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Abstract. The theory of the shapes of Auger decay lines of satellite two-hole-one particle states accompa-
nying photoionization based on the Green’s function method is developed. The lineshapes of Auger decay
of satellite states [2s2p](1,3P )3s(2P ), [2s2p](1P )4s(2P ) and [3s3p](3P )4s(2P ) in valence p-photoelectron
spectra of Ne and Ar atoms are calculated (hole states are indicated by square brackets throughout). It is
shown that in some cases the Auger lineshapes reproduce the shape of the photoelectron satellite line, but
in other cases Auger line may be narrower then the photoelectron line and may have opposite direction of
asymmetry. The theoretical results are in agreement with experimental low-energy Auger spectra.

PACS. 03.65.-w Quantum mechanics – 32.70.Jz Line shapes, widths, and shifts – 32.80.Fb Photoionization
of atoms and ions

1 Introduction

Recent high-resolution photoelectron spectra of noble
gases show a number of satellite lines of very different
shapes [1–5]. These excited double-hole-one-particle states
appear in addition to single-hole states due to electron-
electron correlations. The asymmetrical broadening of
satellites is a result of interference of two correlation pro-
cesses: a direct excitation of atomic electrons into contin-
uum (shake-off process) and a decay of a shake-up satellite
into continuum [1]. The Green’s function theory of line-
shapes of satellites in photoelectron spectra, accounting
for these processes, was developed in references [6,7]. The
theoretical prediction [6,7] of the Fano-type [8] asymmetry
with raised high binding energy side of all broad photo-
electron satellites, based on calculations for Ne, was also
supported experimentally for Ar [3]. The excited two-hole-
one-particle (satellite) states are decaying into underlying
continuum, giving rise to valence Auger lines with very
small kinetic energies [9,10] (low-energy Auger spectra).
Unfortunately there are no special characterization of the
shapes of valence Auger lines [10], but the pictures of refer-
ence [10] clearly show a pronounced Fano-type asymmetry
of both directions. Most of theoretical works [11–14] were
aimed to the calculations of Lorentzian linewidths of satel-
lite states, but no theoretical estimations for the shapes of
the Auger lines originating from the excited atomic states
exist.
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According to the Green’s function theory for the Auger
spectra [15] the widths of the Auger lines, originating from
main (Lorentzian) photoelectron lines, equal to the width
of the photoelectron line and the intensity of each Auger
line is proportional to its partial width (contribution to the
photoelectron linewidth). On the other hand low-energy
Auger spectra [10] show a strong Fano-type asymmetry
of both directions of asymmetry. Since these Auger lines
originate from the states of one direction of asymmetry (or
symmetrical states), it follows that the theory of Auger
lineshapes should be generalized to describe the decay of
excited atomic states. This is main aim of the present
work.

In the present work the approach of reference [7] is
further developed in order to obtain the formulae for
the calculation of low-energy Auger lineshapes. The line-
shapes for the Auger decay into underlying continua of
the satellite states [2s2p](1,3P )3s(2P ), [2s2p](1P )4s(2P )
and [3s3p](3P )4s(2P ) in valence p-photoelectron spectra
of Ne and Ar atoms are calculated. (Hole states are in-
dicated by square brackets throughout). The calculations
show that in some cases the widths and the shapes of
Auger lines are approximately equal to that of the pri-
mary photoelectron satellite line, but in other cases a sig-
nificant difference occurs. Numerical calculations show a
new appearance of many-electron correlations: the Auger
decay lines of satellites in photoelectron spectra can be
narrower and their asymmetry can be different than those
of the primary satellite photoelectron line. Theoretical re-
sults are in reasonable agreement with low-energy Auger
spectra [10].
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2 Theory

If the photon energy is far above the threshold, the to-
tal energy distribution of the k-hole state is given by the
spectral function [6,7,16,17]:

A(E) =
1

π

=Σ(E)

(E − εk −<Σ(E))2 + =Σ(E)2
(1)

where <Σ and =Σ are real and imaginary parts of the
self-energy, εk is the one-electron energy of the hole under
consideration and E is the energy parameter.

All important channels of excitation and decay should
be included in real and imaginary parts of the self-energy.
Let us consider the excitation from the initial hole [k]
into a double-hole-one particle discrete satellite state [il]r
in the presence of several underlying continuum states
[ijν ]cν . It was shown [1,7] that in this case the lineshape
is influenced by both direct transitions into continuum
[k]→ [ijν ]cν and by two-step process [k]→ [il]r→ [ijν ]cν .
In order to take into account both these processes one
should consider a limited set of diagrams up to the fourth
order of perturbation theory [7]. It should be mentioned
that the theory of lineshapes in photoelectron spectra in
the presence of several channels of broadening was de-
veloped in reference [18], but only the case of constant
broadening parameters was considered there. We will see
below, that the main features of asymmetrical broaden-
ing of satellite states and of their Auger decay channels
are due to a very strong variation of hole state energy
parameters (<Σ and =Σ).

Since the total number of fourth order diagrams is very
high we consider briefly the physical background of our
choice of the diagrams responsible for the linewidths. The
diagrams should describe two main channels of broaden-
ing [1] and, since formula (1) defines the spectral density,
the =Σ should be positively defined on all energy axes.
We consider below the imaginary parts of higher order di-
agrams, but real parts of these diagram are also taken into
account.

The second order diagrams represent the broadening
of the satellite due to the direct transitions from one-hole
states to the continuum [k] → [ijν ]cν (shake-off process).
The term of the imaginary part of the self-energy cor-
responding to this process is given by the following for-
mula [16,17]:

=Σ2(E) =
∑
ν

πU2
kjν icν

(εcν )δ(E − εi − εjν + εcν ) (2)

where Ukjν icν is the Coulomb matrix element of Auger
decay of the initial one-hole state [k] into two-hole-one-
particle state [ijν ]cν [19].

The broadening of the line due to the two-step pro-
cess [k]→ [il]r → [ijν ]cν is described by the fourth order
diagram of perturbation theory [7] and the corresponding
term of the imaginary part of the self-energy is written as:

=Σ4(E) =
∑
ν

πU2
klirU

2
lrjνcν (εcν )

× δ(E − εi − εjν + εcν )/∆2. (3)

The matrix elements U2
lrjνcν

of interaction between two-
hole-one-particle states are calculated making use of the
graphical technique [20]. The sign of the corresponding
Feynman diagram [21] is also included in this matrix ele-
ment. The value ∆ in formula (3) is defined as:

∆ = E − εi − εl + εr. (4)

It is the shift of the energy parameter with respect to the
one-electron Hartree-Fock position of the satellite. Since
in the satellite energy region this value is small, =Σ4 in
formula (3) varies sharply. In order to envisage the physi-
cal significance of this term we consider the main (second
order) term of the real part of the self-energy [16,17]:

<Σ2(E) =
∑
r

U2
klir

E − εi − εl + εr
+

∞∫
0

U2
klirdεr

E − εi − εl + εr
·

(5)

The position of the line is given by the solution of the
Dyson equation [16,17]:

E∗r = εk + <Σ(E∗r ). (6)

The intensity of the line is proportional to its spectro-
scopic factor:

f =
1

1−
∂<Σ(E)

∂E

(7)

where the derivative is taken at point E∗r .
The Lorentzian linewidth is given by the following for-

mula [16]:

Γ = 2f=Σ(E∗r ). (8)

Inserting (2) into (8) we obtain the line broadening due
to direct excitation into the shake-off continuum:

Γ0 = 2πf
∑
ν

U2
kjν icν (εcν )δ(E∗r − εi − εjν + εcν ). (9)

In the vicinity of the satellite under consideration we re-
tain only one term in the sum in right hand side of (5)
corresponding to it and neglect the integral. For small
satellites we can also neglect unity in the denominator
of (7) and obtain:

f ≈
∆∗2

U2
klir

(10)

where ∆∗ = E∗r − εi− εl+ εr is the energy shift of the top
of the line with respect to the one-electron value.

Making use of equations (3, 8, 10) we obtain the line
broadening due to the direct interaction of the satellite
state with the continuum:

Γr = 2π
∑
ν

U2
lrjνcν (εcν )δ(E − εi − εjν + εcν ). (11)
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The width Γr was calculated in references [11–13]. Since in
the satellite series under consideration spectroscopic fac-
tors are small (about 0.01), the value of Γ0 is smaller than
Γr [7].

The third order term of the self-energy decomposition
represents the interference term between the two above
mentioned channels which contribute to the broadening:

=Σ3 =
∑
ν

2πUklirUlrjνcν (εcν )Ukjν icν (εcν )

× δ(E − εi − εjν + εcν )/∆. (12)

The strongly non-Lorentzian lineshapes of broad satel-
lites follows directly from formulae (1, 5), since when the
energy parameter E approaches the one-electron energy
of the satellite εi + εl − εr, the <Σ in formula (5) ap-
proaches infinity, and the spectral density (1) approaches
zero. Hence it follows that the line is Lorentzian only if:

∆∗ � Γ . (13)

For the alternative case, i.e. when:

∆∗ ≈ Γ , (14)

one side of the line is effectively depressed and its shape is
asymmetrical. Since all the shake-up satellites are shifted
to the higher binding energy side from the Hartree-Fock
position, the low-binding energy side of all broad shake-
up satellites is effectively depressed [7]. This theoretical
assertion was confirmed experimentally [3]. Hence it fol-
lows that the lineshape of the satellite is asymmetrical in
the case when the direct interactions with the continuum
are not taken into account and the direction of this asym-
metry is fixed. On the other hand there is no preferential
direction for the asymmetry associated with autoioniza-
tion resonances [8]. This main difference between the pho-
toelectron satellites and autoionization resonances follows
from the different origins of these states. The origin of the
photoelectron satellites is due to electron-electron correla-
tions and corresponding terms appear in the second order
of perturbation theory. On the other hand the autoionized
states appear due to the direct interaction between atomic
electrons and photons.

The Green’s function technique makes it possible to
obtain also the formulae for the spectral function of Auger
transitions. For each channel of broadening the imaginary
part of the self-energy may be written as:

=Σν(E) = =Σν
2 (E) + =Σν

3 (E) + =Σν
4 (E) (15)

where terms in right hand side of (15) are defined by
formulae (2, 12, 3). It follows from these formulae that
=Σν(E) is a positively defined function at any point of
the energy axis, where this function exists. This assertion
reinforces our choice of higher order diagrams in the de-
composition of the imaginary part of the self-energy.

In the case of Ne and Ar the probabilities of the ra-
diative transitions are much less than the probabilities of
Auger transitions [11,12]. In this case one can neglect the
terms in the imaginary part of the self-energy connected

with radiative transitions [15]. Thus the imaginary part
of the self-energy may be expressed as the sum over all
channels of the Auger decay:

=Σ(E) =
∑
ν

=Σν(E). (16)

Making use of (16) we can write instead of (1):

A(E) =
∑
ν

Aν(E)

=
∑
ν

1

π

=Σν(E)

(E − εk −<Σ(E))2 + =Σ(E)2
· (17)

Since the δ-functions in terms of second, third and fourth
order are the same for the same ν-values, formula (17)
makes it possible to distribute the main line intensity into
parts corresponding to subsequent Auger decay into dif-
ferent ν-channels. It should be pointed out that a for-
mula very similar to (17) was obtained in reference [15],
but only the case of constant =Σ was considered there.
It follows from formula (17) that in this case the widths
of all Auger lines are equal to the width of the primary
photoelectron line and that the distribution of the pho-
toelectron line spectral density between Auger transitions
is constant. This is usually valid for main photoelectron
lines. In the case of photoelectron satellites the values of
=Σν may vary very significantly. Hence, it follows that
the distribution of the photoelectron line spectral density
between Auger transition is a strongly energy dependent
function. This may result in interesting effects. In order
to give further insight into these effects, numerical calcu-
lation for Ne and Ar are carried out in the next section.

3 Numerical calculations

In the present work we consider four satellites: three satel-
lites associated with [2s2p](1,3P )3s(2P ) and [2s2p](1P )
4s(2P ) configurations in the 2p-photoelectron spectrum of
Ne (lines 60, 67 and 69 [3]) and a satellite associated with
the [3s3p](3P )4s(2P ) configuration in 3p-photoelectron
spectrum of Ar (line 68 [3]). These lines are broadened
due to inner-valence Auger transitions into the underlying
continua [np2](3P,1D,1S)εp(2P ) [11,12]. Due to its higher
binding energy the satellite [2s2p](1P )4s(2P ), may deex-
cite via a valence-multiplet transition into the [2s2p](3P )
continuum.

The computer code Atom [22] was used to calcu-
late the wavefunctions in the Hartree-Fock approximation.
There are two different methods for the calculation of the
wavefunctions [6]. In the relaxed approximation the two-
hole configuration is calculated self-consistently and the
excited-state wavefunctions are calculated in this field. In
the frozen approximation the atomic ground state wave-
functions are used for the calculation of the excited states
in a field of two holes. The frozen approximation is more
appropriate for the calculation of the intensities of the
valence-shell satellites [6,23]. The relaxed approximation
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Fig. 1. Spectral functions (arbitrary units) of valence Auger
decay of [2s2p](3P )3s(2P ) satellite (line 60) in Ne; dashed line:
decay into [2p2](1S) final state, dotted line: decay into [2p2]-
(1D) final state, dashed-dotted line: decay into [2p2](3P ) final
state, solid line: total (spectral function of the [2s2p](3P )3s-
(2P ) satellite).

is more suitable for the calculation of final state config-
uration interaction effects. The interaction of the valence
satellite states with the underlying continuum which de-
fines the value of Γr (see formula (11)) is the appear-
ance of final state configuration interaction. The widths
Γr of the satellites [2s2p](1P )3s(2P ) and [2s2p](3P )3s(2P )
calculated in the relaxed approximation [11] equal to
0.238 eV and 0.334 eV respectively and are in a good
agreement with experimental [4] values 0.206± 0.041 eV
and 0.42 ± 0.09 eV. The frozen approximation [7] seems
to overestimate the experimental widths [4]. Since the
present work is aimed to the calculations of the lineshapes
the relaxed approximation is used throughout.

The spectral functions of the satellites in question to-
gether with the spectral functions of valence Auger tran-
sitions are shown in Figures 1–4. The binding energy
scale was used both for the photoelectron and the Auger
spectral functions. The kinetic energy distribution of the
Auger electrons can be easily obtained making use of
the known experimental satellite binding energies [3] and
double-ionization thresholds [10].

The spectral functions of the satellite [2s2p](3P )3s-
(2P ) (line 60) in the photoelectron spectrum of Ne and
that of the Auger transitions into [2p2](3P,1 D,1 S)εp(2P )
continua are shown in Figure 1. When fitting the theo-
retical curve with a Fano profile we obtained the width
0.37 eV, which is in a good agreement with the experi-
mental value 0.42 [4].

In the resonant part of the spectrum the intensity of
the Auger transition into the 1D continuum is the most
intense one. Due to interference effects between two transi-
tion paths to the 3P continuum, its intensity is suppressed
at the top of the line. When coming from the resonant

Fig. 2. Spectral functions (arbitrary units) of valence Auger
decay of [2s2p](1P )3s(2P ) satellite (line 67) in Ne; dashed line:
decay into [2p2](1S) final state, dotted line: decay into [2p2]-
(1D) final state, dashed-dotted line: decay into [2p2](3P ) final
state, solid line: total (spectral function of the [2s2p](1P )3s-
(2P ) satellite).

Fig. 3. Spectral functions (arbitrary units) of valence Auger
decay of [2s2p](1P )4s(2P ) satellite (line 69) in Ne; dashed line:
decay into [2p2](1S) final state, dotted line: decay into [2p2]-
(1D) final state, dashed-dotted line: decay into [2p2](3P ) final
state, dashed-double-dotted line: decay into [2s2p](3P ) final
state, solid line: total (spectral function of the [2s2p](1P )4s-
(2P ) satellite).

part of the peak to a non-resonant part, the intensities
of transitions into 1D and 3P continua become approxi-
mately equal. The spectral distribution of Auger electrons
in the 1S continuum is similar to that in the 1D contin-
uum, but due to the smaller matrix elements it is signifi-
cantly smaller in magnitude.
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Fig. 4. Spectral functions (arbitrary units) of valence Auger
decay of [3s3p](3P )4s(2P ) satellite (line 68) in Ar; dashed line:
decay into [3p2](1S) final state, dotted line: decay into [3p2]-
(1D) final state, dashed-dotted line: decay into [3p2](3P ) final
state, solid line: total (spectral function of the [3s3p](3P )4s-
(2P ) satellite).

Figure 2 shows the same for the satellite [2s2p](1P )-
3s(2P ) (line 67 [3]) in photoelectron spectrum of Ne. It
is seen from Figure 2, that at the top of the photoelec-
tron line the main channel of Auger decay is into the
[2p2](3P ) continuum. There is a strong interference be-
tween two channels causing broadening for the transitions
into the [2p2](1D) and [2p2](1S) continua in the energy re-
gion near the top of the satellite profile, and the intensities
of these transitions are shifted to lower binding energies.

Theoretical satellite lineshape prediction reveals a
trough between spectral densities corresponding to tran-
sitions into the 3P and 1D (1S) continua. In the experi-
mental spectrum [3] this trough is smeared by instrumen-
tal broadening (FWHM = 0.17 eV [3]) and by spin-orbit
splitting (0.1 eV [5]). The experimental spectrum [3] show
complex structure at the low binding energy side of this
satellite. But this structure is also due to overlap with the
satellite [2s2p](3P )5p(2S) [1–4].

Figure 3 shows the spectral function for the satellite
[2s2p](1P )4s(2P ) (line 69 [3]) in photoelectron spectrum
of Ne. The distribution of the satellite line intensity be-
tween different channels of [2p2] continua is approximately
the same as in a previous case. The trough between peaks
is very narrow and it may not be seen in the photoelec-
tron spectrum. Due to the higher binding energy of this
satellite state a new channel of decay into [2s2p](3P ) con-
tinuum opens. The Auger spectral density of this transi-
tion is in the same binding energy region as that for the
[2p2](3P ) continuum.

The satellite 68 in photoelectron spectrum of Ar was
assigned [3] as the state [3s3p](3P )4s(2P ). This satellite is
very similar to the line [2s2p](3P )3s(2P ) in photoelectron
spectrum of Ne. It is very broad and reveals a pronounced

Fano-like profile. Since the threshold of 1S continuum is
near the top of this line, its structure is complex [3]. The-
oretical spectral function prediction for this satellite (see
Fig. 4) correctly reproduces its asymmetrical shape. The
main channel of decay is into the 1D continuum. The pre-
diction is that the decay into the 3P continuum is rather
small. The channel of decay into 1S continuum opens af-
ter the top of the line and there is no Auger line in this
continuum.

4 Discussion

Our calculations reveal two essential features of the line-
shapes as a result of the Auger decay of the photoelectron
satellite states:

1. when decaying into the continuum the symmetrical
satellite states and the satellite states of one direction
of asymmetry result in Auger lines with sharp Fano-
type profiles in both directions of asymmetry;

2. in some cases the Auger decay lines may be narrower
than the parent photoelectron satellite lines.

These unusual features are due to very strong electron-
electron correlation involving the continuum states.

Experimental photoelectron spectra show asymmetry
on the high binding energy (low kinetic energy) side of
all the broad satellites [3]. Using energy conservation
principles one can expect the asymmetry of associated
Auger lines to be on the high kinetic energy side. This
direction of asymmetry is considered to be normal. Some
of the experimentally observed valence Auger transitions
are assigned in reference [10] and therefore we can carry
a comparison between theory and experiment.

In accordance with our theory (see Fig. 1) the direc-
tion of asymmetry of Auger decay line of the Ne satellite
[2s2p](3P )3s(2P ) into the [2p2](1D) continuum (Auger
line with kinetic energy 9.4 eV) is normal [10]. The thresh-
old for the [2p2](1D) continuum is 65.73 eV [10]. We can
also estimate the threshold of the continuum [2p2](3P )
from Figure 7 of reference [10] as 62.5 eV. The energy dif-
ference between the two continuum thresholds is therefore
3.2 eV. When shifting from the point Ekin = 9.4 eV to the
point 12.6 eV no experimental peak is observed [10]. The
theoretical explanation is that the intensity for the tran-
sition to [2p2](3P ) is very small, and the corresponding
Auger lines are not seen. Thus for the satellite 60 experi-
mental low-energy Auger spectra unambiguously confirm
all the theoretical results.

It is seen from Figure 2 that the theoretical direction
of asymmetry of Auger decay of the satellite [2s2p](1P )-
3s(2P ) into 1D continuum is reversed to the lower bind-
ing energy side. The experimental results [10] also show
the reversed direction of asymmetry for the Auger decay
line of the state [2s2p](1P )3s(2P ) into the 1D continuum.
(Auger line with kinetic energy 19.2 eV). The contribu-
tion to the Auger decay of the satellite [2s2p](3P )5p(2S)
should be also taken into account. The intensity of the
satellite [2s2p](3P )5p(2S) is approximately 20 times lower
than that of the state [2s2p](1P )3s(2P ) [3] with almost all
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of its intensity transferred to the 1D Auger channel. The
theoretical ratio of the intensities of Auger transitions may
be estimated from Figure 2 as I(1D):I(3P ) = 1:2.4 Thus
the contribution of the satellite [2s2p](3P )5p(2S) to the
Auger line under consideration is approximately 6 times
less than that of the satellite [2s2p](1P )3s(2P ). A very
strong trough on the high kinetic energy side is a charac-
teristic feature of this Auger line (see Fig. 4 in Ref. [10]).
This experimental result is in excellent agreement with
the theory.

The next Auger line (Ekin = 22.4 eV) was assigned [10]
to be the Auger transition [2s2p](1P )3p(2S)→ [2p2](1D).
However, the energy difference between this line and the
previous line is exactly 3.2 eV, i.e. difference between
the 1D and 3P thresholds. Hence, it follows that this
line may be also assigned as the Auger transition [2s2p]-
(1P )3s(2P ) → [2p2](3P ). The relative intensities of these
transitions may be estimated as follows. The intensity of
satellite [2s2p](1P )3s(2P ) is 36% of the intensity of the
satellite [2s2p](1P )3p(2S) [3] but only less a 1% of its in-
tensity is transferred to the 1D continuum channel [11].
Thus the Auger line a with kinetic energy of 22.4 eV is
mainly due to the transition [2s2p](1P )3s(2P ) → [2p2]-
(3P ). No direction of asymmetry for this line is observed
in the experimental spectrum [10].

The Auger line with Ekin = 26.1 eV was assigned as
[2s2p](1P )4s(2P )→ [2p2](1D). In agreement with the the-
ory this line shows a reversed asymmetry.

In the case of Ar the structure of the valence Auger
spectrum is more complex [10]. The interpretation is
limited and we are not able to perform complete com-
parison of the theory with the experiment. The agree-
ment of the theoretical lineshape of photoelectron satel-
lite [3s3p](3P )4s(2P ) with the shape of the experimental
line 68 [3] is excellent.

5 Conclusion

The theory of lineshapes of Auger transitions from the
multiple vacancy satellite states accompanying photoion-
ization is developed. It is shown that two different cases
for lineshape profiles are possible. In the first case (similar
to the Auger decay of inner holes [15]) the widths and
the shapes of the valence Auger lines are the same as for
the primary photoelectron line (examples are the decay
of the satellite states [nsnp](3P )(n + 1)s(2P ) in Ne and
Ar into the 1D continuum). But in the second case some
Auger channels can disappear (examples are the decay of
the states [nsnp](3P )(n + 1)s(4s)(2P ) in Ne and Ar into
the 3P continuum) or their widths can be smaller and
the directions of asymmetry can be reversed with respect
to primary photoelectron lines (examples decay of the
states [2s2p](1P )ns(2P ) (n = 3, 4) in Ne into the 1D con-
tinuum). Most of the theoretical results are in reasonable
agreement with the known experimental photoelectron [3]

and low-energy Auger [10] spectra. A theoretical predic-
tion is that the profile on the high binding energy side of
the photoelectron satellite [2s2p](1P )3s(2P ) results from
deexcitation into the 3P continuum while the low binding
energy side of the profile results from deexcitation into the
1D continuum.
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