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The 2p photoionization and subsequent L2,3M2,3M2,3 Auger decay spectra from free 4s1/2→4p1/2

laser-excited potassium atoms are studied both experimentally and theoretically. The shake-up-structure of the
2p photoelectron spectrum of K is resolved. A direct experimental way for resolving the satellite structure due
to conjugate shake-up transitions accompanying the hole creation in the L2,3M2,3M2,3 Auger spectrum of
nonexcited atoms is presented. Theoretical ab initio computations based on the multiconfiguration Dirac-Fock
approach were performed to interpret the experimental findings.
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I. INTRODUCTION

High resolution x-ray photoelectron spectroscopy and Au-
ger spectroscopy are well established tools to explore the
electronic structure of atoms and the quantum mechanical
transition processes. For understanding the fine structure of
the Auger decay it is valuable to know the distribution of the
initial core hole states. While it is complicated to get this
information using electron impact ionization the initial state
contribution can be measured with x-ray excitation by re-
cording the photoelectron spectrum. In this paper we com-
bined the techniques of synchrotron based x-ray photoelec-
tron spectroscopy with electron impact excited Auger studies
in order to get a complete picture of the underlying pro-
cesses. Even more insight into the Auger decay can be
gained by preparing the atoms into different initial states by
the means of laser pumping. The valence shell of the atoms
can be laser excited before the core ionization. This leads to
an occupation of those states that are occupated by the con-
jugate shake-up process in core excitation from the ground
state. We show in this work that the difference spectrum of
Auger spectra from laser-excited and ground state atoms can
give an experimental Auger spectrum from the valence ex-
cited initial states.

First experiments combining laser excitation with photo-
electron spectroscopy on free atoms have been performed on
atomic sodium in the 1980s �1,2� but only recently the com-
bination with high resolution synchrotron sources allowed us
to study the photoemission fine structure in detail �3–5�.
These experiments on Na �3� and Rb �5� showed that the
photoemission from laser-excited states can help to under-
stand the angular momentum coupling and configuration in-
teraction in the ionic states. To the best of our knowledge,
laser excitation has been combined with electron beam ex-
cited Auger spectoscopy in 1997 by Dorn and co-workers for
Na �6,7� and in 1999 by Zatsarinny et al. for Li and Ba �8�.

The nonlaser 2p photoelectron spectrum of K has been
previously studied by Banna et al. �9�, but the resolution at

that time was modest compared to present measurements.
The nonlaser L2,3M2,3M2,3 Auger electron spectrum of potas-
sium has been measured over 25 years ago by Breuckmann
�10� and later by Aksela et al. �11�. In these works, Auger
electron lines were resolved with good accuracy, but the
spectrum shows several high intensity satellite lines which
have been previously discussed �9,10�, but not assigned reli-
ably.

Measuring the Auger spectra with the laser on and the
laser off, and subtracting the laser off spectrum from the
spectrum recorded with the laser on, gives a difference spec-
trum, which can be regarded as an Auger spectrum from
laser-excited atoms only. This method requires high resolu-
tion and especially high intensity to give reliable results, be-
cause the portion of the laser-excited atoms is only between
5–20%.

L2,3M2,3M2,3 Auger transitions in nonexcited K can be
written as

K�4s1� + h�S → K+�2p54s1� + ePh
− → K2+�3p44s1� + eA

− ,

�1�

where h�S denotes the photon from synchrotron and ePh
− and

eA
− are the photoelectron and Auger electron, respectively.

The Auger spectrum often displays a complicated satellite
structure due to shake transitions related either to the photo-
ionization or to the decay process. For the LMM Auger spec-
trum of potassium, a typical shake-up process accompanying
the hole creation can be written as

K�4s1� + h�S → K+*�2p54s0nl1� + ePh
−

→ K2+*�3p44s0nl1� + eA
− , �2�

where nl denotes the orbital unoccupied in the ground state
of K. If nl=5s ,6s. . ., the photoionization is accompanied by
monopole shake transitions and if nl=4p ,5p. . ., by conjugate
transitions. Note that, in principle, the excited electron can
change its quantum state also during the Auger decay.

Using a tunable laser one can select a specific excited
initial state and increase the intensity of the corresponding
Auger electron lines in the spectra. For laser-excited potas-*Electronic address: kari.jankala@oulu.fi
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sium, the Auger decay process is described by

K�4s1� + h�L → K*�4s0nl1� + h�S

→ K+*�2p54s0nl1� + ePh
−

→ K2+*�3p44s0nl1� + eA
− , �3�

where h�L is the exciting laser photon and in the present case
nl is 4p1/2. It can be seen from Eqs. �2� and �3� that laser
excitation can increase the contribution of the initial states in
the Auger spectrum, which correspond to the conjugate
shake-up satellites in the ionization process. Therefore, the
difference between the nonexcited and the laser-excited Au-
ger spectra can be used to indentify the satellites caused by
conjugate shake transitions during the photoionization. In the
nonlaser Auger spectrum these lines have low intensity and
they merge easily to the backround, but using laser excitation
these lines become easier to observe.

Alkali-metal atoms are good model systems to explore the
posibilities of the method because of their simple valence
shell structure. In this work we report the 2p−1 photoelectron
and subsequent Auger spectra of nonexcited and laser-
excited potassium. The experimental spectra are compared to
a set of multiconfigurion Dirac-Fock �MCDF� calculations.

II. CALCULATIONS

Calculations of the initial, intermediate, and final states of
the transitions given by Eqs. �1�–�3� were carried out in the
MCDF model by applying the GRASP92 code �12� in the av-
erage level scheme together with the RELCI extension �13�. In
the MCDF model, the atomic state functions are formed as
linear combinations of j j-coupled configuration state func-
tions �CSF� of the same symmetry, i.e., the same total angu-
lar momentum and parity, and are optimized on the basis of
the many-electron Dirac-Coulomb Hamiltonian. The CSF are
constructed from antisymmetrized products of a common set
of orthonormal radial orbitals, represented on some numeri-

cal mesh, for which initial estimates were obtained using the
Thomas-Fermi model. Further relativistic corrections to the
electron-electron interaction are added later in a second step
by diagonalizing the Dirac-Coulomb-Breit Hamiltonian ma-
trix. Energy levels obtained from these computations are
shown in Fig. 1 for both, the initially laser-exited 4s→4p
configurations as well as for those without laser excitation.

For nonexcited K, the main electron correlation effects
were included by allowing the mixing of the 2p−13d and
2p−14s configurations as well as of the 3p−23d and 3p−24s
configurations for the ionic states involved in the photoion-
ization and in the Auger transitions. All other computations
were made in the single configuration approximation.

Photoionization cross sections to unexcited and excited
states, i.e., K�4s� and K*�4p1/2� states were estimated by us-
ing an approximative method, where ionization probabilities
are obtained by weight factors of the initial state configura-
tions in the final states of photoionization. For more details
of this method, see the Appendix of Ref. �14�. Relative in-
tensities for monopole shake-up transitions were estimated
by computing overlap integrals between the outer electron’s
orbitals generated in the initial and final states of the transi-
tions.

To calculate the Auger rates and natural widths related to
the transitions, the AUGER component of the RATIP package
�15� has been applied. In this component, the continuum
spinors are solved within a spherical but level-dependent po-
tential of the final ion �the so-called optimal level scheme�;
this scheme also includes the exchange interaction of the
emitted electron with the bound-state density. In practice, the
generation of the final scattering states is often a nontrivial
task since, apart from the �one-electron� continuum spinors,
the appropriate construction of these states also requires the
knowledge about the scattering phases and the correct
boundary conditions for ionizing processes. Moreover, the
number of the possible scattering states of open-shell atoms
increases rapidly as the free electron may couple in quite a
different ways to its bound-state electrons.

FIG. 1. Energy levels of K�4s�, K*�4p1/2�, K�2p−1�4s ,4p ,5p ,5s ,6s��, and K�3p−2�4s ,5s ,4p�� states, computed in the single configura-
tion approximation. All energies are taken relative to the total energy of the ground state �−16 368 eV�. Arrows labeled as a–g denote the
2p photoinization from the ground state and A–E the subsequent Auger decay of 2p−15s state, whereas labels La–Le stand for the
corresponding photoionization transitions of laser-excited K. In the rightmost diagram labels A–H stand for the Auger decay of 2p−14p state
and A�–E� denote the Auger decay of 2p−15p state.
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For the computation of relative intensities and level
widths, however, neither the relative phases of the continuum
spinors are needed nor does the rearrangement of the elec-
tron density plays an essential role. In the present computa-
tions, therefore, we only included the initial and final-ionic
state configuration interactions but omitted the fact that the
initial and final-state orbitals are not quite orthogonal to each
other following the relaxation of the electron density. In such
a “frozen-orbital approach” for the evaluation of the Auger
matrix, the transition operator for the autoionization of an
excited atomic state, incorporating the full Dirac-Coulomb
Hamiltonian, is reduced then to the two-electron Coulomb
repulsion as applied in many Auger computations before. For
further details on the computations of the Auger matrix ele-
ments and relative intensities, we refer the reader to Refs.
�16,17�.

III. EXPERIMENT

Measurements using synchrotron radiation were carried
out at the undulator beamline I411 �18�, at the third-
generation storage ring MAX II, Lund, Sweden. Synchrotron
radiation was monochromatized to the selected photon en-
ergy by an SX-700 plane grating monochromator and the
emitted electrons were measured with the experimental setup
built in Oulu �19�, which has been upgraded by replacing the
electron spectrometer with a Scienta SES-100 hemispherical
electron energy analyzer.

The photo and Auger electron spectra were measured at
the magic angle of 54.7° relative to the polarization direction
of the synchrotron radiation, with a pass energy of 50 eV.
With the settings used, the spectrometer broadening was es-
timated to be about 250 meV. Auger spectra were also mea-
sured with the same electron analyzer, but using a commer-
cial electron gun, made by Specs, for creation of the core
hole. The analyzer entrance slit used in the measurements for
electron impact ionization was half of the width used in the
synchrotron radiation ionization. Otherwise analyzer settings
were the same.

The beam of atomic potassium was generated using a re-
sistively heated oven at the temperature of about 210 °C.
The 4s1/2→4p1/2 excitation of atomic potassium was done
by using a linearly polarized laser beam with a polarization

angle of 90° with respect to the synchrotron beam polariza-
tion. The laser system used was a vanadate laser pumped
continuous wave Ti:Sa laser.

The Auger spectra were recorded using synchrotron radia-
tion and electron impact to generate the core ionized states.
The spectra obtained with both methods are plotted in Fig. 2.
For better visualization the zero level of the spectrum mea-
sured using synchrotron radiation is set to 0.23 in the units
used. The analysis of the spectral features show small differ-
ences in the intensites, but these deviations are not essential
for the present study. Since the ionization rate is considerably
higher using electron impact ionization a better statistic
could be obtained with the electron gun. Thus the Auger
spectra for the following analysis have been taken with elec-
tron excitation.

The kinetic energy calibration for the Auger spectra seen
in Fig. 2 was obtained from Ref. �11�, by using the strongest
line. For photoelectron spectra the binding energy calibration
was obtained from Ref. �9� using peak 11. The presented
experimental data consist of sums of several separate spectra.

FIG. 2. Experimental LMM Auger spectrum of K, measured
using synchrotron radiation �dashed line� and electron impact ion-
ization �solid line�.

FIG. 3. �a� Experimental 2p−1 photoelectron spectrum of K; �b�
experimental 2p−1 photoelectron spectrum of K, measured with
4s→4p1/2 laser excitation; �c� theoretical spectra, the solid line is
the 2p−1 spectrum of K�4s�, the dotted line is the 2p−1 spectrum of
K*�4p1/2�, and two arrows denote the energies of computed conju-
gate 4s→4p shake-up lines. For more details, see Fig. 1 and
Table I.
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All the individual spectra were recorded in pairs of lasers on
and off, in order to keep the experimental parameters the
same between the laser-excited and nonexcited spectra.

IV. RESULTS AND DISCUSSION

A. 2p−1 photoelectron spectra of laser-excited and nonexcited
atomic K

Experimental 2p−1 photoelectron spectra of K taken with
lasers on and off are plotted in Figs. 3�a� and 3�b�. The
laser-off spectrum was measured using photon energies of
340 and 400 eV. No essential differences were obtained, but
the resolution is slightly better in the 340 eV spectrum and
therefore it will be used in the following. The spectrum in
Fig. 3�a� has been fitted with 11 asymmetric Voigt functions
�20� in order to take post collision interaction �PCI� effect
into account.

Peaks 2, 6, 9, and 11 have been previously assigned in
Ref. �9�, but due to a modest resolution, the other lines were
not seen. The main 2p1/2,3/2

−1 photoemission peaks in the ex-
perimental spectra in Fig. 3 are labeled as 9 and 11. At higher
binding energy, peaks 2 and 6 are due to 4s→2p1/2,3/2

−1 5s
monopole shake-up transitions. Using the energy levels
presented in Fig. 1 and the spectra in Fig. 3�c� we are
able to identify peaks 7 and 8 as the 4s→2p1/2,3/2

−1 4p conju-
gated shake-up transitions. Peak 3 can be identified as
the 4s→2p3/2

−1 6s monopole shake-up transition, the
4s→2p1/2

−1 6s line lies out of the measured energy range. The
peaks 1, 4, 5, and 10 remained unidentified.

The energy separation of the shake-up lines is the same as
the corresponding separation of the main lines. Therefore,
the distance between peaks 2 and 6, and also between lines 7
and 8 were fixed to be equal to the energy difference between
the lines 9 and 11 �see Fig. 3�a��. Experimental energies and
intensities are given in Table I together with the calculated
values.

In a single configuration scheme, the 2p photoionization
of K�4s� leads to four core-hole states. These states can be
written using j j coupling as 2p1/2

−1 4s1/2�1/2�0,1 and
2p3/2

−1 4s1/2�3/2�1,2. Lines divide into two doublets denoted by

d and e in Figs. 1 and 3�c� corresponding to a 2p hole with
total angular momenta of j= 1

2 and j= 3
2 . The fine structure of

the lines is not resolved in the experimental spectrum due to
a very small splitting �50 meV� of the states compared to
their lifetime widths �150 meV�. The inclusion of the 2p−13d
configuration incerases the number of computed lines to 16,
but due to a very small mixing of configurations no signifi-
cant changes in the spectrum were seen.

The spectrum measured with laser on in Fig. 3�b� was
done by using a photon energy of 400 eV. Differences
caused by laser excitation are seen as new peaks in the spec-
trum, labeled as L1–L5. The fitting procedure was the same
as before, with a small exception that the difference between
peaks L1 and L2 was fixed to be the same as the difference
between peak L5 and the average of peaks L3 and L4.

The main peaks due to the laser excitation labeled as L3,
L4, and L5 in Fig. 3�b�, correspond to Lc/Ld and Le in Fig.
3�c�. The structure L3/L4 corresponds to the 2p1/2

−1 4p hole
and L5 corresponds to 2p3/2

−1 4p hole. Replacing the 4s1/2 va-
lence electron by the 4p leads to a large energy splitting of
the j j-coupled 2p1/2

−1 4p1/2�1/2�0,1 states, giving rise to peaks
Lc and Ld in Fig. 3�c�, as compared to the splitting of the
states 2p1/2

−1 4s1/2�1/2�0,1 forming the nonexcited doublet d.
The estimated increase in spitting is confirmed by experi-
ment, where peaks L3 and L4 are resolved.

Due to a mixing of the j j-coupled states 2p3/2
−1 4p1/2�3/2�1

and 2p3/2
−1 4p3/2�3/2�1, the latter state is also populated in the

photoionization of K*�4p1/2�. The 2p3/2
−1 4p1/2�3/2�2 state

stays independent. Therefore, peak Le is created by transi-
tions to three different final states. Two of the states corre-
spond to the total angular momenta of J=1 and one state to
J=2. In the experimental spectrum �Fig. 3�b��, three lines
were indeed needed to account for the fine structure of L5
when fitting the data. The computed splitting 110 meV of
two J=1 states agrees well with the 130 meV obtained from
the fit. By comparison of peaks L1 and L2 to the computed
peaks La and Lb, L1 and L2 can be identified as 4p1/2
→2p1/2,3/2

−1 5p monopole shake-up transitions from the ex-
cited K.

The computed energies of the transitions shown in Fig. 1
and the theoretical spectrum in Fig. 3�c�, predict the lines

TABLE I. Experimental and theoretical energies and intensities of K the 2p−1 photoelectron lines.

Label

Assignment

Relative intensities Binding energy �eV�

Expt. Theory Expt. 1 Expt. 2 Theory Expt. 1 Expt. 2 Theory

2 a 4s1/2→2p1/2
−1 5s1/2 0.06 0.09 0.08 309.74 309.73 309.26

6 c 4s1/2→2p3/2
−1 5s1/2 0.14 0.19 0.17 306.93 306.92 306.38

7 f 4s1/2→2p1/2
−1 4p1/2,3/2 0.04 0.02 306.37 306.35 306.20

8 g 4s1/2→2p3/2
−1 4p1/2,3/2 0.08 0.10 303.56 303.54 303.30

9 d 4s1/2→2p1/2
−1 4s1/2 0.52 0.50 0.50 303.39 303.39 303.35

11 e 4s1/2→2p3/2
−1 4s1/2 1 1 1 300.58 300.58 300.46

L1 La 4p1/2→2p1/2
−1 5p1/2,3/2 0.22 0.16 309.13 308.93

L2 Lb 4p1/2→2p3/2
−1 5p1/2,3/2 0.31 0.31 306.40 306.00

L3/L4 Lc/Ld 4p1/2→2p1/2
−1 4p1/2,3/2 0.50 0.50 304.77 304.86

L5 Le 4p1/2→2p3/2
−1 4p1/2,3/2 1 1 301.96 301.86
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seen in the experimental spectra in the upper panels quite
well. The intensity of the laser-excited states depends mostly
on the laser alignment and the properties of the selected
atom. Therefore, the relative intensities for unexcited and
excited atoms in Table I are given with respect to peaks
11 and L5 separately. For visualization the spectrum
corresponding excited K �Fig. 3�c�� is scaled down. The en-
ergies of peaks corresponding to the 4s→2p1/2,3/2

−1 4s and
4p1/2→2p1/2,3/2

−1 4p transitions are predicted well by the single
configuration approximation �or by including the 4s-3d mix-
ing only�, but the error increases noticeably for the shake-up
lines. The prediction of the relative intensites is good, even
for monopole shake-up transitions in the laser-excited
spectrum.

B. Laser-excited L2,3M2,3M2,3 Auger spectrum of K

Figure 4�a� shows the experimental LMM Auger spec-
trum with laser on and off. The nonlaser spectrum is identical
to the lower spectrum in Fig. 2. To increase the visibility of
the difference, the spectrum is scaled up. The cut line 10
shows no laser contribution.

The total atomic density in the interaction region is prac-
tically constant. The laser excitation redistributes the density
of atoms by pumping a part of the atoms into the excited
states. The efficiency of the laser excitation was found to be
about 7%, thus leaving about 93% of the potassium atoms to
K�4s� state. To facilitate the comparison between the laser-
excited and nonexcited spectra, the intensity contribution
from nonexcited atoms in the laser on spectrum in Fig. 4�a�
was normalized, to correspond the spectrum recorded with
laser off. The chosen normalization factor �1.07� was the
average of the intensity ratios of the peaks 3, 10, and 15–18
in the Auger spectrum of laser-excited and nonexcited K,
respectively. Normalization to these peaks can be justified
from the computed spectrum presented in Fig. 4�c�, which
predicts no overlapping peaks in excited and nonexcited
spectra in these regions and from the observation that all
these peaks have almost the same intensity ratio between
laser on and off spectra.

The lines 3, 9, 10, 13–18, and 21–25 were identified to
originate from the 2p−14s→3p−24s transitions already in
Ref. �11�. The vertical bars in Fig. 4�a� denote the lines ob-
tained from a fitting procedure of the spectrum measured
without laser. Clear changes can be seen in the spectrum
obtained with laser on. The peaks that have risen in the laser
on the spectrum are 1, 4–8, 11–14, and 19–20. Apart from
lines 13 and 14, all observed changes take place in the region
of the satellite structures.

The spectrum in Fig. 4�b� displays a difference between
the two spectra shown in panel 4�a� and hence presents the
experimental Auger spectrum from the laser-excited K. The
solid line is the smoothed spectrum obtained by using the
Fourier transform in order to reduce the high frequency sta-
tistical noise. The dots are original data points and one can
estimate the relative error from the scattering of these points.
The spectrum has two negative intensity regions at energies
236.5 and 239.5 eV. These structures have no physical
meaning, because they are caused by slight differences be-
tween laser on and off spectra in the slopes of peaks 10 and
of 18.

Theoretical 2p−14p→3p−24p and 2p−15p→3p−25p Au-
ger spectra are plotted in Fig. 4�c�. The labels of the peaks
refer to Fig. 1. Both spectra have been generated using cal-
culated transition energies and intensities. In addition both
spectra have been shifted by −1.56 eV in order to coincide
with the experimental energies. The shift was taken to be the
same as the shift between experimental and theoretical spec-
tra of nonexcited K. The intensity ratio of about 0.35 be-
tween the two spectra was obtained from the experimental
values given in Table I for the 2p photoionization of
K*�4p1/2�. The ratio 2p1/2

−1 /2p3/2
−1 for 5p excited spectrum was

also taken from Table I.
The shifts of the computed spectra are due to incomplete

considerations of correlation energies of the initial and final
states of the corresponding transitions. An error in correla-
tion energy computations arises from the use of a finite set of
basis functions and it changes slightly between different
states. The chosen energy shift represents the average of the
correlation energy corrections of all the transitions in the
corresponding spectra. Therefore, using a constant shift one
cannot reproduce all the peaks into exactly experimentally
observed energies.

FIG. 4. �a� Experimental potassium LMM Auger spectra mea-
sured with laser on �solid line� and off �dashed line�; �b� a differ-
ence spectrum taken between the laser on and off spectra shown in
upper panel. The dashed line denotes the zero level. �c� The solid
line represents the theoretical 2p−14p→3p−24p Auger spectrum and
the dashed line the theoretical 2p−15p→3p−25p Auger spectrum.
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The spectra of the excited and nonexcited K, seen in Fig.
4, display remarkable differences. The computed peaks C
and E in Fig. 4�c�, which are also seen clearly in Fig. 4�b� are
clearly separated in excited K. These structures correspond
to the doublet peak 10 in the nonexcited K. The structures
labeled as D, F, G, which correspond to the lines 13–18, and
the structure H having its counterpart in lines 21–25 differ
somewhat in details, thus the excited valence electron causes
larger energy splitting, but the main features remain nearly
the same.

The 2p−14p→3p−24p transitions do not explain the
experimentally observed structure in the kinetic energy
region of 233–235 eV nor the wide peak in the energy
region of 232–233 eV. These features arise from the
2p−15p→3p−25p transitions marked as A�–D�, created after
the 4p→5p monopole shake-up during the ionization. These
initial states are also seen in the experimental photoioniza-
tion spectrum as peaks L1 and L2 and the observed intensi-
ties agree well with the intensity seen in the Auger spectrum.
The 2p−15p→3p−25p spectrum should be shifted a bit more
to lower kinetic energy to a better agreement with the experi-
ment. The overlapping satellite spectrum explains also the
intensity discrepancies in the energy region of 237–238 eV.

A good agreement between experimental and theoretical
spectra is seen when comparing Figs. 4�b� and 4�c�, despite
the relatively low intensity of the difference spectrum. The
energy splittings are fairly well predicted and no consider-
able discrepancies in intensity distributions between theory
and experiment are found.

C. Satellite structure of the L2,3M2,3M2,3 Auger spectrum of K

The information obtained from the Auger spectrum of
laser-excited K can now be used to assign the structures of
the experimental LMM Auger spectrum of potassium. From
the photoelectron spectrum one can obtain the relative popu-
lations of the initial states 2p−1�4s ,4p ,5s� of the Auger tran-
sition, all of which fall into the same energy region. In the
first approximation, the probability of monopole shake-up
transitions does not depend on the ionization energy, but the
conjugate shake-up transitions are expected to be stronger at
ionization energies close to the threshold �see, e.g., Ref.
�21��. It should be noted that the shake probability may also
depend on the ionization method, but in this study at least the
decay spectrum following photoionization or electron impact
ionizations did not show remarkable changes. This observa-
tion suggests that the population of the initial states was the
same.

In this study, the relative populations of the Auger transi-
tion initial states were estimated from the photoelectron
spectrum presented in Fig. 3�a�. The relative strength of the
2p−14s states was about 0.79 whereas strengths of the 2p−15s
and 2p−14p states are about 0.10 and 0.06, respectively.
These values were used when constructing the theoretical
LMM Auger spectrum including some of the satellite struc-
tures. The spectrum thus obtained is plotted in the middle
panel of Fig. 5. The theoretical Auger spectra originating
from 2p−14s and 2p−14p states have been shifted in kinetic
energy by −1.56 eV to coincide theoretical and experimental

spectrum at 236.67 eV �peak 10 in Fig. 5�a��. The theoretical
2p−15s→3p−25s Auger spectrum is shifted by −1.82 eV to
have the energy difference between the peaks 1 and 2 the
same as in the experimental spectrum.

In shake processes accompanying the photoionization, the
outermost 4s electron can shake either to the 4p1/2 or 4p3/2
orbital. Although there is a small difference in the decay
spectrum depending whether the excited electron is on the
4p1/2 or 4p3/2 orbital, the main features remain the same and
conclusions can be drawn on the basis of the Auger spectrum
of K*�4p1/2�. By comparing the Auger spectra presented in
Fig. 4�a�, it is obvious that that the lines 1, 4–8, 11–14, 19,
and 20 have some contribution from the K*�4p1/2� as all
these lines increased when the laser excitation was used.
Combining this fact with the existence of the 2p−14p1/2,3/2
states in the 2p photoelectron spectrum of K�4s� allows us to
conclude that lines 1, 7, 8, 11–14, 19, and 20 originate, at
least partly, from 2p−14p→3p−24p transitions.

However, the intensity of these satellite lines cannot be
explained alone by the conjugate shake-up transitions during
the 2p photoionization. It was seen from the photoelectron
spectrum that the most populated satellite state is the 2p−15s
state which suggests that most of the satellite structures
must also originate from this state. Indeed the theoretical

FIG. 5. �a� Experimental LMM Auger electron spectrum
of K; �b� theoretical spectrum including 2p−1�4s ,4p ,5s�
→3p−2�4s ,4p ,5s� transitions; �c� theoretical 2p−14s→3p−24s
spectrum �dashed line�, 2p−15s→3p−25s �dotted line� and
2p−14p→3p−24p spectrum �dash dotted line�.
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2p−15s→3p−25s spectrum presented in Fig. 5�c� �dotted
line�, �see also Fig. 1�, shows that, for example, the strong
peak 2 in Fig. 5�a� corresponds to theoretical peak B and
these transitions cause some intensity in the region of peaks
4–8 �features C and D in Fig. 5�c�� and peaks of 11 and 12
�peak E in Fig. 5�c��. In addition, for example, peaks 4–6,
which rise also in the laser-on spectrum, originate also partly
from 2p−15p→3p−25p transitions.

To gain a full understanding of an experimental Auger
spectrum, the effect of the mixing of configurations, must
also be considered. The final state splittings for the 3p−23d
and 3p−25s configurations can be obtained from Ref. �22�.
From these values it can be estimated that peaks 26 and 27
are mainly due to the 2p1/2

−1 4s→3p−23d transitions and lines
11 and 12 get some intensity from this process. The
2p3/2

−1 4s→3p−23d transition gives rise to peaks 5, 6, and 19.

From optical values it can also be seen that the
2p1/2

−1 4s→3p−25s transition creates some intensity to lines 5
and 6 and 2p3/2

−1 4s→3p−25s transition gives rise to a weak
peak 1. Shake-up may also take place during the Auger tran-
sition, but lines created via shake-up during ionization domi-
nate the spectrum. For example, the theoretical 4s→5s
monopole shake-up probability in photoionization is about
0.168, but in Auger decay it is only 0.037. All indentifica-
tions are summarized in Table II, which shows also the com-
plexity of identifying the satellite structure of an Auger
spectrum.

V. CONCLUSIONS

Combining laser excitation to inner-shell photoelectron
and Auger spectroscopy is a promising method to investigate
details of atomic structure. The effects caused by the laser
excitation in the photoelectron spectrum were found to be
very well predicted by MCDF calculations. The pure laser-
excited Auger spectrum is also in good agreement with the
computed spectrum and the predicted increment in splitting
of energy levels was detected. Laser excitation was proven to
be a useful method for examining complicated satellite struc-
tures of an experimental Auger spectrum. The laser excita-
tion together with a theoretical investigation allowed us to
assign the satellite structure of the experimental LMM Auger
spectrum of potassium.
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