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The 3d−1 photoionization and subsequent M4,5N2,3N2,3 Auger electron spectra of free initially laser-excited
rubidium atoms have been investigated. The rubidium atoms were excited from the ground state �Kr�5s1/2 to
the �Kr�5p1/2 and �Kr�5p3/2 states. Emphasis was put on the changes in coupling and electron correlation
between the three different initial states. The ground state 3d photoelecton spectrum of free Rb atoms was
interpreted in detail. The binding energies for 3d3/2,5/2 orbitals of initially ground-state and laser-excited Rb
atoms were obtained. Extensive multiconfiguration Dirac-Fock calculations performed in the relativistic j j
coupled basis were compared to the experimental photoelectron and Auger electron spectra.
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I. INTRODUCTION

Selective initial state laser excitation combined with high
brilliance synchrotron radiation ionization has proven to be
an efficient way to study structures and dynamics of free
atoms. Studies with initially laser-prepared alkali-metal at-
oms have been of interest during the last couple of years.
They have included the valence shell ionization of Na �1,2�,
K �3�, Rb �4�, and Cs �5�. In Ref. �6� emphasis was put on the
inner-shell photoionization and Auger decay of K. Simulta-
neous study of photoelectron spectra �PES� and Auger elec-
tron spectra �AES� in Refs. �6,7� was found to be an effective
way to probe changes to inner-shell processes due to laser
excitation.

In alkali-metal atoms the first two excitations ns1/2
→np1/2,3/2 increase the orbital angular momentum of the out-
ermost electron by one. This changes the coupling of the
electron total angular momentum to the holes created by ion-
ization and Auger processes. The electron in the excited or-
bital is also less bound to the atom, which changes the cor-
relation and exchange effects between the electrons. In this
work we have studied these effects experimentally and theo-
retically in the 3d photoionization and subsequent
M4,5N2,3N2,3 Auger decay of initially excited and nonexcited
Rb.

To the best of our knowledge, no experimental 3d photo-
electron spectrum has been reported for atomic Rb. Previ-
ously 3d3/2,5/2 binding energies of atomic Rb have been de-
termined using calculations and photoabsorption by
Connerade and Mansfield �8� and later based on the same
experimental data by Mårtensson and Johansson �9�. The
M4,5N2,3N2,3 Auger spectrum of ground state Rb has been
studied previously experimentally and theoretically by
Aksela et al. �10�. Due to large correlation, even the main
structures of the M4,5N2,3N2,3 Auger spectrum of Rb were
found to be exceptionally difficult to calculate. Similar diffi-
culties have also been reported in the calculation of the 3d
absorption spectra of Rb �11�.

II. EXPERIMENT

The PES and AES measurements of atomic Rb were per-
formed at the high resolution undulator beamline I411 �12�,
at the MAX-II 1.5 GeV synchrotron storage ring in Lund,
Sweden. The exciting photon source was a tunable vanadate
laser pumped Ti:Sa laser medium which allowed a tuning
range of 1.2–1.8 eV. The range was sufficient to excite Rb
atoms from the ground state �Kr�5s1/2 to the �Kr�5p1/2 state
at the photon energy of 1.560 eV and to the �Kr�5p3/2 state at
the energy of 1.589 eV.

The emitted electrons were measured using the experi-
mental setup built in Oulu �13�, which has been upgraded by
replacing the electron spectrometer with a Scienta SES-100
hemispherical analyzer. The beam of Rb atoms was prepared
by a resistively heated oven at 110–115 °C and the ejected
photo and Auger electrons were measured at the magic angle
of 54.7° with respect to the polarization vector of the linearly
polarized synchrotron radiation.

In the case of 3d PES measurements, the ionizing syn-
chrotron beam was monochomatized to the photon energy of
200 eV with a modified Zeiss SX-700 plane grating mono-
chomator �14,15�. A recent update of the beamline mono-
chomator control allowed us to use the plane grating only as
a mirror. The widths of the Auger spectrum lines are not
sensitive to the ionization source bandwidth. Therefore using
the first-order undulator peak without monochromatization
we were able to obtain exceedingly high count rate to the
M4,5N2,3N2,3 AES of Rb. Within the same counting time,
roughly twenty times higher intensity was obtained to the
AES by using the plain undulator peak. In these measure-
ments the first harmonic undulator peak was set to the pho-
ton energy of 165 eV, in order to avoid overlapping of the
photoelectron lines caused by the higher-order undulator har-
monics.

The 3d PES were measured with a constant pass energy
of 20 eV, the beamline slit was set to 30 �m, and the en-
trance slit of the spectrometer was 0.8 mm �curved�. In these
settings the spectrometer broadening was estimated to be
about 100 meV. In the case of AES measurements, the high*Electronic address: kari.jankala@oulu.fi
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intensity allowed us to use a pass energy of 10 eV. The spec-
trometer entrance slit used was the same as in the PES mea-
surements. The spectrometer broadening of AES lines was
estimated to be about 38 meV. Since the natural linewidth of
M4,5N2,3N2,3 AES lines of Rb are over 80 meV �10�, we can
state that by simply improving the spectrometer resolution
one cannot obtain more details in the ground-state Auger
spectra.

The binding energy calibration for the PES was obtained
from the Kr 3d3/2,5/2 photoelectron lines �16� and the kinetic
energy calibration for the AES by using Kr M4,5N2,3N2,3 AES
�17�. The transmission correction curve for AES was ob-
tained experimentally �18� by using the 3d3/2,5/2 photoelec-
tron and the N4,5O2,3O2,3 Auger electron lines of Xe.

III. THEORY AND CALCULATIONS

The calculations were performed by using the multicon-
figuration Dirac-Fock �MCDF� method, where the atomic
state functions �ASFs� are generated as linear combinations
from the relativistic j j coupled configuration state functions
�CSFs�

���PJM� = �
i

c�i�i�PJM� . �1�

In Eq. �1�, the labels �PJM� state that the linear combination
is formed from the CSFs with the same parity and total an-
gular momentum. Numerical calculations were done by ap-
plying the GRASP92 code �19� together with the RELCI exten-
sion �20�. The GRASP92 code optimizes the wave functions of
the many-electron Dirac-Coulomb Hamiltonian and diago-
nalizes the Dirac-Coulomb-Breit Hamiltonian in a second
step to account further relativistic corrections. The initial ra-
dial wave functions were obtained from the Thomas-Fermi
model and the calculations were performed in the average
level �AL� scheme.

The relative photonization cross sections were obtained
by using an approximate expression for the Bethe-Born cross
section �see, e.g., Ref. �21��,

Q��J�� = �2J� + 1���
��

c��ci��X�X��2
. �2�

In Eq. �2� ci� and c�� denote the mixing coefficients of the
initial and final ASFs, respectively. X� refers to the final-state
configuration and X� to the same parent configuration in the
initial state. For more details, see the Appendix of Ref. �22�.
Based on the sudden approximation, the intensities of the
monopole shakeup transitions were obtained by weighting
the relative cross sections obtained on the direct photoemis-
sion from Eq. �2� with a squared overlap integral between the
initial- and final-state orbitals of the outermost electron. The
intensities of the conjugate shakeup transitions were not cal-
culated.

According to the two-step model, the relative intensity of
the emitted Auger electrons to the magic angle can be ex-
pressed as

nf��Jf,J�� =
Tf��Jf,J��Q��J��

P��J��
, �3�

where Q��J�� is the relative photoionization cross section,
P��J�� is the total decay rate of the initial state and

Tf��Jf,J�� = 2	�
lAjA

��
��

cf�c�uMf�
���2

�4�

is the Auger decay rate. The transition amplitude Mf�
�� is the

Coulomb matrix element where the operator inside is the
Coulomb operator, initial state is the singly ionized state, and
final state is the doubly ionized atomic state which is coupled
to the continuum electron to yield the same parity as the
initial state. For more details, see Ref. �21�. Numerical cal-
culations of Eq. �3� were done by using the AUGER compo-
nent of the RATIP package �23�.

The calculations were performed by generating ASF
sets in AL scheme to each ionization state. In the calculation
of the neutral-state wave function, the configurations
�Kr��4d1 ,5s1 ,5p1 ,5d1 ,6s1 ,6p1 ,6d1 ,7s1� were included. In
order to reduce shifting of the average energy the calcula-
tions were performed in two steps. In the first step, the
wave functions of the Rb atom were computed in a
single configuration approximation and in the second step
the radial wave functions of the �Kr�-like core were fixed
and the outer orbitals were generated. The 3d−1 ionized state
was computed in a similar way by including the con-
figurations �Kr�3d−1���4d1 ,5s1 ,5p1 ,5d1 ,6s1 ,6p1 ,6d1 ,7s1�.
In the second step, the last orbital fixed was 3p.
In the doubly ionized state, the configurations
used were �Kr�4d−2���4d1 ,5s1 ,5p1 ,5d1 ,6s1 ,6p1 ,6d1 ,7s1�,
�Kr�4p−3���5s2 ,5s15p1�, �Kr�4s−14p−2���5s2 ,5s15p1�, and
�Kr�4s−1��. In this case the initial-core wave functions were
obtained from the single configuration calculation, but in the
second step, all orbitals were set to free in a multiconfigura-
tion iteration.

IV. RESULTS AND DISCUSSION

A. 3d photoelectron spectrum of Rb

The experimental ground-state 3d PES of Rb is shown in
Fig. 1. The vertical bars denote the intensities obtained from
the least square fit using Voigt functions. Energies and rela-
tive intensities of the peaks are given in Table I. Energies of
the structures 9 and 10 are averages of the energies of the
two lines used to fit the peaks. The identifications of the lines
were done by comparing the experimental spectrum to the
MCDF calculations. Also, information from the spectra of
initially excited atoms was used to confirm some of the as-
signments.

In the following we use the notation nlj
−kmlj,�J1,. . .,Jn�

r ,
where j denote the orbital angular momenta and Ji the total
ionic states angular momenta. The main peaks 12 and 13
come from the direct photoionization of the 3d3/2 and 3d5/2
orbitals, respectively. The splitting of peaks 12 and 13 into
the fine-structure lines 3d3/2

−1 5s1/2,�1,2� and 3d5/2
−1 5s1/2,�2,3� is too

small to be observed experimentally. The small structure 11
on the left-hand side of peak 12 arises from mixing of the
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lines 3d3/2
−1 5s1/2,�1,2� to the lines 3d5/2

−1 4d3/2,�2� and 3d5/2
−1 4d5/2,�1�

in the final state of photoionization. The obtained 3d3/2 and
3d5/2 binding energies 118.76�5� and 117.25�5�, respectively,
agree well with the previously determined values of
118.76�10� and 117.33�5� �8� and of 118.70�5� and 117.26�5�
�9�.

At the binding energies over 120 eV, the satellite struc-
ture is mainly caused by shakeup transition of the 5s1/2 elec-
tron during photoionization. The structures corresponding to
shakeup transitions appear in pairs divided by the same 3d3/2

−1

and 3d5/2
−1 spin-orbital splitting as the main lines. The two

highest satellite peaks 5 and 8 are due to the 5s1/2
→3d−16s1/2 monopole shakeup transitions. Peaks 9 and 10
come from the conjugate 5s1/2→3d−15p1/2,3/2 shakeup tran-
sitions. Two lines were needed to fit the separate peaks 9 and
10 because of the splitting of the 5p orbital in the final state.
Peak 1 and partially peak 4 rise from the 5s1/2→3d−17s1/2
monopole shakeup transition. The other part of peak 4 and of
peak 7 come from the 5s1/2→3d−15d3/2,5/2 conjugated
shakeup transitions and peaks 3 and 6 rise from the 5s1/2
→3d−16p1/2,3/2 transitions. Peak 2 remained unidentified, but
is most likely due to the 5s1/2→3d5/2

−1 8s1/2 transition.

B. PES of 5s1/2\5p1/2,3/2 excited Rb

Figure 2 shows three intensity normalized 3d−1 PES, mea-
sured with laser off, laser in the 5s1/2→5p1/2 resonance, and
in the 5s1/2→5p3/2 resonance. The normalization peak 13
�see Fig. 1� was chosen so that it does not contain overlap-
ping intensity from the laser excited atoms. The laser does
not reach all the atoms in the interaction region. Instead, the
constant atomic density is redistributed to the excited and
nonexcited parts. Thus the spectrum measured with laser on
is a mixture of these two parts and scaling is needed to be
able to substract out the nonexcited part. Because of the large
overlap of the structures 10 and L3 and structure 12 and peak
L4 in Fig. 2, observation of the initially excited spectra is
easier if the nonexcited part of the spectrum is subtracted
out. These subtracted spectra are shown in Figs. 3�a� and
3�b�. The normalization procedure used leads to an overesti-
mation of the signal coming from the excited atoms, if the
true count rates are used. In this study, overestimation is not
a problem because only the relative intensities are consid-
ered.

The largest changes in the spectra due to the laser excita-
tion are denoted by labels L1–L4 in Fig. 2. The labels refer
to both laser-on spectra. The structures labeled as L1 and L2
denote the satellite structures caused mainly by the 5p1/2,3/2
→3d−16p1/2,3/2 transitions and labels L3 and L4 denote the
main lines of the spectra from initially excited atoms. The
peaks L3 and L4 appear at higher binding energy than the
main lines 12 and 13 �see Fig. 1� from the nonexcited atoms.
The energy differences of the excited and nonexcited states is
due to the different screening caused by the electrons to the
nuclear potential and the laser photon energy. The energy
difference between lines L3 and L4 and the conjugated
shakeup lines 9 and 10 in Fig. 1 from ground-state atoms is
the same as the initial state excitation energy because the
lines have the same final states. This confirms that the lines 9
and 10 are caused by 5s1/2→3d−15p1/2,3/2 transitions. The
same study to the known satellite lines L1 and L2 confirms
that the lines 3 and 6 are indeed caused by 5s1/2
→3d−16p1/2,3/2 transitions.

Due to small statistical mismatches between the nonex-
cited part of the spectra in Fig. 2, the difference spectra in
Figs. 3�a� and 3�b� show some anomalous behavior �negative
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FIG. 1. Experimental 3d photoelectron spec-
trum of Rb measured at the photon energy of
200 eV. For better visualization the binding en-
ergy region of 122–127 eV is magnified.

TABLE I. Experimental energies and relative intensities of the
3d−1 photoelectron lines of Rb. Assignments denote the final con-
figurations of the photoionization.

Label Assignment Energy �eV� Intensity

1 3d3/2
−1 7s1/2 126.7�1� 0.42

2 ¯ 126.2�1� 0.42

3 3d3/2
−1 6p1/2,3/2 125.6�1� 0.27

4 3d5/2
−1 7s1/2+3d3/2

−1 5d3/2,5/2 125.2�1� 1.01

5 3d3/2
−1 6s1/2 124.60�5� 10.39

6 3d5/2
−1 6p1/2,3/2 124.1�1� 0.45

7 3d5/2
−1 5d3/2,5/2 123.7�1� 0.78

8 3d5/2
−1 6s1/2 123.11�5� 15.29

9 3d3/2
−1 5p1/2,3/2 121.7�1� 3.22

10 3d5/2
−1 5p1/2,3/2 120.2�1� 5.51

12�11� 3d3/2
−1 5s1/2�3d5/2

−1 4d3/2,5/2� 118.76�5� 55.58

13 3d5/2
−1 5s1/2 117.27�5� 100
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intensities� when the intensity contribution from nonexcited
atoms changes rapidly and the experimental error is at the
highest in Fig. 2. From the deviation of the dots in Figs. 2�a�
and 2�b� one can estimate the statistical errors of the sub-
tracted spectra, which is roughly at least twice the error of
the original spectra. The solid lines are obtained from the fits
done for the laser on spectra by keeping the nonexcited con-
tribution fixed in the fits. In addition to the assignments in
Fig. 2, small peaks L5 and L6 can be seen in the difference
spectra in the binding energies of 123.6 eV and 122.2 eV.
The peaks can be identified to be caused by 5p1/2
→3d−15d3/2,5/2 and 5p3/2→3d−15d3/2,5/2 conjugate shakeup
transitions.

By comparing the excited spectra in Fig. 3 and Table II
and the ground-state spectrum in Fig. 2 and Table I one can

see that the probability for the outermost electron to shakeup
via nl→ �n+1�l monopole transition is clearly enhanced in
the excited cases. This behavior can be explained by the
sudden approximation model. The calculated overlapping of
the 5s1/2 single electron orbital with the 6s1/2 orbital in the
initial and final states, respectively, in the nonexcited case is
much smaller than the overlapping of the 5p1/2–6p1/2 and
5p3/2–6p3/2 orbitals in the initially excited cases. The same
behavior of the shakeup probabilities was also found in the
previous studies of Na �24� and Li �25�. On the other hand, it
can be seen from Tables I and II that the probability for
electron to shakeup via conjugated shakeup transition from
the 5s1/2 orbital to the 5p1/2,3/2 orbitals in ground-state case is
almost the same as the probability for conjugated shakeup
transition from the 5p1/2,3/2 orbitals to the 5d3/2,5/2 orbitals in
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FIG. 2. �Color online� Experimental 3d PES
of Rb measured with laser on and off. The solid
line is the ground-state spectrum, the dotted red
line is the spectrum measured with laser in 5s1/2

→5p1/2 resonance, and the dashed blue line is the
spectrum measured with laser in 5s1/2→5p3/2

resonance at laser polarization angle of 45° with
respect to the synchrotron polarization.
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FIG. 3. �Color online� Subtracted spectra be-
tween �a� laser in 5s1/2→5p1/2 resonance and la-
ser off spectrum, �b� laser in 5s1/2→5p3/2 reso-
nance and laser off spectrum. Dots are the
original data points, solid lines are the fits, and
the dashed lines denote the zero level.
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the excited case. A commonly used model for the conjugated
shakeup transition is a simultaneous dipole transition and
electron excitation to the continuum �see, e.g., Ref. �26��.
This indeed implies that the probability should not change
much between the nonexcited and excited cases, because the
shakeup probability is now proportional to the overlap of the
inner-shell electron and continuum and the dipole matrix el-
ement of the outermost electron. These quantities are not
expected to be very sensitive to the state of the outermost
electron.

Figure 4�a� shows the fit lines from Fig. 3 in the same
figure and Fig. 4�b� shows the calculated spectra. The calcu-
lated spectra are shifted by 1.41 eV to coincide with the
experiment. The constant energy shift used for both calcu-
lated spectra is due to the AL scheme used. The intensities
were calculated using Eq. �2�, and the relative intensities
between two excited states were not computed. The calcu-

lated initially 5p1/2 excited spectrum is therefore scaled down
to better represent the experiment. The small intensity differ-
ence between the two measured excited spectra comes from
the differences of the excitation cross sections, tuning of the
laser to the different wavelengths, alignment of the laser po-
larization in 5p3/2 excited case, and various other experimen-
tal parameters. The relative differences between the two
spectra in energy arise from both the initial- and final-state
energy differences. If the initial-state energy difference is
taken into account, the energy differences of the main lines
L3 and L4 between the two excitations corresponding the
same core hole state is about the same as the energy differ-
ences between the two lines used to fit the separate peaks 9
and 10 in Fig. 1. This indicates that in the initially nonex-
cited case, the probability for the electron in 5s1/2 orbital to
shakeup either to the 5p1/2 or to the 5p3/2 orbital via conju-
gated transition is almost the same. Thus, the selective

TABLE II. Experimental and calculated binding energies and relative intensities of the 5p1/2 and 5p3/2

excited 3d−1 photoelectron spectra of Rb.

Label

Expt. binding energy �eV� Calc. binding energy �eV� Expt. relative intensity Calc. relative intensity

Rb*�5p1/2� Rb*�5p3/2� Rb*�5p1/2� Rb*�5p3/2� Rb*�5p1/2� Rb*�5p3/2� Rb*�5p1/2� Rb*�5p3/2�

L1 124.01 124.01 125.25 125.25 25.8 22.9 18.4 18.4

L2 122.52 122.53 123.70 123.72 42.0 38.1 27.6 27.9

L3 120.08 120.14 121.53 121.57 83.0 76.2 66.1 66.8

L4 118.58 118.65 119.97 120.05 100 100 100 100

L5 123.63 123.63 4.3 2.4

L6 122.15 122.15 7.0 6.6
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FIG. 4. Fit to the experimental spectra �a� and
�b� calculated 3d−1 PES from initially 5p1/2 ex-
cited �dashed lines� and 5p3/2 excited �solid lines�
Rb. The labels refer to the peaks at the same en-
ergy range in the two spectra from 5p1/2 and 5p3/2

initial states in �a� and �b�.
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initial-state laser excitation allows one to observe experimen-
tally some highly overlapping lines in the ground-state case.

In general, the calculated spectra in Fig. 4�b� agree well
with the experiment in Fig. 4�a�. The relative energy differ-
ences between the 5p1/2 and 5p3/2 excited initial states agree
very well, even though the energy differences are of the mag-
nitude of 0.1 eV, as is seen from Table II. The calculated
relative energies of the monopole shakeup lines disagree by
about 0.2 eV from the experimental values. Correct predic-
tion of the energies of the satellite lines in the inner-shell
ionization was found to be difficult also in the previous stud-
ies �see, e.g., Ref. �6��. Even the large MCDF calculations in
the AL scheme seem to underestimate the energy differences
between the main and satellite lines.

The individual fine-structure lines cannot be directly ob-
served experimentally, due to the large natural linewidth of
the core-ionized states, and one has to rely on the calcula-
tions. The calculated 3d3/2,5/2

−1 main peaks from the three dif-
ferent initial states are plotted in Figs. 5�a�–5�c�. The dashed
lines show similar behavior when compared to each other,
but the calculated individual lines creating the profiles are
very different in each case. In Fig. 5�a� the peaks are mainly
formed by two lines due to the coupling of the 5s1/2 electron
to a 3d hole, giving 3d3/2

−1 5s1/2,�1,2� and 3d5/2
−1 5s1/2,�2,3� states.

In the 5p1/2 excited case, shown in Fig. 5�b�, the single con-
figuration j j coupling gives four lines with the same total J
values as in the nonexcited case. The lines are also divided
into two groups 3d3/2

−1 5p1/2,�1,2� and 3d5/2
−1 5p1/2,�2,3�. The mix-

ing between 3d3/2
−1 5p1/2,�1,2� and 3d3/2

−1 5p3/2,�1,2� states gives in-
tensity to two and 3d5/2

−1 5p1/2,�2,3� and 3d5/2
−1 5p3/2,�2,3� mixing to

other two smaller lines seen on the left-hand side of the main
lines. Similar behavior of the 2p photoemission lines was
also obtained in the 4s1/2→4p1/2 initially excited potassium
�6�. Figure 5�c� shows the calculated main lines from the
5p3/2 excited Rb. This case is slightly more complicated,
because the j j coupling gives rise to eight lines divided into
two groups 3d3/2

−1 5p3/2,�0,1,2,3� and 3d5/2
−1 5p3/2,�1,2,3,4�. The same

configuration mixing as in the 5p1/2 excited case also applies
to the 5p3/2 excited case. The calculations indicate that the
outermost electron most likely conserves its total angular
momentum in the 3d photoionization, but in the case of 5p1/2
excitation there is about 15% probability for an electron to
change to the higher j=3/2 state and in the case of 5p3/2

excited electron about 7% probability to change to the lower
j=1/2 state. The lower probability for spin flip in the 5p3/2
excited case can be understood from the higher number of
possible final states. The mixed final states with the total J
=1,2 obtain in total half the intensity of those in the 5p1/2
excited case and therefore the spin flip probability is also
lower.

In the recent studies of final-state selection in 3p, 4p, and
5p photoemission of laser excited K �3�, Rb �4�, and Cs �5�,
clear differences between final states with the same core hole
j but different total J were found. According to calculations
of the inner-shell photoionization of Rb, similar final-state
selection does not seem to occur. The initial state J0 angular
momentum influences the final-state structure, but the final
states with different J and the same core hole angular mo-
mentum j divide the intensity almost equally.

C. AES of 5s1/2\5p1/2,3/2 excited Rb

Three M4,5N2,3N2,3 AES of Rb measured with laser off,
laser in 5s1/2→5p1/2 resonance and in 5s1/2→5p3/2 reso-
nance are shown in Fig. 6. The spectra measured with laser
on are normalized in the same way as the PES in the previ-
ous section. Due to the overlapping of the excited and
ground-state contributions, comparison between the spectra
is again easier if the ground-state part is subtracted from the
spectra measured with laser on. Figure 7�a� shows the pure
initially excited contributions from both laser on spectra seen
in Fig. 6. Figure 7�b� displays the calculated AES from ini-
tially 5p1/2 and 5p3/2 excited states. For visualization, the
5p1/2 excited spectrum in Fig. 7�b� is scaled down.

The sticks in Fig. 6 display the fitted lines of the ground
state M4,5N2,3N2,3 AES of Rb. Single-configuration coupling
gives 8 CSFs to the 4p−25s final states. It is clear that the
single-configuration approximation cannot reproduce all the
structures seen in the experimental spectrum. Some of the
complexity arises from overlapping and mixing of the final
state 4s−15s0 and satellite structures �10�.

The AES with laser in 5s1/2→5p3/2 resonance was taken
with laser polarization angles of 45° and 135° with respect to
synchrotron polarization. No significant effects due to laser
polarization were found and all the spectra were summed.
Due to this, it can be noted from Fig. 7�a� that the statistical
noise is considerably lower in the spectrum with laser in
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5s1/2→5p3/2 resonance than in 5s1/2→5p1/2 resonance.
By comparing the ground-state spectrum in Fig. 6 and the

two initially excited spectra in Fig. 7�a�, it can be seen that at
first glance the difference between the three spectra is sig-
nificant. Closer study using theoretical results reveals that the
main structures divided by the coupling of 4p−2 holes in the
ground-state spectrum also appear in the excited spectra, but
some of the structures are modified due to changes in the
coupling of the outermost electron and mixing of configura-
tions. The structures IV and VI in Fig. 6 correspond to peaks
LI and LII in Fig. 7�a�, peaks VIII and IX in Fig. 6 are
divided into groups of three peaks LIII and LIV in Fig. 7�a�
and the peak X correspond to structures LV. The correspond-
ing structures to I–III, V, and VII are missing entirely from
the excited spectra in Fig. 7�a�.

The calculated spectra in Fig. 7�b� agree well with the
experimental spectra in Fig. 7�a� and especially the structures

LIII and LIV are predicted remarkably well. Computed AES
lines from three different initial states are compared to each
other in Figs. 8�a�–8�c�. The areas of the spectra are scaled to
be equal. For visualization, the spectra of excited Rb in Figs.
8�b� and 8�c� are shifted 1.2 eV towards higher energies to
coincide with the corresponding structures in the spectrum in
the uppermost panel. In Fig. 8�a� the peaks i and ii corre-
spond to peaks I and II in the experimental spectrum in Fig.
7�a�. The peaks I and II rise from transitions to the same final
states from the initial states 3d5/2

−1 5s1/2,�2,3� and 3d3/2
−1 5s1/2,�1,2�,

respectively. The leading term of the final state ASF is
4p−24d3/2,�1/2�

1 with the purity of only 0.25. The 4d configu-
ration can interact with 5s but not with 5p, therefore the
peaks I and II do not appear in the spectra in Figs. 7.

The peaks iii and iv in Fig. 8�a� appear as peaks i1
* and ii1

*

in Fig. 8�b� and as i2
* and ii2

* in Fig. 8�c�. In all three cases the
largest contributions to the peaks comes from transitions to a
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�solid black lines� Rb. The dashed line in �a� de-
notes the zero level.
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single final state and therefore splitting and internal structure
is defined by the initial states. In the nonexcited atom the
final state is 4p−25s1/2,�1/2�, in initially 5p1/2 excited Rb
4p−25p1/2,�1/2� and in 5p3/2 excited Rb 4p−25p3/2,�3/2�.

Reference �10� suggested that peaks III and V in Fig. 6
correspond to the calculated peaks iii and iv, respectively.
This is not correct, because observed splitting of the peaks
III and V is 1.33 eV and from the photoelectron spectrum in
Fig. 1 it is known that the splitting of transitions leading to
the same final state is 1.49 eV. Identification of lines iii and
iv as corresponding to IV and VI, respectively, fulfills this
condition. It agrees also with the optically observed final-
state values from Ref. �27�. From Fig. 6 can be seen that
small contribution to peaks III and V comes from the Auger
decays of 3d−15p1/2,3/2 states. From calculations it can be
obtained that partial intensity to peaks III and IV may rise
from 3d−16s1/2→4p−26s1/2 transitions.

Calculation of ground-state M4,5N2,3N2,3 Auger spectrum
of Rb was found to be a difficult task in the previous study
�10�. Comparing experiment from Fig. 6 and theory from
Fig. 8�a�, it can be seen also that in this study the agreement
is not very good. One possible reason is mixing between
4p−2−4s−2 and 4p−2−4p−44d2 final states. Including the
4s−25s1/2 and 4p−44d25s1/2 states in the calculations caused

some effects to the Auger spectra, but the total agreement
was not improved. Difficulties in the calculations arise also
from the calculation of the 5s orbital, because Auger calcu-
lations using the same wave functions reproduces experi-
mentally observed 5p1/2 and 5p3/2 excited Auger spectra re-
markably well, which can be seen from Figs. 7�a� and 7�b�.
One considerable reason for better agreement is the different
parity of the p and d orbitals which reduces the electron
correlation in the excited cases. Another reason is the larger
radial expectation value of the outermost electron in the ex-
cited cases.

The structure LIII in Fig. 7�a� corresponds to peak VIII in
the ground-state spectrum in Fig. 6. Similar splitting of some
of the AES lines in the excited case was also obtained in
potassium �6�, but no explanation was suggested. According
to calculations, peak v consists of a pair of two lines in Fig.
8�a�. The peak is a sum of transitions from the initial states
3d5/2

−1 5s1/2,�2,3� to the final states 4p−2�j=2�5s1/2,�3/2� and
4p−2�j=2�5s1/2,�5/2�. The j in brackets denote the coupled an-
gular momenta of the two holes is the 4p shell, which is
coupled to produce the total angular momenta J of the final
ionic state. Since the spatial angular momentum of the elec-
tron in 5s1/2 orbital is 0, the energy difference of the final
states arises from the coupling of the spin momentum to the
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two holes in the 4p1/2,3/2 orbitals. The energy difference of
the two final states obtained from the calculations is only
36 meV. In the 5p1/2 excited case the contribution to peak
iii1

* in Fig. 8�b� comes from transitions from the initial states
3d5/2

−1 5p1/2,�2,3� to the final state 4p−2�j=2�5p1/2,�3/2�. Peak v1
*

arises from transitions from the same initial states to the
4p−2�j=2�5p1/2,�5/2� final state. The j j coupling gives identi-
cal j and total J quantum numbers to the nonexcited and
5p1/2 excited cases, but the experiment gives the splitting of
the final states 4p−2�j=2�5p1/2,�3/2,5/2� of 0.63 eV. The energy
splitting of peaks vi1

* and viii1
* is the same as peaks iii1

* and
v1

*, since the peaks rise from transitions to the same final
states, but from the 3d3/25p1/2,�1,2� initial states. The increase
of the energy splitting of the final states originates from the
change in the coupling of the outermost electron, even
though the intermediate j and final J values are the same in
the two cases. Peak iv1

* in Fig. 8�b� does not have its coun-
terpart in the ground-state spectrum. It is not clearly visible
in the structure LIII in Fig. 7�a�, but the peak in the middle of
structure LIV comes from transitions to the same final states.
Peaks iv1

* and vii1
* rise from mixing of the configurations

4p−2�j=2�5p3/2,�3/2� and 4p−2�j=2�5p1/2,�3/2� in the final state.
Mixing of the configurations allows an electron to spin flip
during Auger emission, since the initial states of peaks iv1

*

and vii1
* are 3d5/2

−1 5p1/2,�2,3� and 3d3/2
−1 5p1/2,�1,2�, respectively.

In the 5p3/2 excited case in Fig. 8�c� the peaks i2
* and ii2

*

arise from transitions to the same final state and are therefore
not divided. The energy splitting of the peaks iii2

* and v2
* is in

5p3/2 excited spectrum 0.51 eV. The highest intensity final
state of the structure iii2

* is 4p−2�j=2�5p3/2,�5/2�, and of the
peak v2

* 4p−2�j=2�5p3/2,�7/2�. The angular momentum value
l=1 of the outermost electron causes again splitting of the
lines, but in this case the parallel coupling of the outermost
electron angular and spin momenta to j=3/2 and to the total
angular momentum of J=5/2 or J=7/2 reduces the splitting
when compared to 5p1/2 excited case. One reason for this
behavior is in the radial wave functions. The radial expecta-
tion value of the 5p1/2 orbital is slightly smaller than that of
the 5p3/2 orbital, which indicates stronger correlation with
the two holes in the 4p1/2,3/2 orbitals. Peak iv2

* is caused by
transitions to the same final state as peak iv1

*. In the initially
5p3/2 excited case the transition does not require spin flip of
the outermost electron and the relative intensity of the peak
is considerably higher. The change in the intensity is also
well seen in the structure LIII in Fig. 7�a�. In the 5p3/2 ex-
cited final states, the same mixing which caused the peak iv1

*

in 5p1/2 excited case, causes structures on the left-hand side
of peak iii2

* and on the right-hand side of peak v2
*. This dis-

tributed intensity can also be seen in structure LIII in the
5p3/2 excited experimental spectrum in Fig. 7�a�. Peaks vi2

*,
vii2

*, and viii2
* can be treated similarly, because the only dif-

ference is again in the initial states.
As shown above, in alkali-metal atoms, studying the di-

vided lines of the excited AES and comparing them to the
ground-state AES, information of the internal structures of
the lines in ground-state AES can be obtained, in principle,
without calculations. The lines which are not divided in the
excited case are formed by transitions to the single final state
and the split lines are caused by transitions to at least two
different final states. If the angular momentum of the valence
shell electron in ground-state case is nonzero or the shell
holds more than one electron, the situation is more compli-
cated and needs to be studied further.

V. CONCLUSIONS

The 3d photoelectron spectra of ground state, 5s1/2
→5p1/2 and 5s1/2→5p3/2 excited Rb atoms were measured.
With the aid of MCDF calculations and the spectra from
excited atoms, the structures of the 3d photoelectron spec-
trum of ground-state Rb were interpret in high precision.
Internal structures of the main 3d photoemission peaks from
three different initial states were studied theoretically and
MCDF calculations were found to predict the energy changes
caused by excitation very well. Using MCDF calculations
the main structures of M4,5N2,3N2,3 Auger spectra of excited
Rb atoms were identified. Higher l quantum number of the
outermost electron was found to cause splitting of some of
the close lying lines, even when the total angular momenta of
the electron does not differ from the ground-state case. The-
oretical predictions of the Auger spectra of laser excited Rb
atoms were found to be in better agreement to the experi-
ment than for ground-state Rb atoms. Considerable mixing
between 5p1/2 and 5p3/2 excited states was found to be well
accounted by calculations, but the correlation and mixing for
nonexcited Rb atoms were found to be very difficult to take
properly into account.
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