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Recent developments yielding intense and short light pulses in the atto-second regime makes it possible to
address fundamental questions on the time evolution of the electron dynamics. We demonstrate in our studies
that electron pair emission from surfaces holds the promise to unravel the time scale of correlated electron
dynamics. This can be achieved without atto-second light sources. We will discuss two diﬀerent approaches. First
we studied the Auger decay following the emission of a core-electron due to photon absorption. With coincidence spectroscopy, we demonstrate an extensive energy sharing between the Ag 4p photoelectron and the
NVV Auger electron exceeding 10 eV. This result is at odds with a sequential emission of ﬁrst the photoelectron
and then the Auger electron. This energy width of the sharing provides access to the time scale of the emission
process. We convert this to a timescale of 60 as over which the ﬂuctuations takes place. This value is fair
agreement with the theoretical calculation of the timescale to ﬁll an exchange-correlation hole. In a second study
we utilized the neutralization of ions near a surface. This is known to be eﬃcient process and leads to electron
emission via Auger-type processes. Speciﬁcally, the neutralization of He2+ ions makes available the double
ionization energy. We demonstrate that the neutralization of a single He2+ ion near an Ir(100) surface leads to
the emission of an electron pair. Via coincidence spectroscopy we give evidence that a sizable amount of these
electron pairs originate from a correlated single step neutralization of the ion involving a total of 4 electrons
from the metal. These correlated electron pairs cannot be explained in the common picture of two consecutive
and independent neutralization steps. We infer a characteristic time scale for the correlated electron dynamics in
the metal of 40–400 as.

1. Introduction
The excitation of a solid surface via charged particles like electrons
or ions leads to electron emission. Similarly the absorption of a photons
triggers the emission of electrons. Electron spectroscopy is an important
tool to characterize the properties of matter. Angle-resolved photoemission provides access to the electronic band structure in the ground
state. Via pump-probe techniques the unoccupied states can be probed.
The signature of low lying excitations like phonons, plasmons and
magnons can be studied via energy loss spectroscopy. A prominent
example in which a single photon can result in the emission of an
electron pair is the ejection of an core electron accompanied by an
Auger electron. The usual picture is to view this process in two steps.
First is the emission of the photo electron which is followed by the
emission of the Auger electron. We will demonstrate that this picture
breaks down in the case of the Ag 4p level [1]. We bring our results into
connection with previous observations and explanations of the unusual
broad 4p lines for elements following Ag in the periodic table [2–4].
From the energy spectra we infer a characteristic time scale of the
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correlated electron dynamics on the scale of 60 as.
In a second experiment we discuss the neutralization of ions near a
surface. The speciﬁc case of He2+ neutralization is known to take place
in two distinctive steps within a time scale of 2-20 fs [5–7]. Each of
these steps leads to electron emission via Auger type transitions. We
show that the neutralization causes the emission of electron pairs. The
energy distribution reveals that some of the events can only be explained if one assumes that the two independent energy quanta are
reckognized by the system as one quantum. From this we estimate a
time scale of 40-400 as for the correlated electron dynamics [8].
2. Experimental details
The details of the coincidence spectrometer have been described
already more detail elsewhere [9–11]. The key components are two
hemispherical electron energy analyzers with a mean radius of 200 mm.
They are equipped with wide angle transfer lenses and position sensitive detectors. We label the spectrometers as ‘left’ and ‘right’ respectively. Consequently, the detected electron energies are referred to as

Journal of Electron Spectroscopy and Related Phenomena 241 (2020) 146943

F.O. Schumann and J. Kirschner

counterparts are Auger electrons at energies of 347.3 eV (M5VV) and
353 eV (M4VV). The main part of coincidence intensity lies within the
pair of solid diagonal lines which mark a sum energy range centered at
713.9 eV.
A suitable reference energy is the photon energy minus twice the
max
work function called Esum
. This facilitates the comparison of spectra
obtained with diﬀerent photon energies. This energy position has been
included as a dashed diagonal line in both spectra of Fig. 1. It describes
the emission of two electrons from the Fermi level EF, the numerical
value is 730.3 eV for the excitation with hν = 739 eV. With this in mind
we deﬁne three regions labeled as I, II and III in Fig. 1. Region I ranges
max
from Esum
until the regime where the main part of the intensity lies
which we refer to as II. Below this energy range we ﬁnd region III. This
is dominated by the energy loss contributions of the DPE pairs from
region II.
Fig. 1(b) shows the 2D energy distribution of the DPE intensity
following the 4p excitation. Clearly, the intensity is dominated by a
diagonal intensity band. It falls energetically into a sum energy window
max
20 > Esum
− Esum > 13 eV that is region II. Obviously it does not make
sense to speak of an Auger or photoelectron in this decay, because there
is no characteristic single electron line. If the ability to detect electron
pairs is not given then the single electron spectrum (a projection of the
2D distribution (Fig. 1(b))) onto one axis) would appear with a large
width while the sum energy spectrum is sharper.
For an explanation of our ﬁndings we recall previously noted photo
emission experiments on the 4p levels for elements following Ag in the
periodic table [2–4]. For these elements the 4p line width was surprisingly large. If an excited sample changes its charge state by electron
emission one speaks of autoionization, the Auger eﬀect is a prominent
example. For an explanation of the 4p width one invokes two electron
conﬁgurations within a single particle description after photon absorption. One conﬁguration is continuous in energy while the other is
discrete. A single electron picture is only approximate in the presence of
electron–electron correlation. This leads to the introduction of the
conﬁguration interaction. In his seminal work Fano ﬁnds that the
characteristic time for autoionization is inversely proportional to the
conﬁguration interaction strength [18]. Additionally, the interaction
strength will broaden the discrete level. This framework was utilized to
explain the 4p line widths of the elements following Ag in the periodic
table [3,4]. The proposed picture employs two electron conﬁgurations
each featuring one hole. These are termed 4p−1 and 4d−24f, in which
the ﬁrst is the discrete conﬁguration and the latter the continuous one.

Eleft and Eright. These are quoted with respect to the vacuum level of the
sample. The two electron-optical axes of the transfer lenses include an
angle of 90° and deﬁne the reaction plane. The excitation beam (either
photons or He2+) lies in this plane.
We are interested in those events in which a single photon (ion)
leads to the emission of an electron pair which we term ‘true’ coincidences. However, it is also possible that two photons (ions) lead to the
individual emission of single electrons which will be recorded by the
coincidence electronics. These unwanted events are usually termed
‘random’ coincidences. The ‘true’ coincidences scale linearly with the
primary ﬂux, while the ‘random’ contribution scales quadratically. This
allows us to reduce the latter to an acceptable level. This comes at the
expense of a low coincidence count rate. Following standard procedures
documented in the literature we are able to remove the aggregate eﬀect
of the ‘random’ coincidences [12,13]. The implementation of these
procedures for our coincidence spectrometer has been explained previously [11]. At this point we can state that we are able to determine
the ‘true’ coincidence rate and energy spectra. We operated the spectrometer with a pass energy of 300 eV which results in an energy
window of 27 eV which can be covered with each spectrometer. The slit
size selected was 1 mm, this leads to an energy resolution of 0.7 eV of
each spectrometer. As photon source we utilized the undulator beam
line UE56/2-PGM-2 at the Helmholtz Zentrum Berlin [14]. A modiﬁed
ion gun with Wien ﬁlter created a low energy He2+ beam [15,16]. We
suppressed the main impurity H +2 in the beam by using 3He.
The preparation of the samples were done as follows. In the case of
Ag(100) this was facilitated via Ar+ sputtering and annealing. The Ir
(100) surface was cleaned by annealing cycles up to 1400 K in an
oxygen atmosphere of 5 × 10−8 mbar followed by a high temperature
ﬂash up to 1600 K [17]. All experiments were performed with the
photon (He2+) beam being parallel to the normal which has an angle of
45° with respect to the optical axis of the two transfer lenses.

3. Results and discussion
We studied the Ag(100) surface with two diﬀerent photon energies.
For the excitation of the 3d levels we used 739 eV while the 4p levels
was ionized with 96 eV. This ensures that the two electrons forming a
pair have similar energies and the resulting 2D-Energy distributions are
shown in Fig. 1.
In Fig. 1(a) the spin–orbit split photoelectron lines are clearly recognized at 366.6 eV (3d5/2) and 360.9 eV (3d3/2), respectively. Their

Fig. 1. The 2D-Energy distributions of the DPE intensity. The photon energies are in (a) 739 eV and (b) 96 eV, respectively. The dashed lines indicate the position of
max
max
. Within the pair of solid lines most of the intensity can be found. These lines conﬁne a sum energy range of 20 > Esum
the maximum sum energy Esum
− Esum > 13 eV.
In (a) the intensity is conﬁned into regions parallel to the x- or y-axis. This is in contrast to (b) where the main intensity is within a diagonal band with a width of
18 eV.
2
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The energy required to ionize the Ag 4p level is 60 eV. If two electrons
from the 4d band are removed while occupying a 4f level in the continuum an energy of 53 ± 13 eV is required [1,19]. Hence the two
conﬁgurations overlap in energy. The causes a rapid ﬂuctuation
4p−1 ⇌ 4d−24f leading to a broad 4p line width. The process of electron
pair emission upon absorption of a single photon has to obey energy
conservation. This means the energy sum has to be conserved which in
a 2D-Energy plot deﬁnes a diagonal. This relation can only be observed
in coincidence spectroscopy. It is clearly manifested in Fig. 1(b) that the
main intensity is conﬁned within a diagonal band with a width of 18 eV.
Measurements with diﬀerent photon energies showed revealed a width
of the diagonal feature of 11–38 eV. If we were to take the smallest
width and use the energy-time uncertainty relation we end up with a
time scale of 60 as. This characterizes the time scale of the correlated
electron emission. The two relevant conﬁgurations are characterized by
diﬀerent core holes (4p versus 4d). Consequently we can regard the
above determined time scale as measure of the migration of the core
holes. This we relate with the expected time to ﬁll the exchange-correlation hole of the electron emitted due to photon absorption and ﬁnd
reasonable agreement [20].
The two DPE processes presented in Fig. 1 have in common that two
electrons are missing in the valence band. If we compute the sum energy spectrum for the 3d decay we obtain a curve shown in Fig. 2 which
we can compare with the self-convolution of the Density-of States or 2eDOS. The experimental result is reasonably approximated by the 2eDOS once we shift the latter by 5.2 eV. This value is in agreement with
more elaborate discussions on the Auger line shape of Ag after excitation of the 3d levels [21,22]. The shift of the 2e-DOS is related to the
electron correlation strength Ueﬀ [23]. The width of the 2e-DOS is
mainly given by the 4d band width, hence the width of the Esum spectrum can be understood. In particular we should not use the Esum width
for the determination of a life time. This applies also for the Esum
spectrum of the 4p decay, because of the similarity to the 3d Esum
spectrum as demonstrated in a previous publication [1].
We have recently shown that is possible to predict the 2D-Energy
distribution of the type shown in Fig. 1 [24]. In this approach only
available single electron data are used. The key point for the 4p case is
to allow a diagonal intensity distribution while one assures that the
observations in single electron spectroscopy are reproduced. For simplicity we used Gaussian distributions, this ignores aspects like a spinorbit split Lorentzian line shape and a signiﬁcant background level. This
means that the simulated spectra will be sharper than the experimental
counterpart. In Fig. 3 we present the result of this approach for the case
of the 4p decay of Ag. We considered the photon energies 80, 100 and
120 eV. For each photon energy the intensity is conﬁned into narrow
diagonal intensity bands. This is a consequence of the spectral width of

Fig. 3. We simulate the 2D-Energy distribution for the 4p decay from Ag for
photon energies 80, 100 and 120 eV as explained previously [24]. This results
in three diﬀerent diagonal intensity distributions within a narrow Esum range.
For 80 and 120 eV we can observe a double peak feature with a shallow
minimum for equal energies. For 100 eV we see a peak centered at equal energies. In this plot the axes cover an energy window of 70 eV, while the experimental windows covers 27 eV, see Fig. 1.

the Esum spectrum, see Fig. 2. In order to show the result in one plot the
energy window captured by one spectrometer is 70 eV, while in the
experiment it is 27 eV, see Fig. 1. We notice that for 80 and 120 eV
photon energy two intensity pockets exist which are separated, but the
minimum for equal sharing is not prominent. For 100 eV these two
regions have merged into one peak region, hence the sharing curve is
narrower and displays the intrinsic width. We believe that this aspect is
the heart of the photon energy dependence of the sharing and not a
photon energy dependence of the electron dynamics. The development
of modern light sources with pulse duration in the attosecond time scale
motivates to address fundamental aspects on the time evolution of
electronic systems [25–28]. Suppose there are two photons separated
by a time interval τ exciting a sample. Is there a value for τ below which
the sample recognizes the two quanta as one unit rather than two? This
question was discussed theoretically for the two photon double ionization of the He atom via an intense photon beam [29,30]. The selected
photon energy was 70 eV. Since the double ionization energy is 79 eV
two photons are required to create a He+2. It was found that if the
temporal width of the beam is below 300 as most of the two emitted
electrons share the available energy continuously. Hence, the system
responds as if one energy quantum of 140 eV is absorbed. Pulse widths
larger than 4.5 fs lead to electron emission with well-deﬁned energies
indicative of two sequential ionization steps.
It is obviously of interest to extend these studies to solids. At the
present time this has not been done in theory or experiment. In our
work we used an alternative process which releases two energy quanta
on a short time scale. More precisely, we employed the phenomenon of
ion neutralization which takes place in close proximity (2–6 Å) of a
metal surface. Ion neutralization is the reverse process of ionization and
constitutes a radiationless transfer of energy similar to an Auger process
which leads to electron emission [5–7,31–37]. As far as the He2+ ion is
concerned almost all incoming He2+ ions leave the surface region as
atoms [31–33]. The neutralization from a He2+ ion to the atom takes
place in two independent steps. The transition rates for He2+ neutralization are known [5–7]. These can be converted into an average
time tavg = 2–20 fs between the two neutralization steps. Hence, there is
a ﬁnite probability for two energy quanta to become available covering
the interesting range of 300 as to 4.5 fs.
Let us recall the ionization energies of the He atom. These are the

Fig. 2. We compare the sum energy spectrum from the measurement presented
in Fig. 1(a) with the self-convolution of the DOS of Ag. The latter was shifted by
5.2 eV which is a measure of an eﬀective electron correlation strength Ueﬀ [23].
3
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threshold values and any emitted electrons have zero kinetic energy. If
an energy of 24.6 eV is available, it is possible to liberate one electron
and a He+ ion is formed, see Eq. (1). In Eq. (2) we depict the process if a
He+ ion absorbs another energy quantum. If the energy exceeds
54.4 eV an additional electron leaves the atom and a He2+ ion is
formed. It is also possible that one energy quantum of 79.0 eV causes
double ionization of the He atom, see Eq. (3):

He0 + 24.59 eV → He+ + e−

(1)

He+ + 54.42 eV → He2 + + e−

(2)

He0 + 79.01 eV → He2 + + 2e−

(3)

In order to take place neutralization requires a source of electrons, e.g.
a metal surface M. For the kinetic energy of electrons emitted in this
pathway we can derive upper bounds. In our studies we used a Ir(100)
surface which has a work function of ϕ = 5.76 eV. If the incoming
primary ion has a low kinetic energy like in the present case this energy
does not a play a role.
Once a He2+ ion is suﬃciently close to the surface it becomes
possible that a metal electron changes the charge state of the He2+ to
He+, see Eq. (4). The highest energy of the emitted electron is obtained
if the involved electrons originate from EF. Due to the fact that the
charge state of the metal changes by 2, one has to consider the work
function twice. In the case of the Ir(100) surface the maximum electron
energy is then 42.9 eV. In a subsequent step the He+ ion can be neutralized further to a neutral atom accompanied by electron emission. As
in Eq. (4) the metal donates two electrons one of which is being emitted
with a maximum highest kinetic energy of 13.07 eV, see Eq. (5). The
two paths leading to the He atom can be summarized in Eq. (6). We
note that the neutralization of the He atom leading to the emission of an
electron pair is actually a four electron process. The maximum energy
sum of the emitted pair is therefore the double ionization energy minus
4 times the work function which in the case of a Ir(100) surface is
55.97 eV:
max
M0 + He2 + → M+2 + He+ + e− Ekin
= 54.42 − 2ϕ = 42.9 eV

(4)

max
M2 + + He+ → M+4 + He0 + e− Ekin
= 24.59 − 2ϕ = 13.07 eV

(5)

M0 + He2 + → M+4 + He0 + e− + e−

max
Esum

Fig. 4. Arrival time histogram of electron pairs emitted from Ir(100) due to
10 eV He2+ ions. We used the total energy range of the 2D-Energy spectrum
shown in Fig. 5. The peak is indicative of “true” coincidences while the constant
background arises from “random” coincidences. The dashed vertical lines indicates the selection for the energy spectra of Fig. 5. Excitation with 5 eV He+
ions showed no evidence of pair emission, see inset.

= 79.01 − 4ϕ = 55.97 eV
(6)

Fig. 5. 2D-energy spectra for a central energy of Ek = 19 eV of both spectrometers. The red lines mark a L-shaped region, events within this originate from
a sequential emission. The energy boundaries follow from Eqs. (4) and (5). The
max
.
dashed black diagonal lines marks Esum

In terms of energy conservation it is possible that the double ionization energy is transferred to a single electron. In this case the highest
kinetic energy is given by 79.01 eV − 3ϕ = 61.73 eV. However, there is
no experimental evidence that this process exists [34]. This means that
electron pairs emitted in the neutralization of the He2+ ion are a consequence of two neutralization steps. If these occur sequentially they
will have a clear ﬁnger print in the 2D-Energy distribution. While one
electron can have energies up to 42.9 eV the other is conﬁned to values
below 13.07 eV. Events which are outside this regions are indicative of
non-sequential processes. We proceed by proving the existence of
electron pair emission due to the neutralization of a single He2+ ion.
For a valid event the arrival times on the two detectors (tleft and tright)
with respect to the coincidence trigger are known. This leads to the
arrival time diﬀerence Δt = tleft-tright distribution. Electron pair emission
upon single particle excitation exists if it displays a peak [11]. Such a
peak becomes visible if a Ir(100) surface is excited by a 10 eV He2+
beam, see Fig. 4. For this curve we used the total energy window
covered by the measurement shown in Fig. 5. This is direct proof that
the neutralization of one He2+ ion leads to electron pair emission (true
coincidences). The peak width reﬂects the time resolution of the instrument [11]. The constant background (random coincidences) is due
to electron emission by two He2+ ions. The observation of pair emission
due to He2+ neutralization is not a trivial point. Using 5 eV He+ ions
shows no evidence of pair emission, see inset of Fig. 4, while the energy
gain in this neutralization (24.59 eV) is suﬃcient for pair emission.

In the next step we inspect the 2D-Energy spectrum upon He2+
excitation, see Fig. 5. We selected events within the interval marked by
the dashed vertical lines in Fig. 4. For this measurement the central
energy of spectrometers was set to Ek = 19 eV. The plot also includes a
region bounded by the red lines. Within this L-shaped region one
electron can have an energy up to 42.9 eV while the other cannot exceed 13.07 eV. These energies follow from the sequential neutralization
discussed above, see Eqs. (4) and (5). Therefore, this region captures
events in which one electron is emitted ﬁrst upon neutralization from
He2+ → He+ while the second is due to the neutralization from He+ →
max
= 55.97 eV
He0. The dashed diagonal line indicates the position of Esum
of pairs.
A closer look at the intensity levels of Fig. 5 reveals that a large
fraction of the intensity is covered by the L-shaped region. It is experimentally established that the single spectrum due to He2+ neutralization has an upper bound around 40 eV [34]. The overall spectrum
is rather featureless and after a broad peak at around 10 eV the intensity
drop towards high energies. The only sharp feature is the so-called He
KLL transition around 34–39 eV. We have performed also coincidence
experiments in which one spectrometer was tuned to capture the energy
window up to 42 eV. This reveals that the coincidence intensity which
4
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Auger and three-electron processes, see Fig. 6(c). Upon approaching the
surface the double vacancy of the He2+ ion is ﬁlled by two electrons
reminiscent to the three-electron Auger. One key diﬀerence is that these
electrons do not originate from higher lying orbitals of the atom, but
come from the surface. In contrast to the three-electron Auger, the
energy gain is transferred to an electron pair rather than a single
electron. This view is further corroborated by a recent work in which
the electron capture for He2+ ions into excited states proceeds in a
single step [16]. Extending this picture of a correlated double electron
capture, we observe here a single step of an electron pair from the metal
into the groundstate of the He atom.
We have discussed two phenomena which utilize intrinsically fast
processes to reveal time scales for correlated electron emission. These
internal clocks cannot be tuned, but an obvious extension is to employ
modern ultrafast light sources for pump-probe studies. In this context
we want to refer a theoretical work which suggests a way to trace the
correlated electron excitation without the need of atto second light
pulses [41]. The key ingredient of the framework exploits an Auger
decay which leads to a 2D-Energy distribution as observed in Fig. 1(b).
We prove with our work that a key assumption of this theory is valid for
the Ag 4p Auger decay. Our study using the He2+ ion can be regarded to
some extent as a pump–probe experiment. The interesting signal constitutes only 2% of the total signal. This was mainly due to the statistical
nature of the time separation of the two neutralization steps. Using laser
sources for excitation allows to control the delay between pump-probe
pulses and a more precise determination of time scales could be
achieved.

Fig. 6. In (a) a core hole is ﬁlled by an electron and pair emission called Double
Auger decay takes place [38]. In the three-electron Auger (b) a double vacancy
is ﬁlled by an electron pair, the gained energy is transferred to a third electron
[39,40]. In (c) an electron pair of the metal ﬁlls the double vacancy and an
electron pair from the metal is emitted.

4. Summary
includes the KLL Auger electron plays only a minor role. The observation of a high coincidence intensity for a pair of low energy electrons is
a general feature seen also in our studies using electrons and photons.
The electron emission spectrum from a surface due to electron or
photon excitation has a dominant contribution in the low energy regime. This is usually referred to as secondary electron emission and also
exists in the neutralization process.
Outside the L-shaped region only 2% of the total intensity is found.
With this information we propose a simple picture to estimate the time
scale τ for the correlated electron emission. The two neutralization steps
occur on average within a time tavg and we assume that they proceed
independently. The small intensity contribution outside the L-shaped
region indicates that tavg ≫ τ. The probability for the two neutralization
steps to occur within a time interval τ is then given by the Poisson
distribution P(τ/tavg) ≈ τ/tavg. If the intensity contribution outside the Lshaped area is a measure of tavg/τ, we obtain τ = 0.02 · tavg. We adopt for
tavg values in the range 2–20 fs on the basis of neutralization rates [5–7].
This ﬁnally yields τ = 40–400 as. Hence, two formally independent
neutralization steps occurring within an interval shorter than τ are recognized as a single excitation for electron pair emission.
We want to bring our results into the context of two auto-ionizing
eﬀects known as double Auger and three-electron Auger. In a double
Auger process the core vacancy is ﬁlled by an electron. In contrast to
the regular Auger eﬀect the available energy is transferred to an electron pair, see Fig. 6(a). This Double Auger Decay has been observed in
coincidence spectroscopy of Ar in the gas phase [38]. The ﬁnger print
was the emergence of a diagonal intensity band in the 2D-Energy distribution.
A diﬀerent process was observed if Ni surfaces and carbon foils were
exposed to highly charged C and N ions. The resulting electron emission
spectrum displayed intensity peaks at twice of the nominal Auger
electron energy of the projectile [39,40]. This process is known as
three-electron Auger depicted in Fig. 6(b). The interaction of the projectile with the target leads to an occupancy of excited states of the
projectile. If a double core vacancy exists it can be ﬁlled by an electron
pair. The gain in energy can be transferred to a single electron.
Therefore we interpret our data by a combination of the double

We have demonstrated that the 4p Auger decay for Ag(100) cannot
be described by a sequential emission of ﬁrst the 4p photoelectron
followed by the Auger electron. This is manifested by the emergence of
a diagonal intensity band in the 2D-Energy distribution. We inferred a
time scale of 60 as for the pair emission process. The pair emission due
to He2+ neutralization showed the existence of events outside the energy region allowed for a sequential picture. One has to conclude that in
these cases the sample responds as if it has absorbed the two quanta as
one unit. We estimated the characteristic scale to be on the scale
40–400 as.
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