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Postcollision-interaction (PCI) effects involving multistep decay processes following Ar 1s photoionization
has been studied by Auger electron spectroscopy. The experiment focused on LMM Auger electrons measured
in small photon energy steps across the Ar 1s photoionization threshold. Decay pathways that we studied include
(1) the Ar+∗2p–1 → Ar2+3p–2 LMMα Auger process due to a single L hole created by KL fluorescence, (2) the
Ar2+∗2p–2 → Ar3+∗2p–13p–2 LMM1 Auger process following double L shell hole states produced by a KLL
Auger processes, and (3) the subsequent Ar3+∗2p–13p–2 → Ar4+3p–4 LMM2 Auger transitions. Particularly
pronounced PCI shifts and unusual line shapes compared to the ordinary one-step PCI process were found in
the spectra of Auger processes following a KLL Auger first step. The experimental results were compared with
calculations based on the semiclassical approach to PCI. Good agreement was found between the calculated and
experimental PCI shifts. The result opens possibilities for further studies of the multielectron dynamics between
Auger electrons mediated through the photoelectron in these and similar systems.

DOI: 10.1103/PhysRevA.106.033114

I. INTRODUCTION

Numerous studies have been conducted so far on
postcollision-interaction (PCI) effects taking place upon pho-
toionization close to an inner-shell ionization threshold
[1–47]. Energy exchange takes place between the photoelec-
tron and the faster Auger electron produced by the subsequent
inner-shell relaxation process. In the classical picture, PCI can
be understood as due to the change in the Coulomb potential
felt by the Auger electron and the photoelectron upon the
respective change of the core charge that each of them sees
upon the takeover. Experimental investigations of the PCI
effects were conducted more with the photoelectron spectra
rather than with the Auger electron spectrum. In the case of
single Auger decay, the PCI distortion and shift of the Auger
electron peak merely mirrors the PCI distortion and shift of
the photoelectron peak following the energy conservation law.
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However, for inner-shell photoionization, PCI involved in the
cascade decay steps including fluorescence as well as multiple
Auger electrons subsequently emitted through the relaxation
process have to be considered. Close to the photoionization
threshold, the photoelectron is taken over by all of the Auger
electrons one after another, and thus gets affected by all of
them. On the other hand, each Auger electron line is affected
only by its particular takeover interaction with the photoelec-
tron.

The aim of this study is to reveal and compare the influ-
ence of PCI on each of the Auger electrons following the
inner-vacancy decay. The PCI effects in the photoionization
of inner shells accompanied by sequential double Auger (DA)
or multiple Auger processes have so far been investigated
by several coincidence methods. Threshold electron/residual
ions coincidence was utilized for the investigation of the
threshold photoelectron yield in the vicinity of inner vacan-
cies in Kr, Ar, and Xe [36,38–44]. The method of threshold
electron/Auger electron coincidences was applied to the in-
vestigation of 4d threshold photoelectrons in Xe [45,46].
Multielectron coincidence methods were used to investi-
gate the photoelectron spectra distorted by DA decay in
Ar and Kr [22,32,33]. Subsequently, coincidences between
the slow photoelectron and the residual ions were used to
study the PCI effects in the photoelectron spectra distorted
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by DA and multiple Auger decay in Ar and the molecule
carbonyl sulfide (OCS) [34,47].

On the theoretical side, models were presented for PCI
associated with few Auger electron decay as follows: a clas-
sical model to describe the release of threshold electrons in
the DA process [43], a classical model of cascade Auger
decay [36], a time-dependent quantum mechanical model for
cascade Auger processes [29], a quantum mechanical eikonal
approach to the direct DA and cascade DA processes (DDA
and CDA, correspondingly) [1,13], and a semiclassical ap-
proach to the DDA and CDA processes [19].

Progress was made on the differentiation of the decay
pathways by Guillemin et al. [34] with photoelectron-ion
coincidence measurements on Ar 1s photoionization. They
succeeded in measuring PCI effects on the photoelectron spe-
cific to each final ion charge state and compared them with
theoretical calculations. Their result could distinguish PCI
effects due to different subsets of cascade pathways leading to
a particular final ion charge. Nevertheless, the relaxation steps
within the cascade pathways could not be differentiated since
the photoelectrons only manifested the cumulative result after
all takeover events of the multiple Auger electrons leading to
a particular final ion charge. Then, Guillemin et al. [35] exam-
ined the PCI effect on the KLL Auger electron ejected by the
first step in the Auger cascade of Ar and obtained experimen-
tal results in good agreement with the ordinary one-step PCI
model. Arp et al. [37] conducted coincidence measurements
between KL fluorescence and LMM Auger electrons to study
the PCI between 1s photoelectron and LMM Auger after KL
fluorescence.

Overall, considerable efforts have been made so far in the
investigation ranging from threshold or slow photoelectron
spectra to limited results concerning the first step Auger elec-
tron. However, the PCI influence on Auger electrons beyond
the first KLL Auger step has not been investigated in any
experimental or theoretical approaches.

We present the investigation of the PCI distortion and shift
experienced by cascade Auger electrons following 1s pho-
toionization of Ar. Two types of pathways for the relaxation of
Ar immediately following 1s photoionization are considered.
One of them starts with the KL (or KM) fluorescence emission
filling the K vacancy. The KL fluorescence would result in the
creation of a L hole which would be followed by a further
subsequent Auger process. In another case, the Auger process
(KLL, KLM) can fill the initial K shell hole and create double
vacancies that can in turn get filled in by subsequent Auger
processes.

Three different regions in the Auger spectrum were se-
lected for our study: LMMα, LMM1, and LMM2, that can
be attributed respectively to single Auger, cascade DA, and
further multiple Auger processes. All three lines show signifi-
cant shifts and characteristic line shapes caused by the PCI.
Our measurements have been compared to our calculation
performed within the framework of the existing semiclassi-
cal approximations [7,19]. Good agreement of measured and
calculated shifts demonstrates the reliability of the results
obtained and underscores the importance of PCI effects in the
analysis of the cascade Auger lines after inner-shell photoion-
ization near threshold.

This paper is organized as follows. Section II presents
a brief description of our experimental method. Section III
presents the analysis of the processes considered and the the-
oretical approach for calculation of the cross section of the
single Auger and cascade double Auger processes. In Sec. IV
we present the analysis and comparison of our measurements
with calculation. The atomic unit system with |e|= me = h̄=1
is used throughout.

II. EXPERIMENT

The experiment was conducted at the x-ray beamline
GALAXIES at the SOLEIL synchrotron. Linearly polarized
light was generated by the U20 undulator and monochroma-
tized with a Si double crystal monochromator [48]. Light was
then passed through a gas cell and the emitted electrons were
measured with a hemispherical analyzer (Scienta EW4000)
whose lens axis was set parallel to the linear polarization of
the photon [49]. At 3.2 keV, the photon energy bandwidth
was approximately 350 meV. The total resolution of the hemi-
spherical analyzer was 180 meV with pass energy 100 eV.
The photon energy was calibrated by utilizing the Ar 1s–14p
resonance (3203.5 eV) [50].

III. THEORETICAL DESCRIPTION OF PROCESSES
INVOLVING LMM AUGER TRANSITIONS

A. Processes

The LMM Auger lines can result from cascade processes
that occur in two or several steps. The LMMα Auger electrons
are produced by a two-step cascade process [34,51]. Initially
a photoelectron is emitted from the K shell and the inner 1s−1

vacancy is created. After that, radiative decay of the 1s−1

vacancy happens as the first step of the cascade process and
a 2p−1 vacancy is created in the intermediate shell. An Auger
decay of this vacancy leads to the creation of two holes in the
outer 3p6 shell and the emission of LMMα Auger electrons
with energies E1 close to 200 eV. This process can be written
as

γ + Ar → eph + Ar+∗(1s−1) → eph + Ar+∗(2p−1) + γ1

→ eph + γ1 + Ar2+(
3p−2

) + eAuger (E1). (1)

The LMM1 Auger electrons are emitted in the sequential
double Auger decay of the inner 1s−1 vacancy. In the first
step of this decay process the fast Auger electron with energy
E1 close to 2660 eV is emitted and the two-hole state in the
intermediate 2p6 shell is created. The second Auger decay of
this state leads to an emission of the LMM1 Auger electron
with energy E2 close to 220 eV and the creation of the three-
holes state 2p−13p−2 of the residual ion.

This decay process can be written as

γ + Ar → eph + Ar+∗(1s−1)

→ eph + Ar2+∗(2p−2) + eAuger1(E1)

→ eph + Ar3+(2p−13p−2)

+ eAuger1(E1) + eAuger2(E2). (2)
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The LMM2 Auger electrons are emitted in a multiple cas-
cade Auger decay of the inner 1s−1 vacancy. The first step of
this cascade is a transition 1s−1 → 2p−2 and the emission of
a fast Auger electron with energy E1 = 2660 eV. The second
step is a transition 2p−2 → 2p−13p−2 and an emission of the
second Auger electron with energy E2 ≈ 220 eV. The final
step is a transition 2p−13p−2 → 3p−4 and an emission of the
LMM2 Auger electron with energy E3 ≈ 180 eV. This decay
process can be written as

γ + Ar → eph + Ar+∗(1s−1)

→ eph + Ar2+∗(2p−2) + eAuger1(E1)

→ eph + Ar3+∗(2p−13p−2) + eAuger1(E1) + eAuger2(E2)

→ eph + Ar4+(3p−4) + eAuger1(E1) + eAuger2(E2)

+ eAuger3(E3). (3)

In each considered processes (1)–(3) all emitted electrons
are affected by the PCI which has to be taken into account at
an analysis of the measured electron’s spectra.

B. PCI on the LMMα Auger electrons

The LMMα Auger electrons in the process (1) are emitted
in the two-step cascade process. The first step of this cascade
is the radiative decay of the 1s−1 vacancy which does not
change the charge state of the ion. Hence the emitted pho-
toelectron “feels” the field of a singly charged ion before the
Auger decay (the second step of the cascade) and the field of
a doubly charged ion after the Auger decay. Consequently,
the PCI effects in the process (1) are similar to those in
the inner-shell photoionization process followed by a single
Auger decay. In such a process the PCI manifest itself as
the interaction of the slow photoelectron with the field of the
singly charged ion before the Auger decay and with the field
of the doubly charged ion after the Auger decay as well as
the interaction between the photoelectron and Auger electron.
Within the quantum mechanical approach there are several
models that take this interaction into account [3,7,8,18]. We
will use a semiclassical approximation [7] which correctly
describes the PCI effects in the near-threshold region that
corresponds to the region of measurements. This approach
allows us to calculate the line shape of the emitted photoelec-
trons and the mirror-reflected profile of the Auger electrons.
In this approach, the amplitude ASA of the photoionization
process occurring via single Auger decay of the inner vacancy
is presented as an overlap integral,

ASA = M〈ψ f |ψi〉, (4)

between the photoelectron wave functions in the intermediate
ψi and final ψ f states. The photoelectron in the intermedi-
ate state moves in the field of the singly charged metastable
ion with complex energy �E + i�/2 where �E is the ex-
cess of photon energy above the photoionization threshold
and � is the inner vacancy width. The wave function of
the final photoelectron state ψ f describes propagation of the
outgoing photoelectron with the energy Eph in the field of
the doubly charged ion and the emitted Auger electron with
the energy E1. The factor M which slowly depends on the
emitted electrons energies Eph and E1 contains amplitudes of

the photoionization and the Auger decay. Thus, the electron
emission energy profile is primary determined by the wave-
function overlap integral in Eq. (4). In the case of weak PCI,
e.g., at a very high excess energies �E , squared overlap in-
tegral |〈ψ f |ψi〉|2 gives the Lorentzian line shape of the width
� centered for photoelectron spectrum at Eph = E (0)

ph = �E
and for Auger electron spectrum at unshifted Auger energy
value E1 = E (0)

1 . With decrease of the excess energy �E
the photoelectron velocity also decreases. Consequently, the
distance between the photoelectron and the ion on the mo-
ment of the Auger decay decreases and therefore the PCI
strengthens. It leads to the distortion of energy distributions
resulting in a shift decreasing the energy of the photoelectron
line maximum by εph = Eph − E (0)

ph < 0. This energy lost by
the photoelectron is transmitted to the Auger electron whose
energy of the line maximum shifts toward higher energy by
ε1 = E1−E (0)

1 = −εph.
Within the semiclassical approach, the photoelectron wave

functions are considered in the approximation of Wentzel,
Kramers, and Brillouin (WKB functions) and the evaluation
of the overlap integral is carried out by the saddle point
method. For the details of evaluation and final result see, e.g.,
Refs. [7,19].

The photoionization process (1) where 1s–1 vacancy de-
cays via a cascade process starting from fluorescence is
more complicated than the single Auger process described
above following the model of Ref. [7]. However, the first
cascade step, the radiative decay of the 1s–1 vacancy, does
not change the ionic charge. The emitted photoelectron moves
in the field of the singly charged ion during the effective
time τeff = τ1s + τ2p, where τ1s and τ2p are the lifetimes of
the 1s–1 and 2p–1 vacancies, respectively. Then the Auger
decay occurs resulting in the PCI energy exchange between
the photoelectron and the Auger electron. It is similar to the
single Auger decay process with the change of time delay
between the ionization and the Auger decay events from τ1s to
τeff . Consequently, applying the model [7] to the process (1)
we have to use the effective width of the inner vacancy �eff =
�1s�2p/(�1s + �2p). Such an approach was used earlier to
study the PCI distorted photoelectron spectra [34,47] and its
applicability was shown. Using the values �1s = 690 meV
[52] and �2p = 118 meV [53] we have obtained the effective
lifetime width �eff = 101 meV.

C. PCI on the LMM1 Auger electrons

The LMM1 Auger electrons are emitted in the second step
of the cascade Auger decay starting from the 1s vacancy
[process (2)]. There are a few approaches within the quan-
tum mechanical framework to consider the PCI effects in
the cascade Auger processes: the eikonal approach [1], the
semiclassical approach [19], and the time-dependent approach
[29]. The first two [1,19] would allow the calculation of the
energy distributions of the emitted Auger electrons, but the
eikonal approach [1] has restrictions that do not allow its
use in the near-threshold region. Hence, for consideration of
the PCI influence on the Auger electron line shapes for small
excess photon energies above threshold, we used the semiclas-
sical approach [19]. This theory has been successfully applied
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earlier for the description of the PCI distortion of the slow
photoelectron spectra [19,22,34,47].

According to the semiclassical approach [19] the amplitude
ACDA of the cascade double Auger decay process (2) is given
by an integral over the intermediate photoelectron energy E ′

eh
of the product of the two amplitudes, Iph(E ′

eh ) and IA(E ′
eh ),

which describe the propagation of the photoelectron and the
first Auger electron, respectively:

ACDA =
∫ ∞

−∞
Iph(E ′

eh )IA(E ′
eh )

dE ′
eh

2π
. (5)

The photoelectron in the course of the cascade double
Auger decay process (2) undergoes two consecutive shakes
at the moments of Auger decays. Consequently, its amplitude
is given by the product of two overlap integrals between
photoelectron wave functions,

Iph(E ′
eh ) = Mph

〈
ψ f

∣∣ψE ′
eh

〉〈
ψE ′

eh

∣∣ψi
〉
. (6)

Here the photoionization amplitude Mph varies slowly with
the electron energy. The shake-off amplitude of the first Auger
decay is given by the overlap integral 〈ψE ′

eh
|ψi〉 between the

photoelectron wave functions of two intermediate photoelec-
tron states. The wave function ψi is the same as in the ASA

amplitude (4). It describes the photoelectron motion with
complex energy �E + i�1s/2 in the field of the singly charged
metastable ion Ar+∗(1s–1) prior to the first Auger decay. The
wave function ψE ′

eh
describes the photoelectron motion with

energy E ′
eh in the field of the doubly charged ion Ar2+∗(2p–2)

and the first Auger electron between two Auger decays. The
shake-off amplitude of the second Auger decay is given by
the overlap integral 〈ψ f |ψE ′

eh
〉 between the intermediate pho-

toelectron wave function ψE ′
eh

and the wave function ψ f of

the final photoelectron state with the energy Eph = E (0)
ph + εph

in the field of residual ion Ar3+∗(2p–13p–2) and two Auger
electrons.

The Auger electron amplitude IA(E ′
eh ) is given by the prod-

uct

IA(E ′
eh ) = M1M2

〈
ψE1

∣∣ψE ′
1

〉
(7)

of the amplitudes of the first, M1, and the second, M2, Auger
decays and the overlap integral 〈ψE1 |ψE ′

1
〉 of the first Auger

electron wave functions. This overlap integral presents the
shake-off amplitude at the moment of the second Auger decay.
The function ψE ′

1
is the wave function of the first Auger elec-

tron with complex energy E ′
1 = E (0)

1 − E ′
eh + �E + i�2p2/2

moving in the field of the doubly charged ion Ar2+∗(2p–2) and
the photoelectron prior to the second Auger decay. The wave
function ψE1 describes the first Auger electron motion with its
final energy E1 in the field of residual ion Ar3+∗(2p–13p–2),
the outgoing photoelectron, and the second Auger electron.

Intermediate states of the photoelectron ψE ′
eh

and the first
Auger electron ψE ′

1
between two Auger decays are virtual.

That is why the amplitude ACDA is evaluated by integration
over their energies in Eq. (5). Note here that the Auger ampli-
tude IA depends on the photoelectron energy E ′

eh via the first
Auger electron energy in the intermediate state, E ′

1, which is
connected with photoelectron energy by the energy conser-
vation E ′

1 = E (0)
1 − E ′

eh + �E + i�2p2/2. Note also that the

amplitude ACDA depends on the widths �1 = �1s and �2 =
�2p of the intermediate states involved.

All electronic wave functions in the overlap integrals in
amplitudes Iph and IA have been taken in the WKB approxi-
mation. Their explicit forms as well as the evaluation details
are presented in Ref. [19]. The electronic wave functions in
the region of negative energies are obtained by analytical con-
tinuation. The evaluation of the overlap integrals (6) and (7)
was carried out by the saddle point method. The integration
over the energy E ′

eh in Eq. (5) was performed numerically.
Subsequent to that, the cross section of the process (2) was
obtained by squaring the modulus of Eq. (5),

d2σ

dεphdε2
= |ACDA(Eph, E1, E2)|2. (8)

Here, εph and ε2 are the energies of the photoelectron and
the second Auger electron measured relative to their unshifted
values E (0)

ph and E (0)
2 : εph = Eph − E (0)

ph and ε2 = E2 − E (0)
2 .

Note that due to energy conservation, εph + ε1 + ε2 = 0,
there are only two independent energies εi. The energy dis-
tribution of the second Auger electron can be obtained by
the integration of the cross section (8) over the energy of
the photoelectron εph or the first Auger electron ε1 within the
limits of the line profile:

dσ

dε2
=

∫ E1h

E1l

|ACDA(Eph, E1, E2)|2 dε1. (9)

D. PCI on the LMM2 Auger electrons

The LMM2 Auger electrons are emitted in the third step
of the multiple cascade Auger decay of the 1s vacancy [see
process (3)]. To the best of our knowledge there has been no
exact theory that describes the PCI influence on the Auger
electrons emitted in multiple Auger decays. However, we can
try to estimate this influence with some approximations. Our
approximation is based on the following assumptions: (i) The
LMM2 Auger electron, eAuger3(E3), is emitted with energy E3,
which is lower than the energies of the preceding eAuger1(E1)
and eAuger2(E2) Auger electrons (E1 ∼ 2660 eV, E2 ∼ 220 eV,
and E3 ∼ 180 eV in our case). This emission occurs when the
electrons eAuger1 and eAuger2 are located far from the residual
ion. Hence the contribution to the PCI shift of the LMM2

Auger line from the interaction with the Auger electrons from
earlier steps is small compared to the interaction of the eAuger3

Auger electron with the slow photoelectron and the residual
ion. Such an assumption is more valid for the eAuger1/eAuger3

interaction than for the eAuger2/eAuger3 one. The numerical es-
timation for the case of the two-step sequential Auger process
shows that neglecting the interaction between the 180 eV and
220 eV Auger electrons leads to an error of up to 20% in the
value of the Auger electron shift. (ii) The main contribution to
the eAuger3 electron shift comes from the energy exchange be-
tween the photoelectron and the eAuger3 electron which in turn
occurs due to the shake process upon the change of the ionic
charge state at the moment of the LMM2 Auger transition.
(iii) By taking into account only this main contribution to the
PCI energy shift we reduce the complicated PCI problem for
five charged particles to the well known PCI problem of single
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FIG. 1. Two-dimensional (2D) overview map of the Auger
electron spectra with electron kinetic energies approximately
180–240 eV and photon energies 3202.0–3209.9 eV.

Auger decay involving one Auger electron, photoelectron, and
residual ion. Within this approximation we will use the PCI
energy shift ε of the single Auger decay process to estimate
the PCI energy shift ε3 of the third Auger electron in the
cascade Auger decay process (3). We will employ a simple
equation for the PCI energy shift ε of the single Auger decay
process obtained within the semiclassical approximation [9],

�
√

2 (�E + ε) − 4 ε (�E + ε) − ε2 = 0. (10)

In order to adapt this equation for process (3) we need to
introduce some modifications. The PCI energy shift is actually
determined by the position of the slow photoelectron at the
moment of Auger decay. In the case of single Auger decay
the photoelectron undergoes the shake-off when it is located
at a distance r ∼ Vphτ from the ion. Here, Vph denotes the pho-
toelectron velocity and τ = 1/� is the Auger decay time. In
process (3) the slow photoelectron at the moment of the third
Auger decay is located at a distance r ∼ Vph(τ1s + τ2p2 + τ2p)
from the ion, where τ1s, τ2p2 , τ2p are the lifetimes of intermedi-
ate states Ar+∗(1s−1), Ar2+∗(2p−2), and Ar3+∗(2p−13p−2) of
the Ar ion, respectively. Using Eq. (10) for ε3 estimation with
� = �2p = 1/τ2p, we have to scale the photoelectron velocity
as Veff = Vph (τ1s + τ2p2 + τ2p)/τ2p in order to make the pho-
toelectron distance equal to r ∼ Veffτ2p = Vph(τ1s + τ2p2 +
τ2p). Consequently, the excess photon energy �E = V 2

ph/2
should be scaled as �Eeff = �E (τ1s + τ2p2 + τ2p)2/τ 2

2p .
With this modification of the excess energy, Eq. (10) with the
vacancy width of � = �2p can be used to estimate the LMM2

Auger line shift.

IV. RESULTS AND DISCUSSION

The two-dimensional (2D) map of the Auger electron spec-
tra with electron energies of approximately 180–240 eV and
photon energies 3202.0–3209.9 eV is shown in Fig. 1. The as-
signment of the peaks in the spectra was accomplished based
on previous LMM line measurements with photon energies
well above the 1s threshold (3206.3 eV [54]) by Werme et al.

[55], Bush et al. [56], and Guillemin et al. [57]. Three different
energy regions corresponding to different LMM processes,
LMMα, LMM1, and LMM2, can be distinguished. At photon
energies above the Ar 1s threshold energy, the 2p–1 → 3p–2

LMM spectrum following KL fluorescence (LMMα) was
found in the electron energy region 200–210 eV [57]. In the
210–235 eV electron energy region, 2p–2 → 2p–13p–2 Auger
electrons from the double L hole state following KLL Auger
process (LMM1) were found [57]. In the electron energy re-
gion 175–200 eV, peaks due to the 2p–13p–2 → 3p–4 Auger
transition (LMM2) were found [57]. In addition, some other
LMM Auger lines with 2s and 3s orbitals in the initial or
final states were found in the region. The 190–200 eV region
includes the 2p–2 → 2p–13s–13p–1 Auger line [57].

For the photon energy region below the 1s threshold, the
Auger electron spectrum resulting from the 1s → np resonant
excitations was seen. At around 3203.5 eV [50] photon en-
ergy, the Auger lines become most intense, due to the strong
1s → 4p resonant photoexcitation.

Figure 2 shows the Auger electron spectra measured at
photon energies 3202.0, 3206.3, 3206.5, 3209.3 eV (excess
photon energies Eexc = −4.3, 0, 0.2, 3.0 eV). For photoionza-
tion with photon energies lower than the excitation energy of
the Ar 1s–14p resonance, mostly Auger lines due to 2p–1 →
3p–2 processes following L shell photoionization were seen.
On the other hand, for photoionization with photon ener-
gies higher than the Ar 1s threshold (Eexc = 0, 0.2, 3.0 eV),
LMM1, LMM2 Auger lines as well as the 2p–1 → 3p–2

(LMMα) Auger lines were clearly seen. The nominal Auger
energy position(peak position without the PCI effect)for those
are already known [55,56]. The nominal Auger energy posi-
tions for some of the prominent LMM lines are indicated by
vertical broken lines in Fig. 2. For all LMM Auger lines, the
PCI shift very clearly increases as the incident photon energy
is gradually lowered down from higher energy to threshold.

Figure 3 shows three selected Auger lines: (a) LMMα

(nominal Auger energy position at 203.47 eV [55]), (b) LMM1

(nominal Auger energy position at 216.22 eV [56]), (c) LMM2

(nominal Auger energy position at 181.06 eV [56]) measured
for excess energies Eexc = 0, 0.2, 0.5, 1.0, 2.0, 3.0 eV. Auger
lines in Fig. 3 are shown with respect to their nominal Auger
energy position. Figure 4 shows the PCI shifts (the difference
between the maximum of the PCI distorted line shape and the
nominal Auger energy position, as previously mentioned) for
selected Auger lines. The position of the maximum value of
the peaks by PCI were determined by fitting with a polynomial
approximation.

For LMMα [Fig. 3(a)], the tailing and shift towards higher
energy increases as the threshold is approached. The gradual
change in the spectrum is quite similar to the case of one-step
PCI process. Very close to threshold at excess energies Eexc =
0 and Eexc = 0.2 eV, a peak due to direct 2p photoionization
appears on top of the nominal Auger energy position. For the
case of the 2p hole formed by the initial KL fluorescence,
there is an effect caused by the delay due to KL fluorescence
lifetime that PCI for single step LMM Auger process does not
have [28]. Calculation of the LMMα Auger line shift has been
carried out employing the semiclassical approach as described
in Sec. III B. The inner-vacancy width �eff = 101 meV was
employed as the effective parameter value in the calculation.
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FIG. 2. Ar Auger electron spectra measured at photon energies 3202.0, 3206.3, 3206.5, 3209.3 eV (excess energies Eexc = −4.3, 0, 0.2,
3.0 eV). The vertical broken lines show the nominal Auger line positions. The kinetic energy scale along the horizontal axis is calibrated by
the L3M23M23 (1D2) Auger line [55].

Figure 4 shows good agreement of measured and calculated
shifts.

In Fig. 3(b), the PCI shift of the LMM1 peak is seen to
be larger compared to the shift of the LMMα peak. This is

FIG. 3. The Ar Auger peaks for (a) LMMα, (b) LMM1,
(c) LMM2 measured at excess energies Eexc = 0, 0.2, 0.5, 1.0, 2.0,
3.0 eV. The broken vertical line indicates the nominal Auger energy
position.

the manifestation of the difference in initial-state lifetimes
affecting the magnitude of the shift. The calculation of the
LMM1 Auger line shift has also been carried out with the
semiclassical approach [19] which was described in Sec. III C.
The values of the inner-vacancy widths �1 and �2 incor-
porated into the calculation as parameters were chosen to
be �1s = 690 meV for the initial Ar+∗(1s−1) ionic state and
�2p2 = 240 meV for the intermediate Ar2+∗(2p−2) ionic state.
The first �1s is close to the table value [52]; the second �2p2

one is twice �2p2 = 2�2p than the width of the single hole state
(�2p = 118 meV [53]) and was used earlier for calculation of
the PCI influence on the single KLL Auger decay in Ar [35].
The adopted value of �2p2 is in accord with the measured
value of the width of the Voigt profile of 370 meV [58]. The
latter value leads to the value �2p2 = 240 meV if one assumes

FIG. 4. The LMM Auger lines shifts are presented versus the
excess photon energy �E above the threshold. The measurements
and the calculations for the shift ε of the LMMα, LMM1, and LMM2

lines are plotted.
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the electron resolution of 180 meV. The calculated values of
the LMM1 line shift agree rather well with the measured data.
The considerable growth of the LMM1 line shift observed
close to the threshold comparing to the LMMα line is con-
firmed by the WKB calculation and reflects the complicated
character of the PCI effect in the cascade double Auger decay.
The calculated shifts agree well with the experimental values,
except very close to a threshold. For LMM1, the shift obtained
by experiment increases significantly in the region of excess
energy below Eexc = 0.5 eV (Fig. 4). This could be due to the
influence from the recapture of the slow photoelectron into the
discrete states of the Ar2+ ion. For the photoelectron energy
∼0.5 eV and the width of the 1s vacancy of approximately
690 meV, the distance between the outgoing photoelectron
and the remaining ion is less than 10 a.u. when the 1s vacancy
decays. The first Auger electron is very fast (near 2660 eV
[35]) and leaves the interaction zone very quickly. The photo-
electron feels the change in the Coulomb field of the ion and
has a large probability to be recaptured into the discrete state
2p–2nl . The second Auger electron is emitted from this state
which can have a width that differs from �2p−2 = 240 meV.
So, the PCI shift of the second Auger electron can differ from
the case when all three electrons are in the continuum. Our
calculated shift also shows an increase in this region but less
than measured values. The semiclassical theory [19] for the
cascade double Auger decay does not take into account the
recapture of the slow photoelectron into the discrete states.

For the LMM2 spectrum shown in Fig. 3(c), the overall
tendency is that the PCI effect is smaller compared to the
LMM1 Auger spectrum [Figs. 3(b) and 4]. The measured shift
of the LMM2 Auger line ascribed to process (3) shows smaller
values than the shift of the LMMα Auger line, although the ef-
fective width of the singly charged ion �eff = 101 meV is less
than the width of the 2p−13p−2 state, �2p = 118 meV. This
observation can be explained by the fact that when the third
Auger electron is emitted the photoelectron will be located
far from the ion. Therefore, the energy exchange between the
photoelectron and the third Auger electron becomes smaller.
An estimation carried out along the line described in Sec. III D
confirms this. The estimated values of the LMM2 shift agree
reasonably with the measured data.

In all previous studies, Auger decay steps were assumed
to be independent processes. No interaction between Auger
electrons was considered. A very interesting aspect of PCI
processes for multistep Auger decay is that the Auger elec-
tron interacts with the photoelectron which in turn interacts
with the subsequent Auger electrons that follows. In other
words, Auger electrons interact with one another via the pho-
toelectron as the mediator. Throughout the process, energy
conservation is maintained, so it should be instructive to plot
the PCI shift of the second and subsequent Auger electrons
with the horizontal axis (excess energy) shifted by the energy
loss of the photoelectron due to the first PCI interaction. In
Fig. 5, we plotted the peak shift of LMM1 as a function of
excess photon energy minus the PCI shift of the KLL Auger
process [35]. Also, the peak shift of LMM2 is plotted as a
function of the above-mentioned effective excess energy with
the peak shift of LMM1 subtracted. Moreover, both shifts are
compared to the quasiclassical theory for the case of the single
Auger decay [9], and both agree to a fair extent. This shows

FIG. 5. PCI shift of LMM1 and LMM2 by effective excesses
energy. (See text for details.) Both shifts are compared to the qua-
siclassical theory [9].

the consistency in the energy transfer among Auger electrons
via interactions mediated through the common photoelectron.
Future studies on various systems are called for to further
elucidate the dynamics of these multielectron “billiard” type
interactions among electrons transcending the “independent
Auger approximation.”

V. CONCLUSION

We have examined Ar 1s photoionization close to threshold
to study PCI occurring in the second and third steps of the
multistep decay. Measurements were made close to thresh-
old on the 2p–1 → 3p–2 LMMα Auger spectrum following
KL fluorescence, as well as the double L shell hole state
following KLL Auger process leading to 2p–2 → 2p–13p–2

LMM1 Auger process and further to the 2p–13p–2 → 3p–4

LMM2 Auger transition. Each of the peaks showed clear PCI
effects. The LMMα Auger peak after single-hole production
following KL fluorescence showed shift and tailing towards
higher energies similar to a one-step Auger process. The
line shifts showed excellent agreement with a semiclassical
calculation incorporating the effective lifetime including KL
fluorescence. With the 1s–1 → 2p–2 KLL Auger process as the
initial step, the subsequent LMM1 Auger transition showed
some increase of shift only very close to threshold (Eexc =
0–0.5 eV). It yielded a symmetric peak shape quite different
from the expectation for one-step PCI. The shift agreed well
with our semiclassical PCI model. Also, for the third-step
LMM2 Auger transition, the shift increased rapidly and sig-
nificantly only very close to the threshold (Eexc = 0–0.5 eV).
The calculation for the LMM2 shift agrees reasonably well
with measurement. This study of the LMM Auger spec-
trum by photoionization of Ar 1s close to threshold provides
significant insights into the dynamic interactions within the
multistep Auger processes involving more than the previous
simple picture of just one Auger electron interacting with the
photoelectron and stimulates further studies, both experimen-
tal and theoretical.
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