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Abstract
The Kr 3d correlation satellites have been studied experimentally by using plane polarized
synchrotron radiation to record polarization dependent photoelectron spectra (PES), and
theoretically by employing the R-matrix method to calculate photoionization cross sections,
PES and angular distributions. The experimental spectra have allowed the photoelectron
anisotropy parameters characterizing the angular distributions, and the intensity branching
ratios, related to the photoionization partial cross sections, to be evaluated. The results are
discussed in terms of normal and conjugate shake-up processes. The experimental and
calculated photoelectron angular distributions associated with those correlation satellites that
arise predominantly through conjugate shake-up mechanisms are shown to be isotropic. In
contrast, the anisotropy parameters associated with satellites due to normal shake-up processes
exhibit a dependence on electron kinetic energy similar to that of the anisotropy parameters
corresponding to the Kr 3d main lines. The theoretical results include an analysis of the partial
waves representing the emitted photoelectron and, for certain correlation satellites, show that a
particular ionization continuum dominates. This, in turn, may allow the dominant normal or
conjugate shake-up mechanism forming the satellite to be identified.

Keywords: krypton photoelectron spectrum, photoionization cross section, correlation
satellites, shake-up formation, R-matrix calculations
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1. Introduction

The photoelectron spectrum due to ionization of a particular
atomic level often exhibits weak satellite structure at binding
energies (BE) higher than that of the prominent main line asso-
ciated with the single-hole state. Early experimental studies on
the inert gases employed conventional, fixed photon energy,
x-ray sources, and several comprehensive reviews of this work
are available [1–5]. Historically, the satellite structure was usu-
ally discussed in relation to the shake model [6–8], involving
the simultaneous ionization of one electron and the excitation
of another. Subsequent investigations using plane polarized
synchrotron radiation enabled the photon energy dependence
of the satellite formation to be studied, whilst also allowing the
angular distribution of the electrons associated with the satel-
lites to be measured. The aim was to investigate whether this
additional energy dependent information could help elucidate
the satellite formation mechanisms [9–12].

The satellites observed in the experimental spectra arise
from electron correlation, and nowadays are more generally
referred to as correlation satellites [10]. Within a configura-
tion interaction (CI) description, the effects of electron correla-
tion may be separated into two parts: configuration interaction
in the initial state (ISCI) and configuration interaction in the
final state (FSCI) [4, 8, 10]. The latter interaction may be sub-
divided into final ionic state CI (FISCI) and continuum state CI
(CSCI). ISCI and FISCI refer to electron systems comprising
N and N − 1 electrons, respectively. In CSCI, the continuum
photoelectron is included, and hence is an N-particle CI.

In the theoretical description of the processes leading to
satellite formation, two types of electron correlation are often
distinguished [9, 13]: (i) intrinsic correlation effects which
are due to the interaction between the passive electrons and
the core hole vacancy, and are nearly independent of the pho-
ton energy; and (ii) dynamic correlation effects which depend
upon the photoionization dynamics and should manifest them-
selves most prominently near threshold.

ISCI and FISCI are, to a first approximation, independent
of the photoelectron kinetic energy, and are hence considered
as intrinsic correlations. Satellites deriving their intensity from
intrinsic correlations should display a constant branching ratio
with respect to the main photoelectron line. Moreover, the
angular distribution of the electrons associated with the satel-
lites arising from intrinsic correlations should be similar to
those in the main line [10].

In contrast, dynamic correlations depend upon the inter-
actions between the departing photoelectron, as it leaves the
surrounding environment, and the passive electrons. The shake
model [6–8], which takes into account the interaction between
the passive electrons and the hole created by the photoion-
ization process leads, in the sudden limit [10, 14] where the
passive electrons have insufficient time to relax into their final
state, to an energy independent branching ratio between the
shake-up satellites and the main line. However, for low elec-
tron kinetic energies, the core electrons have sufficient time to
adjust adiabatically to a certain extent to the changing envi-
ronment [15], and the resulting relaxation leads to an energy

dependence, with the shake-up satellite intensity decreasing
towards the ionization threshold [9, 13].

CSCI incorporates the interaction between continuum
states, where these states describe the entire photoionization
channel comprising the final ionic state and the photoelec-
tron. CSCI gives rise to the so-called conjugate shake-up satel-
lites [16]. Using the terminology associated with the shake
model, a normal shake-up process involves the dipole ioniza-
tion of one electron together with the monopole excitation of
a second electron, whereas a conjugate shake-up process is
due to the monopole ionization of one electron accompanied
by the dipole excitation of a second. Thus, in a normal pro-
cess the angular momentum of the photon is transferred to the
photoelectron and the symmetry of the outgoing wave repre-
senting the departing electron is changed by an odd number,
most likely by 1 (Δl = ±1) [13]. In a conjugate process the
angular momentum remains in the ion and the symmetry of
the outgoing photoelectron wave is preserved (Δl = 0) [13].
Under these conditions, the photoelectron angular distribution
(PAD) for ionization of an unpolarized atom becomes isotropic
[17–19]. The relative intensity of the conjugate shake-up
peaks is predicted to increase towards the ionization threshold
[9, 13].

Most of the experiments employing synchrotron radia-
tion to record correlation satellite structure in the inert gases
have concentrated on the outer valence orbitals (see, e.g.
[11, 12, 20–28]). Very little work has been carried out on the
Kr 3d satellites which are the focus of the present study. The
first experimental studies [5, 29] providing reasonable qual-
ity spectra encompassing the Kr 3d correlation structure were
carried out with Mg and Al Kα photon sources. Later work
[30], performed with synchrotron radiation, enabled the pho-
toionization partial cross sections and the PADs for the Kr
3d main lines and satellites to be measured. However, in that
study, the experimental resolution was insufficient to allow
individual satellite peaks to be resolved. A higher resolution
spectrum of the satellites, assigned using Hartree–Fock (HF)
energy calculations and intensity estimations based on the sud-
den approximation, was obtained by Sankari et al [31], but the
PADs could not be measured. Hayaishi et al [32] measured the
threshold photoelectron spectrum in the Kr 3d shake-up region
and proposed assignments, based on the results obtained from
multiconfigurational Dirac–Fock calculations, for some of the
observed structure. The peaks were discussed in relation to
normal and conjugate shake-up processes. Bolognesi et al
[33] have measured threshold photoelectron coincidence spec-
tra and threshold photoelectron spectra in the energy range
105–127 eV, and observed the Kr2+ 3d−14p−1 doubly charged
ion states and the Kr+ 3d−14p−1nl satellite states.

The normal (SU1–SU4) and conjugate (SU5–SU8) shake-
up processes relevant to our study of the Kr 3d correla-
tion satellites are given in table 1. It is interesting to note
from examination of this table that the 3d−14s−1np, nf and
3d−14p−1nf ionic configurations can only be formed through
the conjugate shake-up mechanism whilst the 3d−14s−1ns, nd
configurations can only be formed through the normal shake-
up mechanism. In contrast, the 3d−14p−1np, nd configura-
tions may be produced via either a normal or a conjugate
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Table 1. Shake-up mechanisms relevant to the formation of the Kr
3d correlation satellites.

Shake process Ionization Excitation Ionic configuration

Normal shake-up
SU1 3d → εp, εf 4p → np 3d−14p−1np
SU2 3d → εp, εf 4s → ns 3d−14s−1ns
SU3 4p → εs, εd 3d → nd 3d−14p−1nd
SU4 4s → εp 3d → nd 3d−14s−1nd

Conjugate shake-up
SU5 3d → εd 4p → ns, nd 3d−14p−1ns, nd
SU6 3d → εd 4s → np 3d−14s−1np
SU7 4p → εp 3d → np, nf 3d−14p−1np, nf
SU8 4s → εs 3d → np, nf 3d−14s−1np, nf

mechanism. As will be shown, in some cases our calculated
l-dependent photoionization partial cross sections enable the
more likely shake-up mechanism to be identified where more
than one formation process is allowed. Additional information
may be provided by the value of the photoelectron anisotropy
parameter.

In the present work, plane polarized synchrotron radiation
was employed to measure polarization dependent PES encom-
passing the Kr 3d correlation satellites. These allowed the
PAD, as characterized by the anisotropy parameter β, and the
intensity branching ratio (proportional to the photoionization
partial cross section) of a specific satellite to be evaluated.
The selected binding energy range allowed satellites due to
the 3d−14p−1nl and 3d−14s−1nl configurations to be studied.
The R-matrix approach was used to calculate the photoioniza-
tion amplitudes for the various satellite states, thereby enabling
the structure observed in the experimental spectrum to be
assigned. In addition, the photoelectron anisotropy parame-
ter associated with a specific satellite state was calculated as
a function of photon energy.

The paper is organized as follows. In section 2 we describe
the experiment. In section 3 the theoretical model is presented.
Section 4 contains our results together with their discussion,
followed by a short summary.

2. Experimental apparatus and procedure

The experiment was performed at the newly commissioned
FinEstBeAMS beamline on the 1.5 GeV storage ring at the
MAXIV Laboratory in Lund, Sweden. Detailed descriptions
of the beamline [34, 35], the gas phase end station [36], and
the experimental procedure [37] have already been reported.
Hence, only a brief summary of the pertinent details is given
here.

The beamline uses an in-house designed undulator, based
on the APPLE-II design [38]. The beamline control system
allows the undulator gap and the polarization of the syn-
chrotron radiation to be selected, enabling the use of plane and
circularly polarized radiation.

A toroidal mirror collimates the beam emitted by the undu-
lator prior to the radiation entering a plane grating monochro-
mator [39]. A 600 lines/mm grating was used in the present

work. A further toroidal mirror focusses the monochromatic
radiation onto the monochromator exit slit, after which an
ellipsoidal mirror refocuses the radiation into the experimental
chamber. An SXUV100 photodiode, mounted at the exit of the
chamber, could be used to measure the photon flux.

The PES were recorded at the gas phase end-station using
the Scienta R4000 hemispherical electron analyser. The anal-
yser was mounted in a fixed position such that the entrance lens
of the analyser lies parallel to the plane of the electron orbit in
the storage ring. The analyser pass energy was set to 10 eV,
which, when combined with the 0.8 mm curved entrance slit
width, results in a theoretical resolution of 20 meV.

The BE of the Kr 3d correlation satellites studied in the
present work ranged from 110 to 130 eV, and PES were
recorded at several photon energies between 127.5 and 200 eV.
For the satellite with the binding energy of 110 eV, the trans-
lational Doppler broadening [40] varied between ∼6 and
13 meV at photon energies of 127.5 and 200 eV, respectively.
A monochromatorexit slit width of 200μm was used, resulting
in the theoretical optical resolution varying between 88 meV
(hν = 127.5 eV) and 173 meV (hν = 200 eV), for all mea-
surements except that at 133 eV, where an exit slit width of
100 μm was used, resulting in a resolution of 47 meV. Thus,
the overall resolution, due to the contributions from the transla-
tional Doppler broadening, the electron analyser and the pho-
ton bandwidth, varied from 51 meV at a photon energy of
133 eV to 175 meV at a photon energy of 200 eV.

The Kr gas, with a stated purity of 99.998%, was ordered
from AGA Gas AG (Linde). It was introduced into the chamber
via a needle, with an internal diameter of 0.1 mm, mounted on
a port aligner.

The differential photoionization ionic state resolved cross
section, dσ/dΩ, varies as a function of the angle θ between
the polarization vector of the incoming plane polarized radi-
ation and the velocity vector of the outgoing photoelectron.
Within the electric dipole approximation and assuming per-
fectly polarized radiation, the dependency is given by [41]

dσ
dΩ

=
σ

4π
[1 + βP2(cos θ)] , (1)

where σ is the angle-integrated ionic state resolved cross
section; dΩ is the differential solid angle element in the direc-
tion specified by the polar angle θ; β is the photoelectron
anisotropy parameter; and P2(cos θ) is the Legendre poly-
nomial of second order. At each photon energy, PES were
recorded with the plane of polarization lying either parallel
(θ = 0◦) or perpendicular (θ = 90◦) to the Scienta analyser’s
electron acceptance axis. Defining I0 and I90 as the normalized
electron intensities for parallel and perpendicular polarization
orientations, respectively, allows (1) to be rearranged into the
form [42, 43]

β =
2(I0 − I90)
I0 + 2I90

. (2)

All the spectra were normalized to the sample pressure, the
accumulation time, the photon flux, and the electron spectrom-
eter transmission efficiency [37] prior to processing.

Before performing our measurements on the Kr 3d cor-
relation satellites, the performance of the beamline and the
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electron spectrometer was checked by recording polarization
dependent PES encompassing the Kr+4p5 2P1/2 and 2P3/2
states, over the photon energy range 110–200 eV, and the
Ar+3p5 2P1/2 and 2P3/2 states, over the range 32–66 eV. The
β-parameters derived from these spectra were in accord with
the well-established values [30, 44, 45]. Thus, the procedure to
change the plane of polarization by shifting the magnet arrays
in the undulator [34] appeared reproducible, in terms of photon
beam position and energy.

The binding energy scale of the PES of the Kr 3d
main lines and correlation satellites was calibrated using the
Kr+3d9 2D5/2 state ionization energy of 93.81 eV [5].

Previous experimental studies [46–48] have shown that the
M45NN and M45NN–NNN Auger transitions in krypton give
rise to spectral features in the kinetic energy range∼15–57 eV.
Thus, these Auger peaks overlap those due to the Kr 3d correla-
tion satellites at certain photon energies. An electron spectrum
was recorded at a photon energy of 225 eV, where the peaks
due to the Auger transitions are well separated from those asso-
ciated with the correlation satellites. This spectrum was used
to assess the contribution from Auger peaks at photon ener-
gies where the peaks due to the Auger transitions could overlap
those due to the correlation satellites.

The experimental photoelectron anisotropy parameter and
the branching ratio associated with a particular satellite state
were determined as described by Powis et al [42]. For each
satellite peak, the electron counts in the normalized parallel
polarization spectrum are summed, as are those in the perpen-
dicular polarization spectrum, and the resulting total counts are
inserted into (2). The potential errors in the β-parameters and
branching ratios were estimated by propagation of the assumed
statistical counting uncertainty through evaluation of (2). The
resulting error bars do not include any uncertainty associated
with possible systematic errors.

3. Theoretical model

We simulate the photoionization of neutral krypton from the
ground state,

hν + Kr (α0Jπ0
0 ) → Kr+(αJπ) + e−(εl), (3)

in the electric dipole (E1) approximation. Here J0 and π0

(J and π) are the total angular momentum and the parity of
the ground atomic (final ionic) state, α0 (α) is a correspond-
ing set of quantities further specifying the state, εl denotes
the energy ε and the orbital momentum l of the photoelec-
tron. According to the dipole selection rules, the total angu-
lar momentum and parity of the final system (Kr++ e−) are
Jtot = 1 and πtot = −1, respectively. These two quantities are
the only strict quantum numbers of the final system, neglecting
nuclear degrees of freedom.

In order to calculate the photoionization amplitudes of pro-
cess (3), we used an R-matrix approach based on a semi-
relativistic version of the B-spline R-matrix code [49]. This
version partially takes into account the non-orthogonality of
the electron orbitals, fully takes into account interchannel

interaction and allows diagonalization of the Breit–Pauli
Hamiltonian. The formalism of the R-matrix approach for cal-
culations of the cross sections, and the anisotropy parameters
characterizing the PAD, has been published [49] and does not
need to be repeated. Therefore we concentrate on specific fea-
tures of our model used in the calculations for the process
(3).

The initial state of atomic krypton, described by the wave
functionψ0, was obtained by a full self-consistent HF calcula-
tion [50] of the [Ar] 3d104s24p6 configuration. The final ionic
states (thresholds) are represented by the following mixed set
of electronic configurations (above the [Ar] core):

3d104s24p5, 3d104s24p44d, 3d104s14p6,

3d94s24p6, 3d94s24p5np, 3d94s24p5ns, 3d94s24p5md,

3d94s14p6np, 3d94s14p6ns, 3d94s14p6md,

where n = 5–7, and m = 4 − 5.

All the configurations in set (4) with a closed 3d-shell have
the same core of inner orbitals up to 3d from the independent
self-consistent calculation of the [Ar] 3d104s24p5 configura-
tion. States with a 3d-hole from set (4) also have the same
core but with inner orbitals up to 3d from the independent
self-consistent calculation of the [Ar] 3d94s24p6 configuration.

For the configurational set (4), due to the Breit–Pauli
interaction, all possible LS-terms are split in energy for J =
1/2; 3/2; 5/2, giving in total 244 LSJ-coupled ionic states
(thresholds). In the final (Kr+ + e−) system, we use the jK-
coupling scheme between the residual ion and the photoelec-
tron [51], where the ionic angular momentum first couples
with the orbital momentum of the photoelectron into the inter-
mediate momentum K = Jf + l, and then the electron spin is
added, resulting in the total angular momentum of the channel
Jtot = K + s. With the above set of Kr+ states, this leads to 627
photoionization channels satisfying the dipole selection rules.

The total photoionization cross section for a given pho-
ton energy hν is a sum over partial (channel) ionization cross
sections σ j

σtot(hν) =
Nch∑
j=1

σ j(hν), (5)

where Nch is the number of photoionization channels.
In order to simulate the PES observed in the experiment, we

build up the function:

fPES(ε) =
∑

i

Pi(hν) · exp

[
− (ε+ Ii − hν)2

Γ2(hν)

]
, (6)

where Pi(hν) = σi(hν)
σtot(hν) is the relative contribution of the ion-

ization of neutral krypton into a particular ionic state i to the
total photoionization cross section σtot at the photon energy
hν, Ii is the ionization energy of the ionic state i relative to the
ground state of neutral krypton,Γ(hν) is the total experimental
resolution, as discussed in section 2, for photon energy hν.

After constructing the function (6), the amplitude of the
most intense peak in the theoretical spectrum (labelled peak I,
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Figure 1. The total photoionization cross section of krypton.
Solid black curve–R-matrix calculations from the present work;
dashed black curve—theoretical results from [55]; red squares—
experimental data from [54]; blue circles - experimental data from
[52]. The groups of autoionization series in Kr and Kr+ are
indicated near the top of the figure.

see section 4) is scaled to the height of the corresponding peak
in the experimental spectrum. All other peaks in the theoretical
spectrum are scaled by the same factor. This process enables
the theoretical and experimental spectra to be compared in a
simple way.

4. Results and discussion

4.1. Overview

Figure 1 shows the calculated total photoionization cross
section of krypton, obtained by summation over all ioniza-
tion channels, in the photon energy range 80–230 eV. The
sharp structure predicted at energies below 100 eV arises from
autoionization of the Rydberg series 3d−1np(n = 4, 5, . . . ,∞),
converging to the M4 and M5-shell ionization thresholds,
whose experimental energies are 95.05 and 93.81 eV, respec-
tively [5]. For comparison, our HF ionization energies of these
two orbitals are 94.71 and 93.42 eV, respectively. Two bands
of narrow and intense closely-spaced features at higher energy
are due to the 3d−14p−1nl and 3d−14s−1nl shake-up autoion-
izing states, respectively. The calculated cross section in the
regions free of resonances is in good agreement with the exper-
imental measurements [32, 52–54]. The narrowness and high
intensity of the resonances are due to the restricted basis set
used in the R-matrix calculations. Although the calculations
do not include the main decay channels of these resonances,
this omission hardly affects the total and partial cross sections
in energy regions devoid of resonances.

The difference between the length and velocity gauges in
the present calculations is at the average level of 2%–7%
(depending on the channel under consideration). As the
velocity-form matrix elements depend mainly on the low-
radius part of wavefunctions, whereas those of the length-form
depend mainly on the large-radius part, and because the con-
sidered processes are mainly connected with the outer shells
of krypton (3d and higher), we find length-gauge results to
be more appropriate and accurate. Therefore, in this paper we
present only the results in the length gauge.

The experimental magic angle photoelectron spectrum
obtained from the polarization dependent spectra, in the region
of 3d−14p−1nl states, recorded at a photon energy of 190 eV

Figure 2. The magic angle photoelectron spectrum obtained from
the polarization dependent spectra recorded at a photon energy of
190 eV, together with the simulated spectrum, in the binding energy
region corresponding to the 3d−14p−1nl states.

is plotted in figure 2, together with the theoretically simulated
spectrum at the same energy. In the latter spectrum, 0.6 eV has
been added to the HF BE to improve the agreement between
the experimental and the theoretical peak positions. The cal-
culated BE, after adding 0.6 eV, are listed in table 2. The
calculated photoelectron spectrum has been convoluted with
a function (6) representing the combined experimental elec-
tron spectrometer and monochromator resolutions at a partic-
ular photon energy. Theoretical spectra were generated in this
manner at photon energies of 163, 175, 180, 190 and 200 eV.
The relative peak intensities were almost independent of the
photon energy, in accord with the experimental results. There-
fore the discussion of the spectra will focus on that simulated
at 190 eV. Experimental spectra were also recorded at photon
energies of 127.5, 133 and 136 eV. However, at these energies
the theoretical spectra are strongly affected by autoionization.

According to our theoretical results, the structure observed
in the binding energy region ∼110–122 eV is due to the
3d−14p−1nl (l = s, p, d) states, while that in the ∼124–132 eV
region arises from the 3d−14s−1nl (l = s, p, d) states. The lat-
ter states will be discussed in section 4.4, but note that the
results from our calculations offer a new interpretation for the
structure around 126 eV, where they show the importance of
the 3d94s14p64d and 3d94s14p65p configurations, in addition
to the 3d94s14p65s configuration. The assignments proposed
by Sankari et al [31] only involved the latter configuration.
The identifications of the peaks associated with the 3d−14p−1nl
states are given in table 2. For each peak, the leading elec-
tron configuration and the term are specified. Our calculations
show that the leading configuration associated with peak J,
at a binding energy of ∼114.8 eV, is 3d94s24p5(1P)5p[2D3/2],
thereby clarifying the earlier assignment of 4d or 5p [32]. Fur-
thermore, the identification of peak M, with a binding energy
of ∼115.90 eV, is 3d94s24p5(1P)5p[2P3/2] in contrast to the
proposed assignment of 6s or 6p [32].

The binding energy region 118–122 eV encompasses
numerous closely spaced and strongly mixed states, namely
the 3d94s24p5nl (l = d, f; n = 5, 6, . . .) states. Each of these
states contains many LSJ-levels. Owing to computational
restrictions, this region is beyond our present analysis.
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Table 2. Identification of the photoelectron peaks appearing in the simulated spectra
encompassing the Kr+ 3d94s24p5nl correlation satellites. The leading electron configuration and
the term is given for each peak. The first parenthesis indicates the 3d94p electronic state, and the
term with the total momentum J of the electron configuration is given in square brackets. The
calculated BE, after adding 0.6 eV, are listed in the final column.

Peak label Identification Leading percentage Theoretical BE (eV)

A 3d94s24p5(3D)5s[2D3/2] 46% 110.13
B 3d94s24p5(3P)5s[2P3/2] 64% 111.17
C 3d94s24p5(1P)5s[2P1/2] 60% 112.05
D 3d94s24p5(3D)5p[2D5/2] 70% 112.22
E 3d94s24p5(3D)5p[2F5/2] 58% 113.20
F 3d94s24p5(3P)5p[2P3/2] 58% 113.76
G 3d94s24p5(3F)5p[2F5/2] 50% 114.01
H 3d94s24p5(3F)4d[2P3/2] 26% 114.42
I 3d94s24p5(1F)5p[2D5/2] 50% 114.59
J 3d94s24p5(1P)5p[2D3/2] 49% 114.75
K 3d94s24p5(1D)6p[2D5/2] 62% 115.28
L 3d94s24p5(3D)6p[2D5/2] 83% 115.69
M 3d94s24p5(1P)5p[2P3/2] 73% 115.90

Figure 3. The arbitrarily scaled relative photoionization cross
section for the encompassed satellites (see text for details) and the
Kr 3d photoionization cross section which we have estimated from
the data reported by Tulkki et al [53] and Lindle et al [30].

At each photon energy used to record spectra in the
present study, a relative photoionization cross section for
the Kr 3d correlation satellites lying in the binding energy
range 113.0–116.1 eV was evaluated by summing the elec-
tron counts within this energy range and normalizing to the
photodiode current (after taking into account the quantum
efficiency). The photoionization cross section for the encom-
passed satellites, obtained in this manner, is plotted in figure 3,
arbitrarily scaled to allow a straight forward comparison with
the Kr 3d photoionization cross section which we have esti-
mated from the data reported by Lindle et al [30] and Tulkki
et al [53]. The comparison indicates that the satellite cross
section appears to decrease relative to the σ3d photoionization
cross section as the photon energy increases.

The ratio of the intensity in the satellites observed between
∼113 and 117 eV to that in the Kr 3d5/2, 3d3/2 main lines
was estimated from a spectrum recorded at a photon energy of
225 eV. The resulting value, averaged over all J-components,
of 0.16 ± 0.01 is higher than those obtained previously
(0.08 ± 0.01 [30] and ∼0.1 [32]).

Figure 4. Photoelectron anisotropy parameters for the Kr 3d5/2 and
3d3/2 main lines. Solid red and blue curves—R-matrix calculations
from the present work for Kr 3d5/2 and 3d3/2, respectively. Other
curves: relativistic random phase approximation from [56] (solid
black curve); Hartree–Slater calculation from [57] (dashed black
curve); HF calculation from [55] (dash-dotted black curve).
Experimental data: present work (red and blue open circles for Kr
3d5/2 and 3d3/2, respectively); from [30] (black diamonds). All the
depicted theoretical results are in the length form. For the sake of
clarity, the theoretical results in the autoionization regions are
plotted more lightly.

Before turning to the satellite lines, we show in figure 4 a
compilation of results for the photoelectron β-parameters for
the Kr 3d5/2 and 3d3/2 main lines, together with our values.

The energy dependence of our spin–orbit split experimen-
tal main line β-parameters is similar to that for the unresolved
spin–orbit β-parameter reported by Lindle et al [30]. Our the-
oretical β-parameters are in good agreement with both sets of
experimental data. In comparison with the previous theoret-
ical results, our calculated curves appear qualitatively closer
to the values reported by Lindle et al [30], particularly in
the region of the minimum around ∼130 eV. However, the
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Table 3. Binding energy ranges (accounting for the experimental
peak width) used to analyse the Kr+ 3d−14p−1nl correlation
satellites.

Peak Binding energy range (eV)

E 113.00–113.42
F 113.56–113.79
G 113.79–114.12
H 114.12–114.48
I 114.48–114.65
J 114.65–115.00
K 115.12–115.42
L 115.52–115.79
M 115.79–116.10

most significant result enabled within the framework of our R-
matrix calculations is the demonstration of the energy depen-
dencies of the spin–orbit split β-parameters, corresponding
to the Kr+ (3d5/2)−1 and (3d3/2)−1 ionic states. The differing
photon energy dependencies of these calculated β-parameters
are consistent with the experimental results. In particular, in
the photon energy region below the minimum in the β value,
the calculated β-parameter for the 3d5/2 component is slightly
lower than that for the 3d3/2 component, in accord with exper-
iment, whilst at photon energies above 130 eV, this ordering is
reversed (β5/2 > β3/2), again consistent with experiment.

4.2. Photoelectron anisotropy parameters and branching
ratios for the 3d−14p−1nl correlation satellites

The polarization dependent PES were processed to obtain β-
parameters and branching ratios for the most prominent of the
3d−14p−1nl correlation satellites, namely those labelled E–M
in figure 2 and table 2. The binding energy ranges used for
these satellites are given in table 3. The branching ratio for a
specific satellite, at a particular photon energy, is defined as the
intensity in that satellite peak divided by the sum of the intensi-
ties in all (E–M) the satellites. Thus, at each photon energy, the
branching ratios sum to unity. Figure 5 shows that the satellite
branching ratios remain approximately constant as a function
of photon energy.

We consider first the overall photon energy dependence of
the β-parameters associated with satellite peaks E–M, plotted
in figure 6. The theoretical results shown in that figure cor-
respond to the unconvoluted data. Thus, for energies below
∼140 eV the predictions exhibit numerous narrow resonances
due to autoionization. In general, the calculated β-parameters
are in good agreement with the experimental values. The aver-
age binding energy of the satellite peaks E–M (∼115 eV) is
approximately 20 eV higher than that of the main lines. Tak-
ing this shift in BE into account, the β-parameters for the main
lines and those for the peaks E–M all pass through a minimum
at a kinetic energy of ∼35–45 eV. Thus, the anisotropy param-
eters for the main lines exhibit an energy dependence similar to
those associated with the shake-up peaks. Such a dependence
is expected of satellites deriving their intensity from intrin-
sic correlations. Although the β-parameters for peaks E–M
exhibit, in general, a similar energy dependence to that of the

Figure 5. The experimental satellite branching ratios for the
3d−14p−1nl correlation satellites. Labels in the legend correspond to
those indicated in figure 2 and table 2.

main line, the individualβ-parameters do display some signifi-
cant differences and this point will now be discussed in relation
to peaks H–M.

In figure 7, the magic angle PES and the anisotropy β-
parameters, obtained at photon energies of 127.5, 163 and
190 eV, are plotted as a function of binding energy. These plots
illustrate the way in which the β-values depend upon the satel-
lite peak. It is noticeable that for the neighbouring peaks H,
I and J, the β-value associated with peak H is always sub-
stantially higher than that for peak I. Also, the β-value for
peak L differs markedly from that for peak M. According to
table 1, peaks I and J could be produced through process SU1,
which is a normal shake-up process, or through process SU7,
which is a conjugate shake-up process. As will be shown later
in our discussion of the photoionization partial cross sections,
peaks I and J arise primarily through a normal shake-up pro-
cess. In contrast, peak H can arise through a normal shake-up
process SU3 or a conjugate shake-up process SU5. Peaks L
and M result, predominantly, from a normal shake-up mech-
anism, and yet the β-values associated with these two peaks
differ significantly.

Although peaks A and B are fairly weak (see figure 2), the
polarization dependent spectra (figure 8) show that the intensi-
ties in peaks A and B in the θ = 0◦ spectrum are approximately
the same as those in the corresponding peaks in the θ = 90◦

spectrum. Thus, the PAD associated with each of these peaks
is roughly isotropic, corresponding to β ∼ 0. As will be dis-
cussed, this observation is consistent with our theoretical pre-
dictions indicating that peaks A and B arise primarily through a
conjugate shake-up process, namely process SU5. Peak C, also
predicted to be due primarily to a conjugate shake-up process,
overlaps to some extent with peak D, arising mainly from a
normal shake-up process.

4.3. Shake-up mechanisms for the Kr+ 3d−14p−1nl
correlation satellites

To distinguish between normal and conjugate shake-up mech-
anisms, we need to examine the angular momenta l of the
photoelectrons for each mechanism (table 1), and to compare
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Figure 6. Photoelectron anisotropy parameters associated with the satellite peaks E–M (table 2). For the sake of clarity, the theoretical
results in the autoionization regions are plotted more lightly.

these with the calculated contributions for different l (pho-
toionization channels) for a given configuration of the residual
ion. These l-dependent contributions can be extracted from
our R-matrix calculations, and a comparison between the con-
tributions for a particular ionic configuration may enable the
dominant formation mechanism to be identified.

In the present work, the jK-coupling scheme between the
photoelectron and the residual ion has been adopted to describe
the photoionization process (3):

J + l = K

K + 1/2 = J(Kr+ + e−)

J(Kr+ + e−) = J0 + J(γ) = 0 + 1 = 1

and l should also satisfy the parity conservation

condition : π0 · π(γ) = π · (−1)l.

We consider in detail the probable shake-up processes for
the correlation satellites. The dominant configuration con-
tributing to peak A is 3d94s24p5(3D)5s[2D3/2] (table 2). Thus
J(ion) = 3/2. As an example, let us derive all the quantum
numbers connected with peak A formation. As K + 1/2 = 1

we have two allowed values for K: 1/2 and 3/2. After that,
the condition J(ion) + l(electron) = K leads to two relations:
3/2 + l = 1/2 and 3/2 + l = 3/2. These result in l = 1; 2
for K = 1/2 and l = 0; 1; 2; 3 for K = 3/2. According to
the parity conservation condition, peak A can only be asso-
ciated with even l-waves. Thus, according to the jK-coupling
scheme, we have 3 types of photoelectron waves (which will
henceforth be denoted as εl [K]): εd [1/2]; εs [3/2]; εd [3/2].
These three photoionization partial cross sections are plotted in
figure 9(a).

At this point, it is important to distinguish between a theo-
retical model in which a single isolated state, with a certain
configuration, is associated with a particular peak, and the
model used in our R-matrix calculations. In a non-interacting
state model, the dominant 3d94s24p5(3D)5s[2D3/2] configura-
tion of peak A (table 2) would produce strictly a d-wave in the
continuum through the conjugate shake-up mechanism SU5.
However, our R-matrix calculations are based on a model in
which all the states are mixed states. Our results show that the
leading configuration for peak A has a leading percentage of
46%, but, in addition to this contribution, other admixtures to
this state with significant contributions are:
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Figure 7. The magic angle PES and the anisotropy β-parameters,
obtained at photon energies of 127.5 eV (a), 163 eV (b) and 190 eV
(c) as a function of binding energy. Labels of the peaks correspond
to those given in table 2. The left hand axis refers to the anisotropy
parameters and the right hand axis refers to the photoelectron
intensity.

Figure 8. The polarization dependent PES, recorded at
hν = 190 eV, with the plane of polarization lying parallel (θ = 0◦)
and perpendicular (θ = 90◦) to the Scienta analyser’s electron
acceptance axis.

3d94s24p5(1D)4d[2D3/2] 16%

3d94s24p5(3P)5s[2P3/2] 11%

3d94s24p5(1P)5s[2P3/2] 10%
+ other states with smaller contributions.

Thus, we have a 16% admixture of the
3d94s24p5(1D)4d[2D3/2] state to the leading configuration

Figure 9. Photoionization partial cross sections for peak A (a), peak
B (b) and peak C (c). For the sake of clarity, the theoretical results in
the autoionization regions are plotted more lightly.

of peak A, and this electronic state could be produced either
by the conjugate shake-up mechanism (again with a d-wave
continuum) or by a normal shake-up mechanism (with d-
and s-continua). The possibility of the s-wave production
by the admixed states explains the presence of the εs [3/2]
contribution in the l-dependent photoionization partial cross
sections for peak A. Since the εs [3/2] contribution is two
orders of magnitude smaller than the εd [1/2] contribution,
and the s-wave can be produced only through a normal
shake-up mechanism, we can conclude that peak A originates
predominantly through a conjugate shake-up process.

Further evidence in support of the formation mechanism
for peak A being a conjugate shake-up process, is provided
by our calculated β-parameter (figure 10(a)). The theoretical
anisotropy parameter for peak A is close to zero at 190 eV, in
accord with our experimental result.

For peak B, all the quantum numbers are the same as those
for peak A. This allows similar conclusions to be made con-
cerning the formation mechanism and the energy dependence
of the anisotropy parameter for peak B. Details of the the-
oretical results for peak B are presented in figures 9(b) and
10(b).

For peak C (3d94s24p5(1P)5s[2P1/2]) we have two types
of photoelectron waves: εs [1/2] and εd [3/2]. Figure 9(c)
shows that the d-wave is dominant in the formation of satel-
lite C. Therefore, peak C is formed by a conjugate shake-up
mechanism.

For peak D (3d94s24p5(3D)5p[2D5/2]) we have three photo-
electron waves: εf [1/2]; εp [3/2] and εf [3/2]. Normal SU1

9
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Figure 10. Calculated photoelectron anisotropy parameters for peak
A (a) and peak B (b). For the sake of clarity, the theoretical results in
the autoionization regions are plotted more lightly. Dashed red line
indicates the β = 0 value.

and conjugate SU7 shake-up mechanisms contribute to the for-
mation of peak D, but we can conclude from the shake mecha-
nisms that the f-wave connects only with the normal shake-up
process. For the p-waves, the situation is less clear because in
the R-matrix method it is only possible to distinguish the dif-
ferent l values of the electrons, and not the mechanism of its
production. Thus the cross section contributions for p-waves
give information about the cumulative influence of normal and
conjugate shake-up mechanisms. However, the l-dependent
photoionization cross sections (figure 11(a)), show that the
contribution of the f-waves is ∼10 times higher than that of the
p-waves in the photon energy region greater than 140 eV (rele-
vant to our experiment). Therefore, we can conclude that peak
D is created predominantly by a normal shake-up mechanism.

For peak E, all the quantum numbers are the same as those
for peak D. Thus, the formation mechanism for peak E is a
normal shake-up process. Details of the theoretical results for
peak E are presented in figure 11(b).

For peak F, the main contribution arises from the config-
uration 3d94s24p5(3P)5p[2P3/2] giving us three photoelectron
waves: εp [1/2]; εp [3/2] and εf [3/2]. From the cross section
contributions plotted in figure 11(c), we can conclude that peak
F is formed predominantly through a normal shake-up mech-
anism. Interestingly, in the photon energy range 137–143 eV,
the contributions of the p- and f-waves are comparable, sug-
gesting that interference effects might be observed between the
normal and conjugate shake-up processes.

For peak G, all the quantum numbers are the same as those
for peaks D and E. Therefore, peak G is created through a nor-
mal shake-up mechanism. Details of the theoretical results for
peak G are presented in figure 11(d).

For peak H (3d94s24p5(3F)4d[2P3/2]) we have three pho-
toelectron waves: εd [1/2]; εs [3/2] and εd [3/2]. The s-
wave connects only with the normal shake-up process SU3,
but the d-waves result from the cumulative influence of the nor-
mal SU3 and conjugate SU5 shake-up mechanisms. The cross

Figure 11. Photoionization partial cross sections for peak D
(a), peak E (b), peak F (c) and peak G (d). For the sake of clarity, the
theoretical results in the autoionization regions are plotted more
lightly.

sections corresponding to peak H (figure 12(a)) show that the
dominant contribution is due to the d-waves, which could arise
from either a normal or a conjugate shake-up mechanism, or
to a strong interference between both formation mechanisms.
An interesting point in regard to peak H is that this is the
only peak in the binding energy range of 110–118 eV with the
normal shake-up mechanism corresponding to the process of
dipole ionization from the 4p orbital together with monopole
excitation from the 3d orbital.

For peaks I (figure 12(b)), K (figure 13(a)) and L
(figure 13(b)), all the quantum numbers are the same as those
for peak D. Therefore, these peaks are formed through a nor-
mal shake-up mechanism. For peaks J (figure 12(c)) and M
(figure 13(c)), all the quantum numbers are the same as those
for peak F. Thus, the normal shake-up process is the dominant
formation mechanism.

4.4. The Kr+ 3d−14s−1nl correlation satellites

In our experimental spectra recorded at photon energies of
190 and 200 eV, the upper limit of the binding energy range
was extended to 132 eV to enable the peaks associated
with the 3d−14s−1nl (l = s, p, d) correlation satellites to be
observed. These satellites occur in the binding energy range
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Figure 12. Photoionization partial cross sections for peak H (a),
peak I (b) and peak J (c). For the sake of clarity, the theoretical
results in the autoionization regions are plotted more lightly.

∼124–132 eV. In the polarization dependent spectra plotted in
figure 8, it is noticeable that the peak intensities in the θ = 0◦

spectrum are approximately the same as those in the θ = 90◦

spectrum, indicating that at hν = 190 eV the β-values for the
peaks associated with the 3d−14s−1nl states are approximately
zero. The peak intensity distribution changes very little in the
spectrum recorded at hν = 200 eV, although at this photon
energy the β-values of all the peaks are very slightly greater
than zero.

The results from our R-matrix calculations, and the exper-
imental magic angle spectrum recorded at hν = 190 eV, are
plotted in figure 14. The identification of the peaks, in terms
of the leading configuration, are given in table 4. The peaks
have been labelled and numbered according to their binding
energy range. In general, the simulated spectrum reproduces
the main features observed in the experimental spectrum. If
only the leading configuration (table 4) for the 3d94s14p6nl
correlation satellites is considered, then very few of the peaks
can be attributed to dipole ionization of the 3d orbital accom-
panied by monopole excitation of the 4s orbital (process SU2).
Many of the peaks can only be formed through process SU4,
dipole ionization of the 4s electron accompanied by monopole
excitation of the 3d electron.

We consider the peaks comprising the W1, W2 and W3

groups in greater detail. Peaks W(1)
1 –W(7)

3 are formed through
shake-up process SU4, but for peak W(8)

3 a more interesting sit-
uation occurs. The l-dependent photoionization partial cross
sections for peak W(8)

3 are plotted in figure 15 and it is evi-
dent that the p-wave, which should be the sole contribution
for mechanism SU4, dominates only in the photon energy

Figure 13. Photoionization partial cross sections for peak K (a),
peak L (b) and peak M (c). For the sake of clarity, the theoretical
results in the autoionization regions are plotted more lightly.

Figure 14. The magic angle photoelectron spectrum obtained from
the polarization dependent spectra recorded at a photon energy of
190 eV, together with the simulated spectrum, in the binding energy
region corresponding to 3d−14s−1nl states. All the labels on the plot
correspond to those given in table 4. The thick black horizontal line
corresponds to the zero intensity.

range 140–160 eV. Starting from ∼160 eV, the contributions
from the εp [3/2] and εf [1/2] waves become approximately
equal, but for energies above 180 eV the εf [1/2] wave consti-
tutes the largest contribution. Such a behaviour is inconsistent
with mechanism SU4 because f-waves are not allowed. Peak
W(8)

3 , having a configuration 3d94s14p6(1D)4d[2D5/2] with a
leading percentage of 66%, has substantial admixtures of the
3d94s14p6(3D)5s[2D5/2] (4.5%) and 3d94s14p6(1D)5s[2D5/2]
(2.5%) configurations. The 3d94s14p65s configurations may
be produced through the normal shake-up process SU2 with
the creation of p- and f-waves. Thus, this additional shake-up
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Table 4. Identification of the photoelectron peaks appearing in the simulated
spectra encompassing the Kr+ 3d94s14p6nl correlation satellites. The leading
electron configuration and the term is given for each peak. The first parenthesis
indicates the 3d94s electronic state, and the total term of the electron
configuration with total momentum J is given in square brackets.

Peak label Identification Leading percentages

W(1)
1 3d94s14p6(3D)4d[2P1/2] 50%

W1 W(2)
1 3d94s14p6(3D)4d[2P3/2] 46%

W(3)
1 3d94s14p6(1D)4d[2F5/2] 50%

W(4)
2 3d94s14p6(3D)4d[2D3/2] 45%

W2 W(5)
2 3d94s14p6(3D)4d[2D5/2] 72%

W(6)
2 3d94s14p6(1D)4d[2S1/2] 46%

W3 W(7)
3 3d94s14p6(1D)4d[2P3/2] 58%

W(8)
3 3d94s14p6(1D)4d[2D5/2] 66%

W(9)
4 3d94s14p6(3D)5p[2P3/2] 85%

W4 W(10)
4 3d94s14p6(3D)5p[2D5/2] 90%

W(11)
4 3d94s14p6(3D)5s[2D5/2] 61%

W5 W(12)
5 3d94s14p6(1D)4d[2P1/2] 45%

X(13)
1 3d94s14p6(3D)5s[2D3/2] 72%

X1 X(14)
1 3d94s14p6(3D)5p[2P1/2] 90%

X(15)
1 3d94s14p6(3D)5p[2F5/2] 48%

X(16)
1 3d94s14p6(1D)5p[2D3/2] 46%

X2 X(17)
2 3d94s14p6(3D)4d[2S1/2] 56%

Y(18)
1 3d94s14p6(1D)5p[2P3/2] 85%

Y1 Y(19)
1 3d94s14p6(1D)4d[2D3/2] 48%

Y(20)
1 3d94s14p6(1D)5p[2D5/2] 88%

Y(21)
1 3d94s14p6(3D)4d[2F5/2] 50%

Z1 Z(22)
1 3d94s14p6(3D)6s[2D5/2] 98%

Z2

Z(23)
2 3d94s14p6(1D)6s[2D3/2] 53%

Z(24)
2 3d94s14p6(3D)5d[2P3/2] 71%

Z(25)
2 3d94s14p6(3D)5d[2D5/2] 76%

Z(26)
2 3d94s14p6(3D)5d[2P1/2] 64%

Z(27)
2 3d94s14p6(3D)6p[2P3/2] 85%

Z(28)
2 3d94s14p6(3D)6p[2D5/2] 88%

Z(29)
2 3d94s14p6(3D)5d[2D3/2] 38%

Z(30)
2 3d94s14p6(1D)5d[2F5/2] 41%

Z(31)
2 3d94s14p6(1D)6s[2D5/2] 98%

Z(32)
2 3d94s14p6(1D)5d[2P1/2] 72%

Z(33)
2 3d94s14p6(3D)6p[2F5/2] 52%

Z(34)
2 3d94s14p6(3D)6p[2P1/2] 55%

Z(35)
2 3d94s14p6(3D)6p[2D3/2] 50%

Z(36)
2 3d94s14p6(1D)5d[2P3/2] 64%

Z(37)
2 3d94s14p6(1D)5d[2D5/2] 77%

(continued on next page)
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Table 4. Continued

Peak label Identification Leading percentages

Z3

Z(38)
3 3d94s14p6(3D)6s[2D3/2] 53%

Z(39)
3 3d94s14p6(1D)6p[2P3/2] 85%

Z(40)
3 3d94s14p6(1D)5d[2S1/2] 48%

Z(41)
3 3d94s14p6(1D)6p[2D5/2] 87%

Z(42)
3 3d94s14p6(3D)7s[2D5/2] 94%

Z(43)
3 3d94s14p6(1D)5d[2D3/2] 35%

Z(44)
3 3d94s14p6(3D)5d[2F5/2] 41%

Z(45)
3 3d94s14p6(3D)7p[2P3/2] 81%

Z(46)
3 3d94s14p6(1D)6p[2P1/2] 55%

Z(47)
3 3d94s14p6(3D)7p[2D5/2] 69%

Z(48)
3 3d94s14p6(1D)6p[2F5/2] 37%

Z(49)
3 3d94s14p6(1D)6p[2D3/2] 49%

Z(50)
3 3d94s14p6(3D)7s[2D3/2] 52%

Figure 15. Photoionization partial cross sections for peak W(8)
3 from

the W3-group (table 4). For the sake of clarity, the theoretical results
in the autoionization regions are plotted more lightly.

mechanism explains the predicted f-wave component for
peak W(8)

3 .

5. Summary

We have studied the Kr 3d correlation satellites and main
lines, both experimentally and theoretically, concentrating on
the photoelectron intensities and angular distributions, and the
photoionization cross sections. Such experimental studies have
become possible with the advent of the new generation of syn-
chrotron radiation sources, giving a new impetus to the devel-
opment of atomic inner shell photoelectron spectroscopy. We
have performed extensive R-matrix calculations of the total
and partial Kr 3d photoionization cross sections in the pho-
ton energy region 80–230 eV, simulated PES, and evaluated
the anisotropy parameters for both the main lines and the cor-
relation satellites. Spin–orbit splitting is taken into account
in our calculations. Our simulated PES, and our calculated
anisotropy parameters, show qualitative agreement with the
experimental results. Quantitatively, the agreement between
the measured and the simulated PES is good in the binding
energy region 108–115 eV, and is reasonable in the range
115–118 eV. For most of the photoelectron peaks, the calcu-
lated anisotropy parameters are very close to the experimental

values, at least in the resonance-free region (i.e.>140 eV). Our
calculations allow the satellites arising from the 3d−14p−1nl
and 3d−14s−1nl configurations to be identified. For the peaks
observed in the binding energy region 110–118 eV, our cal-
culations allow the satellite formation mechanisms, in terms
of normal and conjugate shake-up processes, to be defined.
In most cases the PAD measurements confirm the predicted
mechanisms. However, in many cases, the identification of the
satellites based on simple phenomenological arguments of the
photon energy dependent behaviour of their branching ratios or
betas is not a fruitful approach, since the computational work
reveals complex interplay between contributing channels with
possible interference.

The main theoretical limitation to the present work is
associated with the available computational powers, which
restrict the number of ionic (threshold) electronic configura-
tions. Although all the thresholds corresponding to direct pho-
toionization in the considered range of photon energies were
included in the calculations, there is, however, a fairly large
number of states with excitations that were not taken into
account in this work (especially those arising from configu-
rations with nf-electron). As some of the shake-up states with
the configuration 3d−14p−1nl are energetically very close to
each other and have quite high configuration mixing coeffi-
cients, additional channel interference effects can be expected
if these higher excited states were included in the calculations.
Therefore, a better agreement between experiment and theory
for the shape of the photoelectron spectrum, together with the
addition of lines that were not found in the present model (in
the binding energy range 118–122 eV), would be anticipated.

The main experimental limitation to the present work is
associated with the overlap between the peaks arising from
the Auger decay of a (3d)−1 hole state and those due to the 3d
correlation satellites. In principle, this difficulty could be over-
come by electron-electron coincidence measurements involv-
ing the initial 3d photoelectron and the subsequent Auger
electron. The resulting spectrum, due purely to Auger transi-
tions, could then be subtracted from the non-coincident spec-
trum, containing contributions from both photoelectrons and
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Auger electrons, to obtain a spectrum due only to photoelec-
trons. Such a procedure, performed at a series of photon ener-
gies, would allow the correlation satellites to be studied free
from contaminating Auger structure. However, such coinci-
dence measurements would require either a magnetic bottle
spectrometer, where the inherent low energy resolution would
limit the observable structure, or two hemispherical analysers,
where the coincidence count rate would be prohibitively low.
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