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High-resolution electron spectroscopy of a strongly correlated system: Atomic barium
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High-resolution 4d and 5p photoelectron spectra of free barium atoms were measured using narrow-band-
width synchrotron radiation of 131.2 eV photon energy. These measurements were necessary to disentangle the
complex structure of the electron spectra. We also performed a Hartree-Fock calculation with relativistic
corrections. A very good agreement between theory and experiment was found, which allowed the assignment
of all but the weakest lines, in addition to pointing out the significant contribution of configuration interaction
and shake processes.
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I. INTRODUCTION

Inner-shell photoionization studies in alkaline-earth m
als performed in the 1970s and early 1980s have been
beneficial in understanding the electronic structure of f
atoms@1#. Barium in particular has been studied by pho
absorption @2,3# and electron-impact@1,4# measurements
More recently, electron-ion coincidence spectroscopy
atomic Ba in the excitation range of 4d giant resonance wa
carried out by Baieret al. @5#. Barium is still a very interest-
ing case to study, especially the 5p and 4d excitations, be-
cause the near degeneracy of the 6s and 5d subshells leads
to very complex photoionization spectra, which are very r
in strong configuration mixing@6,7# and shakeup satellite
@8#. Indeed, early measurements@1,4# and a fully relativistic
analysis of the 5p excitation in Ba by Roseet al. @7#, re-
vealed an extremely complex structure. Photoelectron w
by Bizauet al. @8# and others@9–12# also showed complex
ity in the spectra following 5p and 4d excitation. However,
detailed experimental studies could not be carried out du
limitations in the available synchrotron radiation sources a
electron spectrometers. With the advent of third genera
light sources, allowing higher photon intensity and reso
tion, coupled with high-resolution electron spectromete
detailed measurements can be carried out and compared
the most recentab initio calculations. The present paper r
ports high-resolution measurements and calculations of
Ba 5p and 4d photoionization processes. A comparison w
previous calculations@11–16# and measurements@4,8,9,11#
is also presented.

II. EXPERIMENT

The experiment was performed at the Atomic and M
lecular beamline 10.0.1 of the Advanced Light Source s
chrotron radiation facility at Lawrence Berkeley Nation
Laboratory. The radiation from a 4.5-m-long 10-cm peri

*Present address: Department of Physical Sciences, Universi
Oulu, P.O. Box 3000, FIN-90014 Oulu, Finland.
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undulator was monochromatized by a spherical grat
monochromator. A photon bandwidth of 40–50 meV w
used with the 925 lines/mm grating at 131.2 eV photon
ergy. The electron spectra were measured using an end
tion designed for gas-phase angle-resolved studies, whic
based on a Scienta SES-200 hemispherical analyzer@17#.
The present measurements were all performed at an emis
angle of 54.7° with respect to the electric-field vector, in
plane perpendicular to the propagation direction of the
early polarized photon beam. The analyzer was operated
constant pass energy of 40 eV, with an electron energy re
lution of 40–50 meV. The kinetic-energy scale of the spe
trometer was calibrated by the Xe NOO Auger lines@18#,
and the photon energy was determined using the bind
energy of the Xe 4d photolines.

A resistively heated metal vapor oven was used to gen
ate an effusive beam of Ba atoms. To increase the lengt
the interaction region, the nozzle of the stainless-steel c
cible contained eight channels~0.8 mm diameter, 5 mm
long! in a line, aligned parallel to the photon beam directio
A 1.5-mm-thickm-metal disk with a slit for the atomic beam
was placed between the crucible and the interaction regio
shield the magnetic field of the heater, the crucible, and o
parts of the oven from the interaction region. On the oth
side of the interaction region, opposite to the crucible
water-cooled copper disk was mounted to collect and c
dense the metal vapor. The contact potential of the accu
lating Ba on this disk caused a continuously changing field
the interaction region. To keep the highest possible elec
energy resolution over a long period of time, the electr
spectra were collected by one sweep at a time and adde
later taking into account small shifts of a few meV. Th
operating temperature of the oven was in the range
540–590 °C, at which the Ba vapor pressure inside the c
cible was in the range of 1.5–5.0 mtorr@19#.

III. THEORY

Theoretical description of the Ba photoionization proce
has been a challenge for a long time, due to its strong co
lation effects. The 4d→(4,e) f photoabsorption is dominate
by a strong shape resonance. Photoionization cross sec
in Ba were described successfully by advanced many-b
theories such as the random-phase approximation with

of
change@20# and many-body perturbation theory~MBPT!
©2001 The American Physical Society15-1
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@13,15#. Strong correlation effects can also be observed ind
photoemission spectra@8–12#. These effects were studie
theoretically in Refs.@15# and@16# using MBPT and Hartree
Fock~HF! calculations, respectively. Matila and Aksela ha
already shown@16# that a HF calculation can give a goo
description of Ba electron spectra, if electron correlation
taken into account. In the present paper we calculated
wave functions with relativistic and correlation correction
Dipole matrix elements were calculated in an intermedi
coupling scheme with the standard Slater-Condon superp
tion of configuration method using the Cowan code@21#. In
HF calculations energy-level splittings resulting fro
electron-electron Coulomb interactions are too large, beca
LS-term-dependent electron correlations are neglected~see
Ref. @21# ~see Ref.@21#, Chap. 16-2!. Therefore, all Coulomb
integralsFk,Gk, andRk have been scaled by 85%, which
reasonable for HF calculations of neutral atoms and sin
charged ions. It is known from photoabsorption calculatio
@15# and the detailed analysis in Ref.@16# that very strong
configuration interaction~CI! has to be taken into account i
the case of Ba. Therefore, in the ground-state@Xe#
6s2 (1S0), ground- state configuration interaction~GSCI!
has been included with the configurations 6p2, 5d2, and 4f 2.

As in the ground state, strong correlations also had to
included in the final state of the photoionization proce
This was done in a first approximation by final ionic sta
configuration interaction~FISCI! between the configuration
4d96s2, 4d96s5d, 4d96p2, 4d95d2, and 4d94 f 2 for the 4d
excitation. However, as reported by Matila and Aksela, s
eral more configurations have to be included in order to
tain a good agreement between the experiment and th
@16#. The same is also valid for the final state of the 5p
photoexcitation. The configurations used in our calculatio
are given in Table I. Our calculations show that includi
even more configurations does not improve the results
ther.

Another main contribution to the 4d photoemission are
satellites of the types 4d216s7s, 4d216s6p, and
4d216s4 f , which appear in the same energy range as
main lines and the CI satellites, whereas for the 5p excitation
they are more separated@11#. The 4d216s7s satellites can
be populated by FISCI, due to the same parity as the fi
states, but the 6s6p and 6s4 f satellites can only be excite

TABLE I. Basis set used for the calculation of the photoem
sion spectra. Configuration interaction~CI! is included in the
ground state~GSCI! and the final ionic state~FISCI!.

Configuration

Ground state
6s2, 6p2, 5d2, 4f 2

Final ionic state after 4d excitation
4d96s2, 4d96p2, 4d95d2, 4d94 f 2,
4d96s7s, 4d95d7s, 4d96p4 f , 4d96s5d, 4d96s6d, 4d96p7p,
4d96p5 f , 4d96p6 f
Final ionic state after 5p excitation
5p56s2, 5p56s5d, 5p55d2, 5p56p2,
5p54 f 2, 5p56s7s, 5p56s6d, 5p56p4 f , 5p55d7s, 5p55d6d
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by a conjugate shakeup process. Shakeup satellites ari
the sudden approximation, where the photoionization cau
a sudden change in the Coulomb attraction. This excita
channel is also possible for 6s7s satellites. To estimate the
intensities of the shake satellites, several overlap integ
have been calculated. Following the shake theory@22# the
intensity of the 6snsshake satellite is given by

z^6suns&^6su6s8&^4duerWue f & z2,

whereas the main line is described by

z^6su6s8&2^4duerWue f & z2.

The conjugate shake process can be estimated by

z^6su6s8&^6suerWunp&^4dued& z2.

Here 6s and 6s8 are the 6s wave functions in the ground
state and the intermediate core excited state, respectiv
This method fails in the case of the 6s4 f satellite, sinceD l

53 and the dipole matrix element^6suerWu4 f & will always be
zero.

IV. RESULTS AND DISCUSSION

A. 4d photoionization

Our experimental and calculated spectra are shown in
1 together with previous data of Bizauet al. @8#. The mea-
surements were performed with a photon bandwidth of
meV and a spectrometer resolution of 50 meV. In the str
gest line~12! 66 500 counts were collected during approx
mately 100 min of acquisition time. The spectrum was fitt

-

FIG. 1. Barium 4d photoelectron spectra.~a! Data recorded at
131.2-eV photon energy, with a photon bandwidth of 50 meV an
spectrometer resolution of 50 meV. A linear background was s
tracted from the spectrum. The solid line represents a fit with Vo
profiles. The dashed line is from Ref.@8#. ~b! Calculated spectrum
using the relativistic Hartree-Fock method~solid line! and overlap
integrals~dashed line!. The vertical bars represent the fitted~a! and
calculated~b! lines. The assignments are given in Table II.
5-2



HIGH-RESOLUTION ELECTRON SPECTROSCOPY OF A . . . PHYSICAL REVIEW A63 062715
TABLE II. Binding energies, relative intensities, and assignments of the Ba1 4d21 ionic states.

Binding energy~eV! Intensity Assignment of the 4d9 states
Line This work Ref.@9# Ref. @8# This work Ref.@9# Ref. @11# This work

Expt. Theory Expt. Expt. Expt. Theory

1 97.25~1! 1.4
2 97.82~1! 3.1
3 97.99~2! 98.06 2.8 2.8 5d2 2F5/2

4 98.360~1! 98.36 98.4~2! 98.41~6! 83.7 74.3 6s2,J55/2 5d2,J55/2 5d2 2F5/2

5 98.489~1! 98.50 68.7 89.7 6s2,J55/2 6s2 D5/2

6 98.716~2! 98.74 14.3 10.9 5d2 2 D5/2

7 99.535~1! 99.50 37.7 26.8 5d2,6s5d,J55/2 5d2 2D5/2

99.53a 99.5~2! 99.50~10! 6s4 f ,J55/2 (1D)6s4 f 2D3/2

8 99.535~1! 12.4 5d2,J55/2
99.66a (3D)6s4 f 2D5/2

9 100.06~2! 1.4
10 100.41~2! 2.3 5d6p b

11 100.824~3! 100.79 13.0 30.1 6s2,J53/2 6s4d 2D3/2

12 101.023~1! 101.02 100.0 100.0 6s5d,J53/2 6s2 2D3/2

101.10a (1D)6s4 f 2D5/2

13 101.169~5! 101.0~2! 101.02~6! 7.9 6s2,J53/2
101.14a (3D)6s4 f 2D3/2

101.18a (1D)6s6p 2D3/2

14 101.324~2! 12.7
101.20a (1D)6s6p 2D5/2

15 102.103~1! 102.09 29.2 20.3 6p4 f 4F5/2

102.0~2! 102.20~10! 6s4 f ,J53/2 5d2,J53/2
16 102.359~3! 7.5 5d4 f b

17 103.076~2! 103.02a 103.1~2! 103.10~15! 11.9 6s6p,J55/2 6s7s,J55/2 (3D)6s6p 2D5/2

18 103.55~1! 2.8 6s7s,J55/2
19 104.904~5! 2.6
20 105.137~3! 105.09a 105.3~2! 6.7 11c 6s7s,J55/2 6p2,4f 2,J55/2 (1D)6s7s 2D3/2

21 105.320~2! 105.39a 105.25~25! 12.2 11c r f 2,J55/2 (3D)6s7s 2D5/2

22 105.698~2! 105.52a 106.0~2! 8.6 6s6p,J53/2 6s7s,J53/2 (3D)6s6p 2D3/2

23 106.12~2! 0.4
24 106.64~1! 0.8 6s7s,J53/2
25 107.475~5! 2.8

107.58a 11 c 6p2,4f 2,J53/2 (1D)6s7s 2D5/2
d

26 107.761~4! 107.7~2! 107.70~15! 4.2 6s7s,J53/2
27 107.912~2! 107.95a 8.8 11c 4 f 2,J53/2 (3D)6s7s 2D3/2

aBinding energy determined from an electronic structure calculation.
bTentative assignment.
cIntensity estimated from overlap integrals.
dA clear assignment to line 25 or 26 is not possible.
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with a set of Voigt profiles, where the Lorentzian and Gau
ian widths~with the exception of lines 18, 23, and 24! were
kept the same for all lines@23#. A natural linewidth of
113~10! meV and a Gaussian broadening of 109~10! meV
was obtained from the fit. The uncertainties of the fit para
eters were determined by using the Monte Carlo method
simulated data sets@24#. The fitted positions and intensitie
of the peaks are indicated as vertical lines in the top pane
Fig. 1, and are listed in Table II. Whereas the relative po
tions within the spectrum can be determined accurately
absolute calibration of the kinetic energy scale is diffic
due to the continuously changing contact potential during
06271
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measurement. We estimate this calibration uncertainty to
on the order of 10–20 meV. The calculated lines are sho
as vertical lines in the lower panel of Fig. 1, and are a
listed in Table II. For better comparison the theoretical d
were convoluted with a 109-meV Gaussian and a 113-m
Lorentzian to match the experimental resolution and lifeti
broadening, respectively.

The position and intensity of the calculated spectrum w
matched to the measurement using line 12 by shifting
theoretical spectrum by 0.1 eV. For the main lines in t
region of 98–102 eV binding energy, an excellent agreem
is found for the line positions. The intensity distribution
5-3
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SNELL, MARTINS, KUKK, CHENG, AND BERRAH PHYSICAL REVIEW A63 062715
also given rather well by the calculation, although some
tensity is missing at 99.5-eV binding-energy~lines 7 and 8!,
and the ratio of lines 4 and 5 is reversed. The satellite st
ture in this region is almost completely due to configurat
interaction, which is taken into account in the present cal
lation using the basis sets given in Table I. These lines
be assigned to the 4d96s2, 4d95d2, 4d96s5d, and 4d96p4 f
states~cf. Table II!.

Above 102-eV binding energy, considerable intensity
missing in the calculated spectrum. It is known from pre
ous works@8,9,11# that the satellite lines above 102 eV a
mostly due to the 4d96s7s shakeup process and 4d96s4 f
and 4d96s6p conjugate shakeup processes. The missing
tensity is expected for conjugate shake satellites because
cannot be taken into account in the present calculation.
normal shake satellites 4d96s7s have been included via CI
but their estimated intensity is too low. To identify the e
perimentally observed lines, we determined the binding
ergy of the shake satellites from an electronic structure
culation. In Fig. 1~b! the positions of these satellites a
marked by vertical bars. For simplification only the2D
states are shown. The positions are in very good agreem
with observed satellite lines. For the configuration 6s7s mix-
ing with the 5d7s, which are located at lower binding ene
gies, is most important. Neglecting this effect will result
binding energies that are about 0.3 eV too low. The influe
of the comparable configurations 5d6p and 5d4 f on the
conjugate shake satellites 6s6p and 6s4 f is much weaker.
Nevertheless, the intensities of the satellites cannot be ev
ated in this simple CI picture. This leads to the conclus
that the 4d96s7s satellite lines are mainly populated b
shake processes and not by final ionic state configura
interaction, which is the main process for the 4d95d2,
4d96s5d, and 4d96p4 f states. To estimate the intensitie
for the shake satellites, we have calculated several ove
integrals as described above. These intensities are give
Table III together with the experimental values. A very go
agreement is achieved for the normal shakeup intensities
culated in this approximation with the experimental data, a
also with the values given in Ref.@16#. However, this simple
approximation fails for the conjugate shake process. T
also explains the missing intensities in the theoretical sp
trum at 99.5 and 101.2-eV binding energies. Thus lines 7
13 can be attributed to the 6s4 f conjugate shakeup satellite

A similar problem of underestimating the conjuga
shakeup intensities based on overlap integrals of the ra
HF wave functions was encountered in the study of Lis

TABLE III. Intensities of the Ba 4d shake satellites relative to
the 6s2 main lines forEkin526 eV. The theoretical values hav
been evaluated by calculating simple overlap integrals as desc
in the text.

Shake satellite Intensity
Theory Expt.

6s2 1 1
6s7s 0.11 0.1
6s6p 0.003 0.1
06271
-

c-

-
n

s
-

-
ey
e

-
l-

nt

e

lu-
n

n

ap
in

al-
d

is
c-
d

ial

photoionization @25,26#. Electron-electron interaction pro
cesses beyond the reach of the self-consistent-field appr
can also create conjugate shakeup final states, and
greatly enhance the intensities of these lines. One s
mechanism, referred to as ‘‘direct knock-out’’ by Amus
@27#, describes inelastic scattering of the outgoing photoe
tron on the bound electrons of the atom, exciting or ionizi
them, and involving redistribution of the electron angu
momenta. In the present case, 6s→6p excitations can be due
to such scattering processes. The importance of direct kn
out in 4d photoionization is also emphasized by the fact th
the cross-section calculations are in a better agreement
experiment if these processes are taken into account@27,28#.

B. 5p photoionization

Measured and calculated Ba 5p spectra are shown in Figs
2 and 3. In Fig. 2 experimental data of Bizau et al.@8# is also
shown. According to a one-electron model, only two Ba
levels, 5p56s2 (2P1/2) and 5p56s2 (2P3/2), should be ob-
served, yet the electron impact measurements@1,4# as well as
our photoelectron spectra reveal a much richer struct
This is due to CI, which is considerable in the singly ioniz
states, in addition to shakeup processes@7,11#.

In the low-resolution spectrum~Fig. 2!, 18 500 counts
were collected in the strongest line~12! during 200 min of
acquisition time at an oven temperature of 550 °C. In
high-resolution spectrum@Fig. 3~a!#, 12 200 counts were ac
cumulated in the same line during 110 min at an oven te
perature of 590 °C. The spectra were fitted with a set
Voigt profiles, where the Lorentzian and Gaussian widths
most lines were kept the same and a linear background
used@23#. The positions and intensities of the lines are in
cated as vertical bars in Figs. 2 and 3 and are listed in Ta
IV and V. Some weak and broad features between lines
and 19 were fitted by broad Gaussian curves. Furtherm
an asymmetric line shape was used. The distortion of
lines was probably caused by a weak magnetic field em
ing from the oven. The analysis yielded a Lorentzian lin

ed

FIG. 2. Barium 5p photoelectron spectrum recorded
131.2-eV photon energy with a photon bandwidth of 50 meV an
spectrometer resolution of 50 meV. The vertical lines represent
fitted peaks. The solid line represents a fit with Voigt profiles. T
dashed line is from Ref.@8#. The assignments are given in Table IV
5-4
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HIGH-RESOLUTION ELECTRON SPECTROSCOPY OF A . . . PHYSICAL REVIEW A63 062715
width of 13 meV in both spectra, and Gaussian broadeni
of 96 and 59 meV for the low- and high-resolution spect
respectively.

The main photoelectron lines, labeled 5, 6, and 12 in
figure, are accompanied by correlation and/or shakeup s
lites. In the case of the 5p excitation, the satellite structure i
expected to arise mostly from CI between the 6s2, 5d6s,
and 5d2 configurations in the presence of a 5p hole, and

FIG. 3. ~a! Barium 5p photoelectron spectrum recorded at 131
eV photon energy with a photon bandwidth of 40 meV and a sp
trometer resolution of 40 meV. The solid line represents a fit w
Voigt profiles. ~b! Calculated spectrum using the relativist
Hartree-Fock method. The vertical bars represent the fitted~a! and
calculated~b! lines. The assignments are given in Table IV.
06271
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from the 6s→7s shakeup process@4,6,7#. In our calculation
of the 5p photoemission, correlation effects in the grou
state~GSCI! and final state~FISCI! are included by using the
basis set of Table I. The theoretical spectrum has b
shifted by 88 meV to match the experiment at line numb

TABLE V. Relative intensities of the Ba1 5p21 ionic states.

Intensity
Line This work Ref.@11#

Expt. Theory Expt. Theory

19 10.5 12 7
18 8.5 5 9
17 6.8 22 12
16 1.8 6 21
15 3.9 1.6 10 7
14 4.0 9.4 6 6
13 2.1 1.6
12 100.0 100.0 100 100
11 1.0 0.6 4
10 3.1 3.6 3
9 2.1 3.9 3 1
8 8.7 16.3 23 17
7 8.5 9.5
6 49.8 99.8 73 67
5 55.3 48.7 65 86
4 9.2 10.7 3
3 14.2 17.3 18 20
2 0.9 1.2
1 10.2 13.3 12 31

c-
TABLE IV. Binding energies, and assignments of the Ba1 5p21 ionic states.

Line Binding energy~eV! Assignment of the 5p5 states LS
This work Ref.@8# Ref. @4# Ref. @16# This work Ref.@11# Ref. @7# Purity

Expt. Theory Expt. Expt. Theory

19 31.337~3! 31.3~1! 31.336~3! 6p2

18 29.254~4! 29.2~1! 29.158~3! 6s7s
17 29.142~4! ’’ 6 p2

16 28.195~5! 6s7s
15 26.374~6! 26.52 26.3~2! 26.393~1! 26.53 5d2 (3P) 2P1/2 5d2 0.321
14 25.889~4! 25.94 5d2 (1S) 2P1/2 5d2 0.390
13 25.083~7! 25.07 5d2 (3D) 2D3/2 5d2 0.157
12 24.755~1! 24.76 24.75~2! 24.755~1! 24.88 6s2 (1S) 2P1/2 6s2 6s2 0.753
11 24.499~5! 24.46 5d2 (1D) 2P3/2 5d2 0.616
10 24.287~4! 24.27 24.20~3! 24.123~1! 5d2 (3P) 4S3/2 5d6s 0.345
9 23.853~4! 23.83 ’’ 6s5d (3D) 4D3/2 5d6s 0.519
8 23.527~5! 23.45 23.51~3! 23.516~1! 23.72 5d2 (1D) 2D3/2 5d2 5d6s 0.143
7 23.508~5! 23.41 5d2 (3P) 2D3/2 0.410
6 22.793~2! 22.78 22.72~2! 22.794~1! 23.05 6s2 (1S) 2P3/2 5d6s 5d2 0.409
5 22.687~2! 22.67 ’’ 22.688~1! 22.89 5d2 (1S) 2P3/2 5d2 6s2 0.180
4 22.306~4! 22.28 22.27~3! 6s5d (3F) 4F3/2 5d6s 0.306
3 22.266~2! 22.25 ’’ 22.229~1! 22.42 5d2 (3F) 4F3/2 5d2 5d2 0.228
2 22.171~16! 22.10 5d2 (3P) 4P3/2 0.602
1 21.639~4! 21.61 21.60~4! 21.64~1! 21.7 5d2 (3P) 2P3/2 5d2 5d2 0.287
5-5
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12. Shake processes are not included. According to M¨n-
tykenttäet al. @11#, the classification of the satellites as CI
shakeup is related to the calculation method since the p
abilities in the first case are obtained from the mixing co
ficients and in the second from the overlap integrals. In th
calculations, configuration interaction in the ground state
Ba is so weak that it is neglected. Also, in order to determ
the strength of CI in the case of the 5p hole, the MCDF
calculation included the 5p56s2, 5p55d6s, 5p55d2,
5p56p2, 5p54 f 2, and 5p56s7s configurations with total an-
gular momentaJ51/2 and 3/2.

In Table IV, we report our experimental and theoretic
binding energies of 19 lines corresponding to the main
CI satellites lines. Our results are compared with previo
measurements@4,8,11#, and the agreement among the list
values is excellent. There is also a very good agreemen
tween the experimental and theoretical spectra. Even
very small satellite 2 is well described by the calculation.
Table IV our data are also compared with the recent confi
ration interaction Hartree-Fock calculation of Matila and A
sela@16#. This calculation also included a mixing of configu
rations with the outermost valence electrons (nl
56s,5d,6p,4f ), and gave similar results.

Previous assignments of Refs.@7,11# are compared with
ours in Table IV. All assignments agree in the case of line
3, and 12, and they all disagree in the case of line 6. Ho
ever, Ref.@7# disagrees with Ref.@11# and our assignment in
the case of lines 5 and 8. This problem in assigning the st
to configurations arises almost certainly from the strong
termediate coupling of the 5p final states. This leads to
eigenvectors, where different configurations can have ne
the same contribution to the state. This can also be seen
the purity of the states shown in Table IV, which are typ
cally only around 30% inLS coupling. In j j coupling we
obtained a very similar result. Therefore, the 5p spectrum of
atomic barium is an example of a strongly mixed syste
where only the angular quantum numberJ of the final ionic
state is a good quantum number and even the configura
due to strong correlations is only a rough description of
state. An exception is line 12, which has a purity of 75%
LS coupling. Therefore, the chosen set of configurations
have a large influence on the dominating part of the w
function, resulting in discrepancies between the three ass
ments.

Table V reports some measured and calculated rela
intensities of the observed main and satellite lines. The c
parison between our results and those of Ma¨ntykenttäet al.
shows that in Ref.@11# both the experimental and calculate
n
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values are systematically higher than our results. Howe
according to Ref.@11#, the relative line intensities are no
necessarily accurate close to threshold in the sudden app
mation, and this may be the explanation for the discrepan
Our calculations also tend to be higher than our meas
ments, but not as high as those of Ref.@11#.

V. SUMMARY

We have performed high-resolution measurements of
Ba 4d and 5p photoelectron spectra using monochromatiz
synchrotron radiation of 131.2 eV photon energy. Hig
resolution measurements were necessary to disentangle
rich line structure of the electron spectra, which is caused
configuration interaction and shake processes. To inter
the experimental results, a Hartree-Fock calculation w
relativistic corrections was carried out. A very good agre
ment between theory and experiment was found, which
lowed the assignment of all but the weakest lines of thed
and 5p photoemission spectra.

In the case of the 4d photoionization process, the satelli
structure in the vicinity of the main lines is mostly due
configuration interaction, it is populated by the 4d96s2,
4d95d2, 4d96s5d, and 4d96p4 f states. A small contribu-
tion ('10%) from the 4d96s4 f conjugate shakeup proces
is also present. The satellites at higher binding energies
mostly due to the 4d96s7s shakeup and 4d96s6p conjugate
shakeup excitations.

In the case of the 5p photoionization process, CI in th
final ionic states is found to be the main factor. Specifica
the complex satellite structure arises from CI between
5p56s2, 5p55d2, and 5p56s5d configurations, with a smal
contribution from 6s→7s shakeup processes.

It is probably not possible to obtain more informatio
about the studied processes just by increasing the experim
tal resolution further. The 4d spectra are limited by lifetime
broadening and in the 5p spectra most of the lines are a
ready separated. Angle- and spin-resolved measurem
might shed more light on the unexplained details.
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