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We have studied the Pb 5d photoionization and Auger decay spectrum with high resolution using the new
FINEST synchrotron-radiation branchline �on the I3 beamline at MAX–laboratory�. We analyzed the experi-
mental spectrum with the help of multiconfigurational Dirac-Fock calculations and analyzed the strong corre-
lation properties of the relativistic 5d3/2 and 5d5/2 subshells. We show that the many-electron phenomena in
photoionization and Auger decay can be described through mixing with the np�n=7,8 , . . .� orbitals.
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I. INTRODUCTION

When heavy atoms are ionized with tunable synchrotron
radiation and the emitted electrons are measured with high
resolution, one obtains detailed information about the effects
of relativity and correlation in atomic electrons. The binding
energies, correlation properties and decay widths in atomic
lead serve as an important reference material for studies of
lead clusters and metallic lead.

The low energy part below the 5d ionization thresholds
was studied in atomic lead by Süzer et al. �1� who analyzed
the 6p photoelectron spectrum. Their study confirmed the
relativistic nature of Pb ground- and valence-excited states,
originating from the large spin-orbit interactions. Synchro-
tron studies of the valence region have been performed by
Krause et al. �2�. The metallic Pb, especially the 5d3/2 vs
5d5/2 branching ratio, has been analyzed more thoroughly,
see e.g., Bancroft et al. �3� and Barth et al. �4�.

The region involving the subvalence region has however
not received much attention, but the 5d spectra was mea-
sured using synchrotron radiation with �in today’s standards�
moderate resolution by Sandner et al. �5� where the origin of
the spectral features was also discussed on the basis of mul-
ticonfigurational Dirac-Fock calculations.

The electronic structure in atomic lead is characterized by
strong relativistic effects, which are visible in the experimen-
tal spectra as well as in the simulations as a rather indepen-
dent behavior of the relativistic subshells pertaining to j
= l�1 /2. Also deviations from the independent-particle
central-field model are pertinent, as shown by the appearance
of satellite structures in the photoelectron and Auger spectra.
The origin of these structures can be mostly accounted for by
including configuration interaction of the 5d hole states with
valence doubly-excited states. In the previous study �5� the
correlation satellite structures were proposed to originate due
to mixing with the 6d orbitals. Instead we found here that the
main contribution to correlation comes via valence doubly
excited states from the 6s and 6p orbitals. In addition to the
new theoretical predictions we also present new experimen-
tal high resolution 5d photoelectron and subsequent Auger-
electron spectra and compare these to the calculated spectra.

II. EXPERIMENT

The experiments were carried out on the newly built
Finnish-Estonian beamline branch FINEST on the undulator
beamline I3 at the new 700 MeV MAX–III electron storage
ring �6� in MAX-laboratory �Lund, Sweden�. In short the
beamline uses radiation from an Apple-II type elliptically
polarizing undulator and the light is monochromatized using
a 6.65 m off-plane Eagle type monochromator manufactured
by Bestec GmbH. The monochromator has three different
gratings inserted to cover the photon energy region from 4.6
to 50 eV. The FINEST branch line uses a single Au coated
toroidal mirror for refocusing the photon beam to the target
position. The FINEST branch is designed for experiments in
the gas and vapor phase and thus a highly efficient differen-
tial pumping is used before the refocusing mirror. The beam-
line will be described in some more detail elsewhere �7–9�.

To produce the atomic Pb vapor a resistively heated oven
�10� with a stainless-steel crucible was used. The tempera-
ture of the oven was approximately 800 K corresponding to
a vapor pressure in the region of 10−4 mbar inside the heated
volume �11�. The background pressure inside the spectrom-
eter chamber was of the order of 5�10−7 mbar during the
experiments.

As the measured kinetic-energy region extends to rather
low kinetic energies, an electron repeller was used just out-
side the oven, but inside the thermal shielding so that the
repeller potential does not penetrate to the target volume.
This was done in order to reduce the amount of thermally
excited electrons �and ions� in the interaction region. The
repeller was used at a potential of −2 V with respect to the
ground potential.

The photoelectron and Auger spectra were recorded at the
photon energy of 42 eV using a Pt coated grating with 4200
l/mm ruling and with monochromator entrance and exit slit
openings of 950 �m. This corresponds to a photon band-
width of approximately 10 meV. The electrons were col-
lected using a modified Scienta SES-100 hemispherical elec-
tron energy analyzer mounted on a setup built in Oulu
�10,12�. The pass energy of the analyzer was chosen to be 10
eV and the entrance slit 0.4 mm �curved� corresponding to an
instrumental broadening of approximately 20 meV. The elec-
trons were detected at the magic emission angle of 54.7°
with respect to the electric field vector of the synchrotron
radiation, which was 99% vertically linearly polarized �per-
pendicular to the plane of the synchrotron�.*samuli.urpelainen@oulu.fi
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For calibrating the binding energy the noble gas Xe was
introduced in the chamber via free expansion from the base
of the oven until a partial Xe pressure of approximately 1
�10−5 mbar was reached. The photon energy was calibrated
by measuring the autoionizing Ar 13s� line around 15.8 eV.
The photon energy was found to differ approximately by
0.5% from the previously reported value obtained from ab-
sorption experiments �13�. The transmission function of the
analyzer was not calibrated as the emphasis of the study is
not in the relative intensities of the lines.

III. RESULTS AND DISCUSSION

The calculations on the electronic structure and transitions
were done within the multiconfigurational Dirac-Fock for-
malism. The atomic states are taken as eigenstates of parity
and total angular momentum J, expressed as linear combina-
tions of configuration state functions �CSFs�. These are con-
structed as antisymmetrized j j coupled products of singe-
particle Dirac orbitals. The bound-state orbital wave
functions were obtained using the GRASP92 �14� code
�slightly modified to get better convergence properties�,
whereas the energies and mixing coefficients were computed
with the GRASP2K �15� package. After generating the bound
electronic states, the photoionization probabilities were esti-
mated within the frozen-core picture, by multiplying the
mixing coefficients of the CSFs of final ionic state with the
corresponding mixing coefficients of the “parent” CSFs in
the ground state. The method has been described, e.g., in
�16�.

The observed Auger-electron intensity is proportional to
nfn=2��lj�Afn�2�Tni�2 / Pn, where Afn is the Auger decay am-
plitude, Tni the photoionization amplitude, and Pn the total
decay rate of the one-hole state n. The sum goes over the
quantum numbers of the continuum electrons. Here we have
used the fact there is only one initial state for the photoion-
ization. The Auger amplitudes were obtained using unpub-
lished routines from the Ratip �17� package.

For the ground state of atomic lead, we found that a good
description was obtained by including only the single non-
relativistic electronic configuration �Xe�4f145d106s26p2. The
outermost open 6p shell gives rise to five energy levels, hav-
ing the total J values 0, 1, 2, 2, 0, in energy order. The
calculated splittings with respect to the ground state were �in
eVs� 0.839, 1.307, 2.707, and 4.054. These can be compared
to the experimental values �18� 0.969, 1.321, 2.660, and
3.653. This means that at the temperature �500 °C used in
our experiments, only the lowest neutral level having J=0
was occupied. As a heavy atom, the electronic states in lead
are best described within the j j coupling. This was also re-
flected by the eigenvectors of the neutral state being com-
posed of almost ��90%� pure j j coupled CSFs. According to
our calculations, in the relativistic notation this lowest level
consists of the 6p1/2

2 and 6p3/2
2 valence electronic configura-

tions, with the weights 0.924 and 0.076, respectively. This
also shows that strong spin-orbit interaction makes Pb effec-
tively a closed-shell atom, as reflected by the relatively large
energy gap between the ground- and first-excited neutral
state. This was already the conclusion of Süzer et al. �1�. As

a comparison, the corresponding gap in Sn, with similar va-
lence electronic configuration, is only 0.21 eV �19�. In con-
trast to �5�, in our calculations the inclusion of the 6d orbitals
in the ground state did not result in any improvements, and
we conclude that its role is negligible.

Let us first discuss the gross features of the 5d ionization
and subsequent Auger decay in terms of energy levels con-
structed from single nonrelativistic electronic configurations.
For the singly-ionized state, the nonrelativistic configuration
5d96s26p2 gives rise to 16 relativistic configurations with J
=3 /2 and J=5 /2. For the doubly ionized states, the nonrel-
ativistic configurations 5d10�6s6p�2 give rise to 10 relativistic
configurations. The calculated energy levels are depicted in
Fig. 1, which for reference also shows the locations of the
valence 6s and 6p ionized states. Comparison of the experi-
mental spectrum and the energy-level diagram shows that the
single-configuration calculation is able to predict the posi-
tions of the energy levels relatively well.

The energy levels show that the part of the 5d−1 states
between the main components, characterized by
5d5/2

−1 6s26p1/2
2 and 5d3/2

−1 6s26p1/2
2 relativistic configurations, is

only capable of decaying into the single 5d106s2�1S0� state,
whereas the valence 6s and 6p ionized states decay only by
photon emission. The higher-lying 5d hole states have other
decay channels, but they have negligible intensity in the
photoionization. The calculated photoionization spectrum us-
ing the abovementioned configurations is presented in the
lowest column of Fig. 2. The major features shown, labeled
as “A” and “B,” are the peaks corresponding to the main
components J=5 /2 at 24.01 eV and J=3 /2 at 27.09 eV,
respectively. In between the main peaks there are
configuration-interaction satellites arising from mixing with
the states having electronic configurations 5d3/2

−1 6s26p1/2
1 6p3/2

1 .
The calculated intensities �peak areas� for the main compo-
nents have the ratio 1.00:0.59. The deviation from the “geo-
metrical” ratio 3:2 results from larger configuration interac-
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FIG. 1. Calculated energy levels within the single �nonrelativis-
tic� configuration scheme. The leading relativistic configuration of
selected levels �printed in bold� is presented. Dashed lines show the
energy region spanned by levels originating from the nonrelativistic
electronic configurations shown on their right. The doubly ionized
levels above the highest singly-ionized level are not shown.
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tion of the J=3 /2 peak, reducing the intensity in
photoionization. The lifetimes of the peaks differ so that the
calculated Auger decay width for the J=5 /2 component is
1.5 meV but for the J=3 /2 component it is 127 meV.

The Auger process within the single nonrelativistic con-
figuration scheme is extremely simple due to the single dou-
bly ionized level 5d106s2�1S0� reachable by the main compo-
nents of the singly-ionized states. The Auger spectrum
becomes a mirror image of the corresponding photospectrum
�Fig. 3�. Moreover, the Auger decay amplitudes of the main
relativistic configurations contain only one channel and are
depicted by �5dJ

−16s26p1/2
2 ��Vee��5d106s2�1S0��dJ	, which re-

duce �in atomic units� to 1
7R3�6p1/2 ,6p1/2 ;5d5/2 ,�d5/2� for J

=5 /2 and to 1
3R1�6p1/2 ,6p1/2 ;5d3/2 ,�d3/2� for J=3 /2. Here

Rk denotes the relativistic Slater integral. Thus, ignoring mix-
ing and small changes in orbital functions, the differing life-
times have a natural geometrical interpretation: angular-
momentum conservation only allows for the smaller R3

integral in the decay of the J=5 /2 component versus the
larger R1 integral in case of the J=3 /2 level.

Comparing the calculated single configuration spectrum
and the experimental spectrum in Fig. 2 shows that there are

additional structures which go beyond the single configura-
tion scheme. Especially the main J=5 /2 peaks is associated
with a satellite with lower binding energy and the main J
=3 /2 peak is associated with several other energetically
close transitions. In the work of Sandner et al. �5� the origin
of these transitions was discussed on the basis of including
the 6d orbitals, but according to our analysis they do not
seem to play any appreciable role. A natural extension in-
stead is to consider the effect of configuration interaction
with valence doubly-excited states, which cannot by them-
selves be directly ionized when configuration interactions are
not taken into account. The energy-level diagram in Fig. 1
shows that the main singly-ionized J=3 /2 component �B� is
energetically close to doubly ionized states with electronic
configurations 5d106s16p1. It is therefore natural to suggest
that mixing with 5d10�6s6pnl�3 type of configurations should
be taken into account. In our calculations it turned out that
including configuration interaction with levels coming from
nl=7p ,8p accounted for most of the features seen in the
experiment. The mixing changes the situation so that the
singly-ionized spectrum becomes energetically wider and
produces new satellite structures in the spectrum due to mix-
ing of configurations.

The main calculated parameters are affected so that in the
multiconfigurational calculation the intensity ratio of the
main peaks becomes 1.00:0.43 and the half-width of the J
=3 /2 component becomes 303 meV, more than twice the
single configuration calculation result. These effects can be
understood on the basis of increased mixing which reduces

FIG. 2. Experimental and calculated 5d photoionization spec-
trum within the multi- and single �nonrelativistic� configuration
scheme. The transitions corresponding to the J=5 /2 ionic states are
shown with solid line, while the dashed line shows transitions cor-
responding to the J=3 /2 ionic states. The calculated photoioniza-
tion probabilities are denoted by sticks, whereas the calculated
curves have been generated by taking into account the widths from
Auger calculations. The higher binding energy part has been multi-
plied by 5 for better visualization.

FIG. 3. Experimental and calculated 5d Auger spectrum. Mixing
with 7p and 8p included. Equal width 40 meV for all peaks except
for the main J=3 /2 peak at 27.04 eV binding energy where the
calculated width 300 meV has been used. The solid and dashed
lines correspond to the J=5 /2 and J=3 /2 final ionic states, respec-
tively. In addition, the calculated rates are depicted by sticks. The
high kinetic-energy part of the calculated spectrum has been multi-
plied tenfold for visualization.
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the photoionization intensity but at the same time allows for
more decay channels having relatively large amplitudes of
the form �6pnp��Vee���d6s	. However the calculated widths of
the peaks suffer from uncertainties pertaining to the numeri-
cal generation of continuum orbitals with very low energy.

The calculated photoionization spectrum within the mul-
ticonfigurational calculation is shown in the middle column
of Fig. 2. The most prominent new features are the appear-
ance of the new peak at binding energy 23.50 eV. This tran-
sition is interpreted as a configuration-interaction satellite
arising from mixing of the main J=5 /2 configuration
5d5/2

−1 6s26p1/2
2 with the 5d106s16p1/2

1 7p3/2
1 configuration. Mul-

ticonfiguration calculation also predicts additional peaks be-
tween the main peaks A and B, even though it does not fully
reproduce the manyfold peak structure around the main J
=3 /2 peak B.

The qualitative features of the Auger emission do not
change in the multiconfigurational calculation. This stems
from the fact that the for most of the states in the photoelec-
tron spectrum the decay to the 5d106s2�1S0� remains the only
decay channel and therefore the theoretical Auger spectrum
is again the mirror image of the photoelectron spectrum.
Small changes from the “mirroring” are induced by the en-
ergy dependence of the continuum waves which affect the
Auger amplitudes. Higher intensity of the J=5 /2 main peak
A in Auger as compared to photoelectron spectrum cannot be
confirmed by our experiment, as the transmission of the
spectrometer drops dramatically at very low kinetic energies
and the intensity ratio to the next peak is highly uncertain.
Detecting the spectrum with an electron time-of-flight spec-
trometer might help in clarifying if theory is correct here.

In our calculations we noticed that in the low binding
energy part of the photoelectron spectrum, dominated by the
5d5/2 type hole states, the inclusion of the 7p orbital can
account for most of the features, whereas toward the higher
binding energies corresponding to hole states with predomi-
nantly 5d3/2 character, the inclusion of the 8p orbital makes
the correspondence with the experimental spectrum better.
The experimental spectrum shows in this region a number of
transitions which we were not able to fully simulate due to
numerical uncertainties, but which most likely �based on the
energy-level structures shown in Fig. 1� are due to configu-
ration mixing of the 5d3/2

−1 6s26p1/2
2 and various states resulting

from 5d106s16p1/2
1 nlj

1 type of configurations. The differing
behavior of the peaks A and B also reflects the fact that
strong spin-orbit interaction in lead makes the relativistic
subshells quite independent of each other.

In addition to the direct ionization from the 5d3/2,5/2 shells
and mediated through configuration interaction, included in
our Auger amplitudes used in the computations, various
many-electron transitions can populate the doubly-excited
valence ionic states. In these shake up and conjugated shake
off transitions the dipole single-electron transitions are ac-
companied by monopole transitions �overlaps� of other orbit-
als. Based on our analysis, the many-electron transitions are
responsible for at most 10% of the intensity of the satellite
peaks, and the most part thus comes through configuration
interaction.

IV. CONCLUSIONS

The ionization and subsequent Auger decay of the Pb 5d
shell are characterized by strong relativistic effects originat-
ing from the large spin-orbit splitting of the relativistic 5d3/2
and 5d5/2 subshells. The splitting separates the energy levels
and pushes the higher-lying 5d3/2 shell into a region where
the single-hole state becomes energetically close to valence
doubly-ionized levels. This causes the deviations from the
independent-particle model which, in the MCDF calcula-
tions, manifest themselves as strong configuration-
interaction effects. They cause the 5d hole states to be mixed
with p-type Rydberg orbitals, and the photoelectron and Au-
ger spectra show numerous extra structures originating from
this mixing.

The results concerning the behavior of the 5d subshells
can serve as a starting point in analyses of spectral features
in larger systems containing lead. Especially in clusters the
important question is the formation of first molecular orbitals
and eventually �valence� band structures. It is likely that the
more weakly bound 5d5/2 subshell participates in the forma-
tion of molecular orbitals earlier than the 5d3/2 component.
Also the differing electron-electron interactions of these
atomic orbitals are likely to play a role so that the composi-
tion of the extended �molecular� orbitals in larger systems
shows the differences visible in atomic lead.
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