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The photoelectron satellite structure of rubidium and cesium has been investigated following the photoion-
ization of an nd �n=3,4� inner-shell electron. The intensity ratios of the nd−1ms monopole and nd−1m�p
conjugated satellite lines have been measured at MAX-lab by using high-resolution electron spectroscopy. For
rubidium, moreover, the energy dependence of the 3dj6s /3dj5s and 3dj5p /3dj5s intensity ratios with j=3 /2
and 5 /2 is measured and compared with multiconfiguration Dirac-Fock calculations. A good or at least rea-
sonable agreement is found for both the monopole and conjugated shake-up probabilities if the relaxation of
the bound-state electron density is taken into account in the computation of the photoionization cross sections.
It is shown that, for the inner-shell ionization of medium and heavy atoms, the orbital relaxation accounts for
a significant part of the satellite structure in the photoelectron spectra.
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I. INTRODUCTION

Atomic photoionization along with high-resolution elec-
tron spectroscopy has been found to be a powerful technique
for studying many-electron effects in atoms and molecules.
Beside the main photoelectron peaks, which can typically be
understood within the atomic shell model of independent
electrons, the satellites to these peaks often display a very
rich structure and are known to provide insight into the role
of atomic correlations. These satellites reflect both the fine
structure of the photoion as well as the probability of the
target to remain in an excited ionic state after the photoelec-
tron has left the atom. From the energy dependence of these
satellites in photoelectron and �subsequent� Auger spectra,
moreover, useful information was drawn about the electron-
electron correlations for different shell structures of atoms
and ions �1–3�. Therefore, measurements of the photoelec-
tron satellites also help explore the capabilities of present-
day atomic theory and, in particular, how well the conjugated
shake-up process can be treated by the many-electron atomic
codes available today.

For atoms with one and two electrons outside of other-
wise closed shells, the photosatellites from the inner-shell
ionization have been explored in great detail �4–12�. These
investigations showed that the shake-up and shake-off pro-
cesses must be treated as multielectron phenomena for which
the bound-state and continuum interactions have to be taken
properly into account. In the electron spectra, these shake-up
processes are seen as satellites at the low-kinetic-energy side
of the main peaks. For the sake of simplicity, however, the
main experimental and theoretical emphasis has been placed
so far on the satellite lines of lithium, following its 1s photo-
ionization. For lithium, a large number of experimental
�3–5,13� and theoretical �5,14� case studies have been carried

out for both the partial cross sections and the asymmetry
parameters for the angular distribution of the diagram and
satellite lines. Moreover, high-resolution measurements were
made also for the 1s2p1P and 1s2p3P conjugated shake-up
satellite lines in order to analyze a process in which the va-
lence electron does exchange not only energy but also angu-
lar momentum with the photoelectron. In particular, the
populations of the 1P and 3P states have found considerable
interest because, owing to the conservation of the spin in the
electron-photon interaction, the 3P term is populated by a
pure �1s ��s� monopole transition �4,15�. Despite the great
progress in describing the lithium 1s photosatellites, the
comparison of high-resolution measurements with advanced
R-matrix �5,14� and many-body computations �16� shows
various discrepancies and makes it clear that our present un-
derstanding of the electronic correlations is still far from be-
ing complete, even for a simple system such as lithium and,
especially, if the bound-state density couples to the electron
continuum.

Although lithium provides a great “playground” for de-
veloping the many-electron theory for the photoionization of
atoms, the medium and heavy alkali-metal atoms are also of
interest for exploring relativistic effects in the electron-
photon interaction as well as for their use in photoelectric
cells or as a catalyst in chemical processes and in different
compounds �e.g., �17,18��. For Rb and Cs, especially, the
near degeneracy of the 4d, 4f , and 5d electrons leads to
rather complex photoionization and subsequent Auger spec-
tra that are rich in configuration mixing and shake-up �10,19�
processes. For these atoms, so far, only the monopole
shake-up was analyzed qualitatively by exploiting the over-
lap of the one-electron orbitals as calculated in different self-
consistent-field �SCF� procedures �10,20�. Any many-particle
treatment of these atoms that incorporates all internal corre-
lations and the continuum interaction is therefore much more
elaborate to carry out and will require the development of
more advanced codes than presently available �21�.*s.fritzsche@gsi.de
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In this work, we report on a high-resolution measurement
of the photoelectron satellite structures of rubidium and ce-
sium following the �photo�ionization of a 3d and 4d, respec-
tively, inner-shell electron. For these photoelectrons, the in-
tensity ratios of the nd−1ms monopole and nd−1m�p
conjugated satellite lines have been measured at MAX-lab at
fixed energy well above the threshold. For rubidium, in ad-
dition, the photon energy dependence of the 3dj6s /3dj5s and
3dj5p /3dj5s intensity ratios with j=3 /2,5 /2 have been re-
corded and are compared with multiconfiguration Dirac-
Fock calculations. Reasonable to good agreement is found
for both the monopole and conjugated shake-up probabilities
if the relaxation of the bound-state electron density due to
the photoemission of the inner-shell electron is taken into
account. This computational model has the great advantage
that no distinction need be made for the conjugated shake-up
transitions despite the different correlation contributions that
lead to these shake-up lines.

In the next section, we briefly describe the experiments,
carried out at the MAX-lab undulator beamline I411. The
theoretical framework and computations are later discussed
in Sec. III with emphasis on how the rearrangement of the
electron density is included in calculating the photoioniza-
tion amplitudes and cross sections. In Sec. IV, we then
present and discuss the 3d→nl satellite spectrum of ru-
bidium and the 4d→n�l� spectrum of cesium. For rubidium,
moreover, the energy-dependent branching ratios are dis-
cussed. Finally, a few conclusions are given in Sec. V.

II. EXPERIMENT

The experiments were conducted at the MAX-II 3rd gen-
eration synchrotron storage ring in MAX-laboratory �Lund,
Sweden�, utilizing the undulator beamline I411 dedicated for
gas-phase studies. The electron spectra were recorded using
a rotatable modified Scienta SES-100 electron kinetic energy
analyzer �for further details, see Ref. �19��. The �angle-
independent� intensities of the main and satellite peaks were
measured at the magic angle of 54.7° with respect to the
polarization plane of the synchrotron radiation.

The beam of atomic vapor was produced by using a re-
sistively heated oven at a temperature of 115 °C for Rb and
92 °C for Cs. The total experimental broadening from the
photon energy bandwidth and analyzer contribution was
about 100 meV for both samples, which is approximately the
same as the lifetime broadening of the 3d and 4d ionized
states of Rb and Cs, respectively. Special care was taken to
avoid the blending by Auger lines that occurs at some fixed
kinetic energies. When such an overlap with Auger lines was
unavoidable, the region was measured with slightly different
photon energy and the intensity from the Auger lines was
subtracted during the data analysis.

The binding energy calibration for the Cs 4d photoelec-
tron spectrum was obtained from the Xe 4d3/2 and 4d5/2
binding energies �22�. The transmission behavior of the
hemispherical analyzer �in a constant pass mode� as a func-
tion of the kinetic energy was determined experimentally by
using the constant ratio of the Xe 4d3/2,5/2 photoelectron lines
and the N4,5O2,3O2,3 Auger lines, as described in Ref. �23�.

III. THEORY AND COMPUTATIONS

Several theoretical models have been proposed and uti-
lized in the past in order to include many-electron effects
beyond the frozen-core Hartree-Fock �HF� model in the com-
putations of photoionization cross sections and electron in-
tensities. These models include the configuration interaction
�CI� and multiconfiguration Hartree-Fock �MCHF� and
Dirac-Fock �MCDF� methods, and many-body perturbation
theory, as well as the R-matrix approach. They all aim to
efficiently describe the atomic �ground� and ionic scattering
states that arise if the photon energy �� is inserted �instan-
taneously� into the atom. In a few cases, even interchannel
interactions or post-collision effects were taken into account.
Apart from the photoemission of just an inner-shell electron,
a rearrangement of the residual electron density is likely to
occur and leads to a satellite structure to the main photoelec-
tron peaks. Owing to internal correlations, such a rearrange-
ment can give rise to both a monopole or conjugated
shake-up of the valence electrons. For the 1s photoionization
of Li, the R-matrix computations of Cheng and co-workers
�5� showed that, although this approach is well suited for
calculating the conjugated shake-up process, the correspond-
ing intensities were underestimated if the computations are
based solely on the overlap integrals of the HF wave func-
tions. For lithium and sodium, moreover, it was shown by
Kupliauskiene �24� that a reasonable agreement between the
length and velocity forms can be achieved with �nonrelativ-
istic� relaxed orbital calculations if the wave functions of the
excited states were constructed orthogonal with regard to
lower-lying states of the same symmetry. However, neither
the energy dependence of the shake-up intensities nor the
branching ratios into higher subshells �n�5� were consid-
ered in the previous computations.

For all heavier atoms, instead, the theoretical treatment
has been more often than not restricted to a simple shake-up
model. In this model, the finite probability of an electron to
be shaken up to some outer orbital or into the continuum is
estimated by the overlap of the one-electron orbitals before
and after the photoelectron has left the system. In this pic-
ture, the shake-up of an electron is caused by the sudden
change in the potential. Although this shake-up model in-
cludes already a major part of the relaxation, it does not
allow one to treat the conjugated shake-up process �25� and
often fails even to give reasonable intensities for the normal
shake-up lines. In this model, the branching ratio of the sat-
ellite and main lines is obtained by normalizing the shake-up
probability by the probability of the valence electron to stay
in its initial orbital during the ionization. For the inner-shell
ionization of rubidium, for example, the branching ratio be-
tween the satellite and the main photo line is thus given by
��ns� �5s��2 / ��5s� �5s��2, and it is obvious that this ratio is in-
dependent of the photon energy.

Although in the conjugated process the angular momen-
tum unit of the photon is taken over by the ionic core, both
the normal and conjugated shake-up are mainly caused by
the rearrangement of the bound-state density. In the follow-
ing, we shall therefore employ separate optimization of the
initial and final �bound� states based on the MCDF method.
In this method, the dominant relativistic and correlation ef-
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fects are taken into account, and only the coupling of the
various continuum channels, the so-called interchannel cou-
pling, is neglected right from the beginning.

A. MCDF method

For open-shell structures as they arise, for example, in the
photoionization of inner-shell electrons, the MCDF method
has been found a versatile tool to calculate wave functions
and cross sections of various kinds �26,27�. In this method
�28�, an atomic state is approximated by a linear combination
of �so-called� configuration-state functions �CSFs� of the
same symmetry,

����PJM�� = �
r=1

nc

cr�����rPJM� , �1�

where nc is the number of CSFs and 	cr���
 the representa-
tion of the state in the given many-electron basis. In ansatz
�1�, moreover, �r represents the occupation of the atomic
shells as well as all further quantum numbers from the cou-
pling of these shells that are required for a unique specifica-
tion of the N-electron basis. In most standard computations,
the CSFs are constructed as antisymmetrized products of a
common set of �orthonormal� orbitals and are optimized by
means of the Dirac-Coulomb Hamiltonian. Further relativis-
tic contributions to the representation 	cr���
 of the atomic
states can be added for medium and heavy elements and
often help improve their �low-lying� level structure and tran-
sition amplitudes. For rubidium and cesium, we therefore
included also the low-frequency Breit interaction and
vacuum polarization, but left out further corrections �29�.
Usually the main limitations of the MCDF model arise for
open-shell structures from missing parts in the electronic cor-
relations due to a �restricted� size of the wave-function ex-
pansion.

An equivalent but rather different representation of the
atomic state vectors is built on an expansion in a determinant
basis,

����PJM�� = �
r

nd

dr����U	uk

r � , �2�

where the Slater determinants

�U	uk
� =
1

�N!
det	u1, . . . ,uN
 �3�

are constructed �again� from a given set of orthonormal or-
bitals 	uk= �nk	kmk� ,k=1, . . . ,N
. These one-electron func-
tions �uk� can be the same orbital as obtained in any relativ-
istic computation; i.e., the �r� �uk� may refer also to the Dirac
spin-orbitals from the wave function expansion �1� above.
Such a determinant basis has been found useful if transition
amplitudes are needed between atomic states that are built on
two not quite orthogonal sets of one-electron orbitals; cf.
Sec. III B. Utilizing the wave functions from the GRASP92

program �30�, the representation 	dr���
 of the atomic-state
functions �ASFs� in the determinant basis �2� can be obtained
by applying the CESD component �31� from the RATIP pro-
gram �32�.

B. Photoionization amplitudes including orbital relaxation

In the electric-dipole �E1� approximation to the �inner-
shell� photoionization, the cross section for obtaining the
atom in the final-ionic level �� f�����PfJf�� is given by


�PfJf� =
4�2��

3�2Ji + 1� �
	c,Jt

�D��;JfPf,�	c:JtPt��2, �4�

i.e., by a summation over all possible scattering states of the
final system “photoion+electron” that leave the photoion in
the state �� f�. In this notation, � is the fine-structure constant,
�� the photon energy, and Ji the total angular momentum of
the initial �ground� level ��i�����PiJi�� of the atom. In Eq.
�4�, the summation runs especially over all partial waves of
the photoelectron with kinetic energy �=Ei+�−Ef as well as
over the allowed continuum states ��t���JfPf ,�	c :JtPt� with
total angular momentum and parity Jt and Pt, respectively.

As seen from Eq. �4�, the dipole amplitudes
D�� ;JfPf ,�	c :JtPt� for the transition from the ground state
��i� to the �total� final state ��t� form the main building
blocks to calculate the relative intensities in the photoelec-
tron spectra. In the E1 approximation, the absorbed photon
hereby transfers always the angular momentum L=1 to the
total system and also changes the parity of the final state
��t� : Pi� Pt. For the main photopeak, the subshell occupation
of the initial and final-ionic levels may just differ by 1, i.e.,
by the �photo�electron that leaves the atom in the ionization
process. However, since the dipole amplitude D comprises
an integration over the coordinates of all electrons, also
final-state CSFs with other occupations of the valence shells
will give rise in general to nonzero amplitudes. For an inde-
pendent optimization of the initial- and final-ionic states,
these nonzero amplitudes arise mainly from the rearrange-
ment of the electron density in course of the ionization.

Using ansatz �3�, its obvious that the computation of the
dipole �and many other� amplitudes can be traced back al-
ways to the interaction matrix

�U	uk

r �DQ

�1��V	vl

s � , �5�

where DQ
�1� represents the �rank-1 spherical electric-dipole

operator for the� interaction of the atomic electrons with the
radiation field. The computation of these amplitudes in the
framework of the relativistic theory has been analyzed in
detail for the photoionization of an electron in Ref. �33�,
including the proper phase condition for the emitted electron.
The amplitude �5� shows hereby explicitly that the determi-
nants �U	uk
� and �V	vl


� need not to be built from the same set
of one-electron functions. It is this form of the transition
amplitude which has been utilized below in the calculation of
the �level-dependent� photoionization cross sections and
relative intensities. Expressions for matrix elements

�U	uk
�Â�V	vl

� of general one- and two-particle operators

were first derived by Löwdin �34�. In these derivations, it
was assumed that �uk �ul�= �vk �vl�=�kl is fulfilled for each set
of orbitals, but no analog relation need apply for the crossed
overlap products �uk �vl�=dUV�kl�. In particular, we generally
have �uk �vl�� �ul �vk� due to the different origin of the one-
electron functions on the left- and right-hand sides of the
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transition amplitudes. This approach was first implemented
for the computation of transition probabilities �35� and has
now been extended for photoionization processes.

In the computations below, we used the wave functions
from the well-known GRASP92 code �30� within the RATIP

program �32,36� in order to evaluate all the necessary ampli-
tudes. In particular, we adapted the PHOTO component �27� to
account for the nonorthogonality in the computation of the
partial and total photoionization cross sections with initial-
and final-state orbitals that are not quite orthogonal to each
other. For the inner-shell photoionization of medium and
heavy elements, such relaxation effects are known to modify
the cross sections by up to 30% or even more �37�.

C. Generation of wave functions

In the MCDF model above, it is predominantly the rear-
rangement of the electron density in course of the inner-shell
photoionization that gives rise to a finite shake-up probabil-
ity for the valence electron. This probability is �nearly� zero
if the same set of orbitals is utilized for the representation of
the initial and final states, and if the electronic correlations
are purely handled by means of configuration interaction.
Formally, of course, the relaxation of the bound-state density
can be obtained also by a sufficient large wave-function ex-
pansion, but the size of these expansions would become
huge, and the convergence is known to be very slow with
regard to changes in the charge density of the inner electrons.
Therefore, a pure configuration-interaction approach is un-
feasible, and care has to be taken to include the major parts
of the electron rearrangement by virtue of a separate optimi-
zation of the initial and final atomic states.

Apart from the 3d105s 2S1/2 ground state of rubidium, the
final states in the photoionization of a 3d inner-shell electron
were generated independently in three different computa-
tional models based on ansatz �1�: �A� by using all CSF from
only the reference configuration 3d95s, �B� from 3d9�5s
+6s+5p+4d�, and �C� from 3d9�5s+6s+5p+4d+7s+6p
+5d�, respectively. In all these models, the core orbitals for
the 1s , . . . ,4p shells were kept frozen �using the one-electron
functions from model �A��, and only the 5s ,6s , . . .. valence
orbitals were reoptimized in the various cases. Indeed, the
1s , . . . ,4p deep-core orbitals remain unaffected if only exci-
tations of the 5s valence electrons are considered, despite the
fact that the s orbitals have a small but finite probability of
being near or inside the nucleus. To generate the 7s and 6p
functions, moreover, the orbitals from the previous steps
needed to be utilized because of convergence failure other-
wise. While model �A� just gives rise to the two main peaks
�four levels� in the photoelectron spectrum, model �B� ac-
counts for 38 peaks �levels� and the computational model �C�
even 72 final levels due to the shake-up of the 5s valence
electron. Analogous computations have been carried out also
for cesium, but for a 4d96s reference configuration �model
�A�� and by incorporating single-electron excitations into the
4d9�6s+7s+6p+5d� �for model �B��, and 4d9�6s+7s+6p
+5d+8s+7p+6d� �for model �C��, respectively. Although
such a limited expansion does not enable one to “monitor”
the convergence of the photoionization cross sections into

the various shake-up levels, it takes into account a major part
of the relaxation and enables us to investigate the intensity
ratios as function of the photon energy.

IV. RESULTS AND DISCUSSION

In the alkali-metal atoms, the photoionization of an nd
inner-shell electron gives rise to two main peaks due to the
spin-orbit splitting of the nd3/2,5/2 subshells—i.e., the occur-
rence of a nd3/2 and nd5/2 hole together with a ms valence
electron. In rubidium, for example, these peaks refer to the
3d3/2

−1 5s�J=1,2� and 3d5/2
−1 5s�J=2,3� final levels of the pho-

toion and are separated in energy by about 1.5 eV from each
other. The fine-structure splitting due to the coupling of the
valence electron with the inner-shell hole cannot be resolved
because of the natural lifetime broadening of these nd−1 hole
states. In a simple statistical model, the main peaks are there-
fore expected to show an intensity ratio of 2:3. At the low-
kinetic-energy side, these peaks are associated with their sat-
ellites in which the outer s electron is “shaken” into some
higher orbital of either the same �normal� or different angular
momentum �conjugated shake�. Owing to the high resolution
in the electron spectra, it is possible today to isolate not only
excitations of the ms electrons into the neighbored �m+1�s
and mp shells, but to resolve also a number of other satel-
lites.

A. Rb 3d\n�l� satellite spectrum

Figure 1 shows the Rb 3d−1nl photoelectron spectrum,
measured at the photon energy of 200 eV in the region well
above the ionization threshold �10�. This spectrum has been
recorded at the magic angle of 54.7° relative to the polariza-
tion vector of the incoming photons. Apart from the two
main photopeaks �12 and 13 in Fig. 1�, more than ten satel-
lite peaks can clearly be resolved from the photoelectron
spectrum and are assigned to final-state configurations of the
photoion as shown in Table I. The assignment of the peaks
has been made due to the occupation of the valence elec-
trons, and an overlay of several configurations is found only
in a very few cases �cf. peaks 4 and 11�. Beside the assign-
ment, Table I also displays the binding energies and the rela-
tive intensities of the photopeaks, normalized on the 3d5/2

−1 5s
dominant peak. The intensity ratio of the main peaks �12 and
13� agrees well with the statistical ratio 0.67, which suggests
that the mixing between the 3d−15s and 3d−14d configura-
tions is small. On the other hand, the ratio differs by about
1.6% from the statistical expectation. The orbital relaxation
can explain this deviation as shown by a nearly perfect
agreement between the experiment and theory in columns 4,
6, and 8 in Table I.

Although the main contribution to the photoelectron sat-
ellites arises from the 5s→6s monopole excitations, the con-
jugated 5p satellites also receive a quite remarkable intensity,
which is suppressed only by a factor of 3. A similar ratio is
found also for the 7s and 6p satellites. To understand this
spectrum, the relative intensities of the photosatellites have
been calculated in a number of models. In the standard shake
model �column 5 in Table I�—that is, based simply on the
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overlap of the 5s valence electron—only monopole excita-
tions into the 6s and 7s shells are allowed, and this contri-
bution is overestimated both for the 5s→6s and 5s→7s sat-
ellites. In the computational models described in Secs. III B
and III C, in contrast, no distinction needs to be made be-
tween the monopole and conjugated shake-up lines since the
proper transfer of the internal angular momentum is ensured
by calculating the full many-electron amplitudes. In columns
6 and 7 of Table I, the relative intensities of the 3d−1 photo-
electron lines are shown if calculated with the wave function
expansions from models �B� and �C�. A clear improvement is
seen especially for the two 3d−16s peaks. In the last column,

we reoptimized in addition the 3d inner-shell electron while
the other orbitals were kept fixed due to their generation in
model �C�. Hereby, all photoionization amplitudes and cross
sections have been calculated in length gauge. Good agree-
ment between experiment and computations is found, espe-
cially for the computational models from the last two col-
umns. The agreement is somewhat weaker for the 3d−15p
conjugated photopeaks, which are overestimated by about
50% and by almost a factor of 3 for the 3d−16p peaks. Of
course, these conjugated shake-up lines are more sensible to
details in the computational procedure than the normal
shake-up transitions, and it can be expected, moreover, that
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FIG. 1. Experimental
3d3/2,5/2

−1 5s photoelectron peaks
�12 and 13� of atomic rubidium
together with 3d3/2,5/2

−1 nl shake-up
satellite structures �reprinted from
Ref. �10��. See Table I for an as-
signment of the electron peaks in
terms of the final-state configura-
tion of the photoion.

TABLE I. Energies and relative intensities of the 3d−1 photoelectron lines of rubidium. The assignment of
the electron peaks refers to the final configuration of the photoion following the photoionization of a 3d
inner-shell electron.

Label

Experiment Calculation

Assignment Binding energy �eV� �10� Int. �10� Int.a Int.b Int.c Int.d

1 3d3/2
−1 7s1/2 126.7�1� 0.420.1 1.06 0.48 0.49

2 — 126.2�1� 0.420.1

3 3d3/2
−1 6p1/2,3/2 125.6�1� 0.270.1 1.09 1.10

4 3d5/2
−1 7s1/2+3d3/2

−1 5d3/2,5/2 125.2�1� 1.010.2 1.59 0.72 0.74

5 3d3/2
−1 6s1/2 124.60�5� 10.390.3 12.58 13.15 10.01 10.19

6 3d5/2
−1 6p1/2,3/2 124.1�1� 0.450.1 1.70 1.71

7 3d5/2
−1 5d3/2,5/2 123.7�1� 0.780.2 0.06 0.06

8 3d5/2
−1 6s1/2 123.11�5� 15.290.4 18.87 19.50 14.87 15.13

9 3d3/2
−1 5p1/2,3/2 121.7�1� 3.220.2 6.01 5.69 5.68

10 3d5/2
−1 5p1/2,3/2 120.2�1� 5.510.4 9.35 8.83 8.81

12 �11� 3d3/2
−1 5s1/2�3d5/2

−1 4d3/2,5/2� 118.76�5� 65.580.8e 66.67 65.55 66.30 65.51

13 3d5/2
−1 5s1/2 117.27�5� 100 100 100 100 100

aApplying the overlaps in the standard shake model.
bRelaxed-orbital calculations for a photon energy of 200 eV, using wave function from the computational
model B.
cSame as in footnote b, but with wave functions from model �C�.
dSame as in footnote c, but by reoptimizing also the 3d orbital.
eCorrected for a misprint �55.58� in Ref. �10�.
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these lines are affected by interactions within the continuum
�which are omitted in the present computations�. Again,
however, the agreement improves in going from model �B�
to the more extensive computational model �C� for the wave-
function expansions. This indicates that a slightly better
agreement might be obtained by using even larger basis sets.
As seen from the calculated intensities for peak 7, almost no
intensity is transferred into the 5d shells, which is caused,
very likely, by the fact that only single excitations are taken
into account in all wave functions. For a better description of
the 5s→5d satellites, at least double excitations from the
3d95s reference configuration to the 3d94s24p44d25s and
3d94s24p45s5d2 are likely required, since relaxation alone
without some proper configuration interaction cannot trans-
fer intensity from the s→d symmetry in the evaluation of the
photoionization amplitudes. Similar arguments might apply
also for the 3d−15p and 3d−16p conjugated shake-up lines
and might lead to a reduction in the corresponding intensi-
ties.

B. Energy-dependent branching ratios

If differences in the radial structure of the 3d3/2 and 3d5/2
orbitals are neglected �as well as further many-electron ef-
fects�, the two main photopeaks 12 and 13 should have a
statistical ratio 2:3. This ratio is expected for sufficient large
photon energies and is, indeed, well fulfilled by experiment
and for computations with photon energy h��200 eV. This
shows that pure fine-structure effects are not so important for
the electron-photon interaction if the energy, deposited into
the system, reaches far above its ionization threshold. For the
main 3d5/2

−1 5s and 3d3/2
−1 5s photopeaks, these thresholds are

117.27 eV and 118.76 eV, respectively. To explore the inten-
sity ratios of the main and satellite lines as a function of the
�total� energy of the atom+photon system, they have been
recorded at several photon energies in the region h�
=134–220 eV. Figures 2�a�–2�c� compare the experimental
and theoretical intensity ratios for different satellite lines as
function of the photon energy. For the guidance of the reader,
moreover, Fig. 2�d� displays the corresponding photoelectron
spectrum at h�=200 eV. A rather different behavior is found
for the intensity ratios of the normal and conjugated
shake-up lines. While the 3dj

−16s /3dj
−15s �j=3 /2,5 /2� inten-

sity ratios slowly increase with photon energy �but are al-
most independent of energy as predicted by the simple
shake-up model, based on the ��6sfinal �5sinitial��2 overlap�, the
intensity ratio of the 3dj

−15p /3dj
−15s conjugated-to-normal

lines decreases by about a factor of 2 in going from
134 eV to 220 eV. In particular, the calculated
3dj

−15p /3dj
−15s intensity ratio occurs as being very sensitive

with regard to the photon energy and overestimates the ob-
served ratio by a factor of 3 �or more� close to the threshold.
For rubidium, this intensity ratio has been measured here as
a function of the photon energy, and our computational
model �B� is at least able to predict the trend of this 5s
→5p conjugated shake-up line reasonably well. Good agree-
ment with experiment is found for this ratio only at high
photon energies. As expected from previous case studies for
Li �5�, therefore, such conjugated-to-normal intensity ratios

provide an excellent test bed for all many-electron computa-
tions on the inner-shell photoionization of atoms and ions.

Correlations in many-electron atoms are responsible for
the satellite structure in the photoelectron spectrum, but they
are not the only reason for the energy dependence of the
individual lines and line ratios. In particular, the
3d3/2

−1 5s /3d5/2
−1 5s intensity ratio of the two main peaks in Fig.

2�c� depends only very little on the relaxation of the electron
density �cf. Table I�, but rather on the energy dependence of
the photoionization cross sections. The decrease of this in-

tensity ratio from the statistical value 2:3=0.66̄–0.54, as
observed in the measurements, is caused mainly by the be-
havior of the 3d3/2

−1 5s and 3d5/2
−1 5s cross sections at low pho-

ton energies. Similar arguments may hold also for the
3dj

−16s /3dj
−15s intensity ratios, but the situation is here more

involved due to the different ionization thresholds of the
main and satellite lines, and the fact that the photoionization
cross sections do not decrease linearly with the photon en-
ergy.

C. Cs 4d\n�l� satellite spectrum

Analogous computations as for rubidium have been car-
ried out also for cesium—i.e., the next heavier alkali metal
with nuclear charge Z=55—and for the inner-shell photoion-
ization of a 4d electron. The experimental 4d photoelectron
spectrum of Cs, measured at the photon energy of 142.5 eV,
is shown in Fig. 3. The corresponding assignment of the
peaks together with calculated values for their binding ener-
gies and relative intensities is displayed in Table II. Apart
from the 4d−16s main photoelectron peaks, the satellites are
resolved and assigned up to the 4d−18p shake-up lines. Note
that the binding energies of these peaks are slightly underes-
timated in Table II by about 1.2–0.3 eV, which reflects a
5p66s 2S1/2 ground state that is not enough correlated within
the applied computational basis. A better description of the
ground �and excited� states is usually achieved if single and
double excitation of the 5p and 6s �sub�valence electrons
into the 4f , 5d, 6p, and 7s shells would be taken into ac-
count, but which is beyond the scope of the present work.
For the 4d−1�7p+7d+8s� shake-up lines, the difference be-
tween the experimental and theoretical excitation �binding�
energies becomes less pronounced since these higher-excited
levels can also not be represented so well in the computa-
tions.

Photoabsorption of the 4d shell of Cs has been studied in
various articles �see, e.g., Ref. �38� and references therein�,
but to the best of our knowledge, the 4d photoionization
satellites have been studied so far only by Mäntykenttä et al.
�20� with moderate experimental resolution. In that study,
just two satellite lines were resolved �which correspond to
peaks 6 and 11 in Fig. 3� and assigned to the 6s→7s mono-
pole shake-up. As shown in Fig. 3, however, these two lines
overlap with other satellite lines and, hence, lead to an over-
estimation of the 6s→7s shake-up probabilities if only a
moderate resolution is obtained for the electron spectra. In
Ref. �11�, the 6s→7s shake-up probability was therefore cor-
rected to some smaller value, but any further analysis of the
satellite spectrum was omitted up to the present.
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Of course, cesium has a very similar valence-shell struc-
ture as rubidium, but with completely filled 4d, 5s, and 5p
shells in addition to the 6s valence electron. When compared
with the 3d electrons in rubidium, the 4d electrons in cesium
have a binding energy that is lower by about 35 eV. This
reduction can be easily understood from the screening of the
4d orbitals in cesium, which give rise to the mean radius
�r�0.8 a.u. This mean radius has to be compared with �r�
0.5 a.u. for the 3d3/2,5/2 orbitals of Rb. This different
screening behavior already suggests that cesium must be ex-
pected to be more sensitive with regard to correlation effects
as seen, for example, from the peaks for Cs �cf. 14-15 and
19-20 in Fig. 3� that all arise from the mixing of the 4d−16s
and 4d−15d configurations, while only a single peak �No. 11
in Table I� was assigned to the corresponding 3d−15s and

3d−14d mixing in Rb. Moreover, since the relaxation of the d
orbitals is in Cs smaller than in Rb, the monopole shake-up
probabilities are also smaller in this case. On the other hand,
the conjugated shake-up probabilities stay approximately the
same. For cesium, of course, the relativistic effects are much
stronger, and this applies even for the �6s� valence electron.
In fact, relativity arises here for three reasons for the valence
shells: �i� the spin-orbit splitting of all orbitals with orbital
angular momentum l�1, �ii� the relativistic contraction of
the inner electrons that gives rise to a larger screening for the
valence electrons �the so-called “indirect” relativistic effect�,
and �iii� since especially the s electrons have a finite prob-
ability near �or within� the nucleus. The latter reason mainly
influences the radiative corrections to the level energies and
remains small for cesium as a mid-Z element. However, the
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FIG. 2. �Color online� Com-
parison of different experimental
and theoretical intensity ratios
as function of the photon energy
between 134 and 220 eV. �a�
3dj

−16s /3dj
−15s, �b�

3dj
−15p /3dj

−15s, and �c�
3d3/2

−1 5s /3d5/2
−1 5s. The computa-

tional model �B� has been utilized.
For the guidance of the reader,
panel �d� displays the intensities
of the selected photopeaks at the
photon energy h�=200 eV.
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spin-orbit splitting is well visible also for the 6s→6p satel-
lite lines to which the peaks 12-13 and 17-18 are assigned.
For these peaks, the spin-orbit coupling of the 6p electron
divides the main photolines due to the 4d3/2

−1 6pj and 4d5/2
−1 6pj

relativistic configurations further because of the splitting of
the 6p1/2 and 6p3/2 valence orbitals. As seen from Table II,
our calculations for the 6s→6p conjugated shake-up prob-
abilities agree well with the experiment. Note that this agree-
ment is better than for the 5s→5p conjugated shake-up of
Rb, although it might occur here somewhat accidentally.

To describe the excitation of the 6s valence electron in
cesium appears to be a rather sophisticated task. The orbitals
with n�6 tend to be quite diffuse, and layers of even
higher-n Rydberg orbitals are needed to correct for the rep-
resentation of the valence electrons at lower n. This all leads
to convergence problems in the computation of additional
valence orbitals and often enforces one to “freeze” some of
the orbital in the SCF procedure. These difficulties can be
seen, for example, from the comparison of the calculated and
experimental 6s→7s and 6s→8s shake-up probabilities.
While the 6s→7s probability is overestimated and very sen-
sitive to the orbital optimization �cf. columns 6 and 7 in
Table II�, the 6s→8s shake-up probability is clearly under-
rated. This implies that the 8s orbital does not collapse
enough in our calculations. The different behavior of the va-
lence shells in Cs, when compared to those of rubidium,
becomes visible also for the 4d3/2

−1 6s /45/2
−1 6s branching ratio of

the main lines that clearly deviate from the statistical ratio
2:3. This deviation is likely caused by the shape resonance
that starts at the 4d ionization threshold and continues to
about 100 eV above the threshold. This shape resonance is
well understood in the 4d photoionization of Xe �see, e.g.,

Ref. �39��, and a further analysis of this resonance for the
case of Cs is beyond the scope of this work. Our calculations
indicate, however, that the 4d3/2

−1 6s /45/2
−1 6s branching ratio

will return to its statistical value at around 200 eV above the
ionization threshold. Unfortunately, the cross sections at
these energies are unfeasibly small for high-resolution mea-
surements of such small satellite structures.

It is interesting to note that the shape resonance also af-
fects the branching ratios between the spin-orbit splitted sat-
ellite lines. For example, the experimental 4d3/2

−1 7s /4d5/2
−1 7s

ratio of 0.806 is very close to the 4d3/2
−1 6s /4d5/2

−1 6s ratio of
0.801 that applies for the two main lines.

For the conjugated shake-up in the 4d−15d levels, the pre-
dicted intensity is too small for cesium and arises mainly
from configuration mixing, similar as for the 5s→4d excita-
tion of rubidium. Again, double excitations from the 4d−16s
reference configuration into the 4d95s25p45d26s and
4d95s25p45s6d2 configurations are likely to be required in
order to describe these line intensities properly. Overall,
however, these probabilities remain overall rather small
when compared with the main 4d5/2

−1 6s photopeak. Further
theoretical work is therefore needed to predict the intensities
also of the nl→n��l+2� photosatellites.

V. CONCLUSIONS

The photoelectron satellite structure of rubidium and ce-
sium has been investigated following the photoionization of
a 3d and 4d inner-shell electron, respectively. Emphasis in
these studies has been placed especially on the intensity ra-
tios of the nd−1ms monopole and nd−1m�p conjugated satel-
lite lines that have been measured with high-resolution elec-
tron spectroscopy at MAX-lab and are compared with
relativistic MCDF computations. A reasonable agreement be-
tween experiment and computations is found, for both the
monopole and conjugated shake-up probabilities, if the re-
laxation of the bound-state electron density is taken into ac-
count in the evaluation of the photoionization amplitudes. To
demonstrate the capability of the method for medium and
heavy elements, calculations were carried out for the
shake-up satellites up to the 7s and 6p shells for Rb and the
8s, 7p, and 7d shells for Cs. In addition to the intensity
ratios, the photon energy dependence of the most intense
satellites was studied for rubidium. For cesium, moreover,
the 4d photoelectron and satellite spectrum was recorded
with a previously unmatched high resolution that enables us
to assign and classify 21 new satellite peaks from the spec-
trum.

In particular for mid-Z elements such as Rb and Cs, a
large fraction of the shake-up probability seems to arise from
the orbital relaxation. If this rearrangement of the bound-
state density is included already in the evaluation of the
photoionization amplitudes, no distinction need be made be-
tween the monopole and conjugated shake-up satellites in the
photoelectron spectra, although the latter one remains
slightly more sensitive to many-particle and, probably, also
continuum-interaction effects. Apart from the energy ratios
for fixed photon energies, this method is able also to describe
the energy dependence for both the nl→n�l monopole and
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FIG. 3. �Color online� Experimental 4d3/2,5/2
−1 6s photoelectron

peaks �19 and 24� of atomic cesium together with the 4d3/2
−1 nl and

4d5/2
−1 nl shake-up satellite structures. The spectrum was measured at

the photon energy of 142.5 eV. For better visibility, the binding
energy region between 87 and 93 eV is magnified. Fitted peaks
without numbering are identified as overlapping Auger electron
lines.
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nl→n��l+1� conjugated satellite lines. However, further
work is required for a description of the ns→n�d �n=5,6;
n�=4,5 ,6� photosatellites that are clearly underrated in the
present work.
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