes due to the scattering
of the incident electron beam (in the case of EAES) or the
scattering of photoexcited valence and core electrons (in the
case of XAES) result in a background signal. This background
in EAES extends from the low-energy secondary-electron peak
to the incident-beam energy and, consequently, to energies in
the range of the Auger peaks. In addition, incident beams
with keV energies cause Auger excitations many inelastic
mean-free paths below the surface. Consequently, EAES has
a large extrinsic background under the Auger peaks due to the
primary beam and even larger extrinsic backgrounds under the
low-energy portion (�102 eV) of the Auger electron spectrum
due to both beam-induced secondaries and contributions
from Auger electrons that lose energy as they exit from
atoms excited deep below the surface. Although sophisticated
methods have been developed to remove the large backgrounds
with XAES and EAES (see, for instance, Ref. 6, and references
therein), the fact that the extrinsic background under the
low-energy Auger lines (�102 eV) is many times larger than
the Auger signal makes it impossible to obtain a model-free
determination of the Auger line shape.

Previous studies7,8 have shown that low-energy positrons
can induce Auger electron emission selectively from the
topmost atomic layer of surfaces as a result of the annihi-
lation of the surface-trapped positrons with core electrons.
Recently, Mukherjee et al. have shown that it is possible
to efficiently excite Auger transitions by trapping positrons
directly into these surface states using a low positron beam
energy (∼1.5 eV) which is well below the threshold for
secondary-electron emission.9 Here, we report measurements

exploiting this effect to measure the energy spectrum of
electrons resulting from Auger transition in the top layer
of Au and Cu crystals that are completely free of extrinsic
beam-induced secondary electrons. Additionally, such PAES
spectra are free of postcollision interaction (PCI) effects as
the initial core electron is annihilated to initiate the Auger
process (refer to Fig. 1). The measured spectra therefore
consist exclusively of electrons emitted as a direct result of
the Auger transition itself (CVV) and electrons emitted via
intrinsic loss processes (e.g., C-VVV transitions, etc.)1 (C,
core; V, valence).

The spectral intensity on the low-energy side of the
Auger peak, referred to as low-energy tail (LET), has been
studied earlier by Auger-photoelectron coincidence spec-
troscopy (APECS)10–12 and PAES.13 The APECS studies
were inconclusive as they were limited in the energy range
studied (30–70 eV) and the fact that the signal was an
average over several atomic layers. The APECS spectra were
further limited due to the background resulting from true
coincidences involving inelastically scattered photoelectrons
from the valence band. Earlier PAES experiments employed
a positron beam of ∼18 eV and hence the lowest-energy
part of such spectra (�15 eV) were dominated by extrinsic
electrons excited directly as a result of collisions with the
incident positrons. The data reported in this paper constitute
the first spectra measured with positron energy below the
secondary-electron threshold and thus free of beam-induced
extrinsic secondaries all the way down to 0 eV.

By eliminating the large extrinsic contributions at low
energy (�100 eV), we have been able to show conclu-
sively that there is a low-energy tail (LET)10 with intensity
(ILET) ∼ 3.74 (3.43) times that of the Auger peak intensity
(Ipeak) for Cu (Au) at energies below the Auger energy and
extending to 0 eV. The LET has been interpreted as arising
mostly from intrinsic loss associated with the creation of the
core hole. The spectral weight of the intrinsic part of the
LET is 1.81 (2.0) times that of the Auger peak area, which
is considered evidence of multielectron emission once the
core hole is created. This process is analogous to the double-
Auger process in noble gases14 and similar to photon-induced
correlated electron emission from solids.15 The results have
been interpreted as signature of electron correlation in the
valence band.10,12
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FIG. 1. (Color online) Energy-band diagram showing mechanism
for (a) PAES, (b) EAES, and (c) XAES. In PAES, the core hole is
created by matter-antimatter annihilation and hence it is possible
to get Auger emission with incident positron energy Ep → 0 eV.
As opposed to EAES and XAES, the postcollision interaction (PCI)
effects are absent in PAES since the core electron is annihilated.

II. EXPERIMENTAL

The experiments were carried out in the time-of-flight
positron-annihilation-induced Auger electron spectrometer
(TOF-PAES)16 which uses a magnetic bottle analyzer.17

Positrons emitted via beta decay from a 4 mCi 22Na source
were moderated using polycrystalline tungsten (W). The upper
limit on the positron beam energy, Ep , is given by the following
equation:

Ep = ϕ+
m + e(Vm − Vs), (1)

where ϕ+
m is the positron work function of the moderator

(2.9 eV), Vm and Vs are the bias on the moderator and sample
with respect to the ground, respectively, and e is the electronic
charge. The low-energy positrons are guided to the sample,
located 3.5 m away, using an axial magnetic field. The whole
spectrometer was housed in Helmholtz coils which were used
to cancel out the Earth’s magnetic field.

The incident beam profile [shown in Fig. 2(b)] at 0 eV
sample bias was fitted with a Gaussian of 0.4 eV full width
at half maximum (FWHM) and maximum at 0.65 eV. 99% of
the positrons have energy less than 1 eV and this is referred to
as the beam energy. This beam energy was used to obtain the
Auger spectra of Cu and Au. During the measurements of the
Auger spectra, the sample was biased at −0.5 V with respect
to the TOF drift tube.

The annihilation gamma rays are detected by BaF2 and
NaI detectors as shown in Fig. 2(a). The outgoing electrons
from the sample are parallelized using the divergent field of a
permanent magnet. The electrons then travel down a retarding
TOF tube and are detected by a microchannel plate (MCP).
The MCP signal is used as the START signal, while the delayed
BaF2 signal provides the STOP (reverse timing) signal of the
time to amplitude convertor (TAC). The TOF-PAES spectra
are obtained by histogramming the output of the TAC. A
calibration procedure (detailed in Ref. 9) was used to determine
the relation between the measured time of flight and the kinetic
energy of the electrons (referenced to the vacuum level) leaving
the sample.

To estimate the contribution of accidental coincidences to
TOF-PAES spectra, a second setup referred to as the triple-
coincidence setup was used which takes advantage of the fact
that the annihilating gamma rays are emitted at an angle of

FIG. 2. (Color online) Experimental setup for time-of-flight
positron-annihilation-induced Auger electron spectroscopy (TOF-
PAES). (a) Schematic of the spectrometer. (b) The incident positron
beam energy used to obtain the Auger spectra. The dashed line
(1 eV) refers to the incident positron energy and 99% of positrons
have energy less than this value (e+, positrons; e−, electrons; and B,
magnetic field).

∼180◦ with respect to each other. In this setup, the STOP
signal is the coincidence detection of the collinear 511 keV
gamma rays by BaF2 and NaI(Tl) [see Fig. 2(a)]. The triple-
coincidence setup, by requiring the detection of two almost
antiparallel gamma rays, was designed to discriminate against
events in which one or both of the annihilation gamma rays
generate secondary electrons as a result of Compton scattering
in the sample or surrounding chamber walls.

The 4 mT transport field used in the TOF-PAES is
particularly well suited for the efficient transport of the
low-energy positron to the sample (which was incident at
1.5 eV at the sample) as well as the transport of the low-energy
electrons emitted from the sample. A negative sample bias was
used to boost the kinetic energy of electrons emitted from the
surface permitting measurements of electrons emitted from
the surface all the way down to 0 eV. To test the sensitivity of
the TOF spectrometer to low-energy electrons, the positron
beam energy was increased to just above the secondary-
electron-emission threshold (∼2 eV) (Ref. 9 ) [refer to Eq. (1)],
allowing us to observe a low-energy secondary-electron peak
at ∼1 eV in addition to the Auger peak (see Fig. 3). The
peaks in the timing spectra (Fig. 3) are the Auger peak and
the positron sticking-induced secondary-electron peak.9 The
lagging edge of the secondary-electron peak (corresponding
to the longest flight times) moves to a higher flight time as
the sample bias is changed from −1 V [Fig. 3(a)] to −0.5 V
[Fig. 3(b)]. These results confirm the ability of the TOF-PAES
system to detect and measure the energy of electrons emitted
from the sample down to sub-eV energies. To obtain the Auger
spectra, the beam energy was changed back to a 1 eV beam
incident on the sample at 0 V bias. All the Auger spectra were
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FIG. 3. (Color online) PAES spectra from Au obtained with a bias
of −1 and −0.5 V. The spectra contain a sticking-induced secondary-
electron peak (Ref. 9) and an Auger peak. The incident positron beam
energy at 0 V sample bias is 2 eV. The flat background corresponds to
accidental coincidences. The vertical dotted line in both panels shows
the lagging edge of the secondary-electron peak which corresponds
to electrons leaving the sample with zero kinetic energy just outside
the surface. The lagging edge shifts to higher flight times as the
sample bias is changed from −1 to −0.5 V, demonstrating that our
spectrometer is capable of detecting electrons with energies greater
than 0.5 eV.

taken with this energy setting and a sample bias of −0.5 V.
The time of flight for a 0.5 eV electron (corresponding to 0 eV
kinetic energy emission from the sample) was ∼2 μs, which
was well within the measuring range of the spectrometer.

The Au sample (a 99.985% pure polycrystalline foil,
0.025 mm thickness) was sputter cleaned every 12 h, whereas
the Cu(100) sample (a 99.9% pure, 10 mm diameter × 1 mm
thickness) was sputter cleaned followed by annealing at 740 ◦C
every 12 h. While taking data the chamber pressure was
maintained at 7×10−10 Torr. The PAES spectrum was used to
monitor the cleanliness of the samples. No significant surface
contamination was observed in the period between the two
sputtering times. Based on oxidation studies of Ref. 18, we
estimate oxygen contamination to be less than 1%.

III. RESULTS AND DISCUSSION

The PAES spectra with Cu M23VV and Au O23VV Auger
peaks are shown in Fig. 4. The LET can be seen to extend from
0–50 eV for Cu and 0–30 eV for Au. Our data indicate that the
LET is too intense to be accounted for by inelastic scattering
of the Auger electrons from the surface. The argument that the
LET is due to the Auger electrons only can be ruled out by
noting that secondary-electron yield (δ) will be ∼3.73 (3.4)
for Cu (Au), while the maximum value of δ for most metals is
1.8.19 We did not observe any prominent plasmon peaks on the
low-energy side of the Auger peak, which is consistent with
other PAES studies.13,20

Following the argument of Refs. 10 and 11, the LET
intensity associated with the Auger peak can be broken into
intrinsic and extrinsic contributions

ILET(E) = I intrinsic
LET (E) + I extrinsic

LET (E), (2)

where ILET(E) is the spectrum in the LET region and the terms
on the right side of the equation are the intrinsic and extrinsic

FIG. 4. (Color online) PAES spectra of (a) Au (O23VV) and
(b) Cu (M23VV) obtained using a positron beam with kinetic energy
of 1.5 eV at the sample. The energy scale represents the kinetic
energy of the electrons leaving the surface of the sample. The region
enclosed by dashed lines indicates the CVV Auger transition, while
the intensity on the left side is the low-energy tail.

contributions, respectively. The extrinsic part, in a usual EAES
spectrum, is caused by the primary beam and the transport of
Auger electrons through the solid. As suggested in Refs. 21
and 22, the extrinsic part can have two components:

I extrinsic
LET (E) = BI (E) + I extrinsic

Auger (E), (3)

where BI (E) is the primary-beam-induced secondary-electron
spectrum and I extrinsic

Auger (E) is the spectrum due to inelastic
scattering of the Auger electrons with surface and subsurface
atoms.21 The area under the Auger peak in each PAES
spectrum (50–70 eV for Cu and 30–50 eV for Au) is referred to
as Ipeak. The inherent assumption in these analyses is that the
creation of true Auger electrons (CVV) and their subsequent
transport and emission can be treated separately.23

As discussed above, we used an incident beam whose
energy was below the secondary-electron-emission threshold.
It has been demonstrated in Ref. 9 that the threshold for
positron-induced secondary-electron emission is given by

EK max = Ep − ϕ− + Eb, (4)

where EK max is the maximum energy of emitted electrons, ϕ−
is the electron work function, and Eb is the binding energy
of the positron in the image potential well.9 For Cu(Au),
ϕ− = 4.6(5) eV (Ref. 24) and Eb = 2.7(2.9) eV, and hence
the threshold for secondary-electron emission is ∼2 eV. The
Auger spectra shown in Fig. 4 were obtained with an incident
beam whose kinetic energy on the sample surface was 1.5 eV,
thus making the beam-induced secondary-electron-emission
channel energetically forbidden [BI (E) = 0].

Earlier studies25 have shown that background due
to positron-annihilation-gamma-ray-induced secondary elec-
trons is not significant in the PAES measurements. These
experiments showed that it was possible to turn off the
positron-annihilation-induced Auger signal by thermally des-
orbing the positrons from the surface state into the vacuum as
positronium (Ps, a hydrogenlike atom composed of an electron
and positron). Most of the Ps annihilate in close proximity to
the sample. Consequently, if gamma-ray-induced secondary
electrons were a significant source of background signal, that
signal should still be present even after the positrons are
desorbed from the surface state as Ps. The data in Fig. 5(a)
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FIG. 5. (Color online) Estimation of gamma-induced secondary-
electron contribution to LET. (a) Comparison of PAES spec-
trum of Cu obtained at room temperature (RT) and at 700 ◦C.
(b) Normalized PAES and triple-coincidence spectra from Au surface.
The triple-coincidence setup is biased against the gamma-ray-induced
background.

show the results of experiments, which are similar to those
of Ref. 25. The average count rate of the high-temperature
spectrum (700 ◦C) is only ∼2% of the room temperature
(RT) count rates (obtained after cooling the sample to room
temperature). This result provides an upper bound on the
gamma-induced secondary background (∼2% of the observed
LET) and demonstrates that such secondaries are not an
important source of background in our measurements.

Further verification of the absence of this channel is ob-
tained by comparing the PAES signal to the triple-coincidence
setup described above. In the latter, a measured coincidence
between the two annihilation gamma rays, emitted at an
∼180◦ angle to each other, was required in order to produce
a valid STOP signal to the TAC. The triple-coincidence
measurement insured that the annihilation events were taking
place at the sample since two gamma annihilations taking
place at some distance from the sample would not be in
the simultaneous view of both detectors. The requirement of
triple coincidence would strongly suppress background due
to (i) annihilation-induced secondary electrons generated on
surfaces other than the sample, and (ii) events where one of the
gamma rays undergoes Compton scattering or photoemission
in the sample. The PAES and the triple-coincidence spectrum
from Au are shown in Fig. 5(b). The LET region (0 − 30 eV)
can be seen to have similar intensity in both the PAES and
triple-coincidence spectra (the poorer statistics of the triple-
coincidence measurements are a consequence of the low count
rates associated with the reduced joint detection efficiency of
the two gamma detectors), proving that the gamma-induced
background has negligible contribution to the LET.

Next, the extrinsic contribution to the LET by the Auger
electrons undergoing scattering in the surface and subsurface
region is explored. Assuming isotropic emission, half of the
Auger electrons are emitted toward the subsurface region,

while the other half is emitted toward the surface and vacuum
(forward direction). Few of the Auger electrons emitted toward
the subsurface will elastically backscatter [given by ratio R

(Ref. 26)] and will contribute to the Auger peak. Of the
forward-emitted electrons, some will make it to the detector
without suffering any inelastic collision giving rise to the
Auger peak. The ratio of these Auger electrons (no inelastic
collision) to all the electrons emitted in the forward direction
is given by the transmission factor, T , which can be calculated
using the Beer-Lambert cosine law27

T =
∫ 2π

0 dφ
∫ π/2

0 exp
( −d

λ
Cu,Au
EAL cos θ

)
sin θ dθ

∫ 2π

0 dφ
∫ π/2

0 sin θ dθ
, (5)

where λ
Cu,Au
EAL is the effective attenuation length28–31 of the

Auger electron from Cu(Au), d is the distance the elec-
trons travel in the solid (1.28 Å), θ is the angle from the
surface normal, and φ is the azimuthal angle. Hence, T =
46% (47%) has been calculated for Cu M23VV (Au O23VV)
Auger electrons. Thus a number of Auger electrons, given
by Ipeak[(1 − T )/(T + R)], will inelastically scatter in the
selvedge layer and contribute to the extrinsic electrons in the
PAES spectra. To understand their contribution, we took PAES
spectra from a Cu surface with different coverages of residual
gases, as shown in Fig. 6. It can be noticed that the major
affect of altering the surface roughness or chemistry is in
the low-energy part of the LET (<30 eV for Cu). Thus we
conclude that the Auger-electron scattering from the selvedge
layer contributes mostly to the cascade region of the LET. The
secondary-electron yield due to these electrons is referred to
as δsurface.

For the electrons which are emitted toward the subsurface
region, they can be thought of as a beam of electrons incident
on the sample from outside. Hence it is reasonable to assume
that their contribution will be restricted to the cascade region.
The number of such electrons can be easily shown to be
Ipeak[(1 − R)/(T + R)] and their secondary-electron yield is
referred to as δbulk.

The secondary-electron spectrum produced by inelastic
scattering of the Auger electrons with the surface and the sub-
surface region has been modeled as suggested by Ref. 33 and is
expressed as I (E) ∼ E(E + EPB)−1(E + ϕ−)−m, where I (E)

FIG. 6. (Color online) Normalized Cu-PAES spectra with differ-
ent coverages of residual gas. As can be seen, the effect of surface
scattering is mostly in the cascade region (<30 eV). A similar trend
can be observed in Ref. 32.
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FIG. 7. (Color online) Estimate of the extrinsic background due
to Auger-electron scattering in the surface and subsurface region
from Cu surface. The normalized Auger-electron-induced extrinsic
spectrum (as suggested by Ref. 33) is compared to the PAES spectrum.

is the intensity of the secondary-electron spectrum, E is the
electron energy, EPB is the energy of the primary beam, ϕ−
is the work function of the metal, and m is a constant. In our
case, EPB is taken as the Auger peak energy and is 60 eV for
the Cu M23VV and 40 eV for the Au O23VV transitions. The
Auger electron-induced extrinsic spectrum (Fig. 7) has been
normalized such that∫ E0

0
I extrinsic

LET dE = Ipeak{δsurface[(1 − T )/(T + R)]

+ δbulk[(1 − R)/(T + R)]}, (6)

where E0 represents the upper limit of LET [50 (30) eV for
Cu (Au)].

Integrating both sides of Eq. (2) and rearranging,
∫ E0

0
I intrinsic

LET dE =
∫ E0

0
ILET dE −

∫ E0

0
I extrinsic

LET dE, (7)

where E0 has been defined earlier. Representing the integrated
terms by the respective intensity terms [

∫
I (E)dE→ I ] and

dividing both sides by Ipeak,

I intrinsic
LET /Ipeak = ILET/Ipeak − δsurface[(1 − T )/(T + R)]

− δbulk[(1 − R)/(T + R)]. (8)

Substituting the values for Cu (Au), ILET/Ipeak =
3.73 (3.4), δbulk = 0.46 (0.21),19 δsurface = 1, T =
0.46 (0.47), and R = 0.05, the ratio of the intrinsic part
of the LET to the Auger peak area (I intrinsic

LET /Ipeak) for Cu (Au)
is 1.81 (2.0).

The Cu M23VV and Au O23VV Auger transitions with
the estimated extrinsic contributions subtracted are shown in
Fig. 8. The ratio of spectral weight in the intrinsic LET region
to the main Auger peak is 1 : 1.81 (2.0) for Cu (Au). The
intrinsic LET can be interpreted as due to core holes decaying
via multielectron emission processes, e.g., a C-VVV process1

in which two electrons are emitted. Other possible mechanisms
for multielectron emission could include processes mediated
by the plasmon generation and decay.34 It would be interesting
to theoretically explore the effect on the LET by collective
excitations of the electron gas generated as a result of the
creation of the core hole through the annihilation process.

FIG. 8. (Color online) CVV Auger spectra of (a) Au and (b) Cu
after the subtraction of the extrinsic contribution. The intrinsic LET
due to C-VVV transitions extends to 0 eV and is ∼1.81 (2.0) times
as intense as the Auger peak (CVV transition) for Cu (Au).

The spectra in Fig. 8 have been used to estimate the
probability of core holes decaying via the proposed C-VVV
process. Since such a process entails emission of two electrons
(sharing the energy of the usual Auger electron), the spectral
weight of the C-VVV process will be twice that of the
conventional CVV process. Hence the percentage of core
holes decaying via multielectron emission for Cu (Au) has
been calculated to be ∼47 (50)%. The C-VVV emission
probability has also been used to calculate the positron-core
electron annihilation probability at surfaces. Earlier estimates8

of the annihilation of surface-state positrons from PAES data
considered only the core holes which decayed via the CVV
process. The results of this study suggest the importance of
C-VVV processes in estimating the number of initial core
holes. Previous analysis (considering only CVV processes
and inelastic scattering) resulted in estimates of 3.1% and 3%
core-annihilation probability for Cu (3p) and Au (5p). Based
on analysis using the full spectrum including the LET down
to 0 eV, we find the core-annihilation probabilities would be
5.9% for Cu (3p) and 6% for Au (5p). The new estimate for Cu
is in better agreement with the calculations of 6.9% (Ref. 35)
and 9.2%.36

IV. CONCLUSION

We have reported background-free measurement of the
complete spectra of low-energy electrons emitted as a result
of Auger transition in metals. By depositing low-energy
(∼1.5 eV) positrons directly into the surface state,9 it was
possible to excite Auger transitions from atoms at the sur-
face without generating any primary-beam-induced secondary
electrons. Localization of the positrons in the surface state
ensures that almost all of the Auger transitions occur in
the topmost atomic layer. The resultant spectra showed that
the majority of the spectral weight is in the low-energy tail
associated with the Auger peak and extends to 0 eV.

Our results suggest that the intrinsic part of the LET is
due to a process in which the core hole decays by emission
of more than one Auger electron (C-VVV). Assuming that
the intrinsic process involves emission of only two electrons,
it has been calculated that 47 (50)% of the core holes in Cu
(Au) decay via multielectron emission. This result was used to
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obtain a new estimate of the positron-core electron annihilation
probability for Cu and Au which agree well with theoretical
calculations. Since in the case of multielectron Auger emission
the valence electrons are emitted simultaneously, our studies
are analogous to spectroscopy of photon-induced emission of
electron pairs15 and provide another way of probing electron
correlation effects in valence bands of metals.

Our results also have implications in quantitative analysis
of Auger spectra.37 In particular, we show that a significant
fraction of low-energy core holes (<100 eV) in Cu and
Au decay via multiple electron processes. These processes
result in a decrease in the Auger peak intensity that is not
fully accounted for by the background removal technique as
suggested by Tougaard4,38 or by reflection-electron-energy-
loss spectroscopy-based background-subtraction scheme.39

Consequently, estimates based upon measuring of the inte-
grated intensity in the Auger peak region alone may lead to an
underestimate of the number of initial core-hole excitations.
This has important implications for the use of PAES in
estimating positron-core electron annihilation probabilities35

and for the use of Auger spectroscopy in the quantitative
analysis of surfaces.
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