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Photoionization studies of the 2p resonances of atomic calcium
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The Ca 2p resonances at 345–355 eV were studied by photoion and photoelectron spectroscopy using
monochromatized synchrotron radiation and atomic-beam technique. The analysis of the excitation and decay
of these resonances shows strong configuration mixing between the different subshells of the valence electrons
4s, 3d, and 4p. In the case of the 2p3/2

21 resonance structure at 348 eV there are two excited states with nearly
equal contributions from the configuration 2p53d4s2 and 2p53d24s, which gives rise to strong variations of
the resonantly enhanced 3p4(3d,4s)3 photoelectron lines when scanning the photon energy across the reso-
nance.
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I. INTRODUCTION

The photoionization cross section of the atomic grou
state of Ca (1s22s22p63s23p64s2 1S0) shows strong reso
nances below the 3p21 as well as the 2p21 thresholds.
These resonances can be attributed to discrete transi
np64s2→np5(3d,4s)3. The notationnp5(3d,4s)3 implies
that due to the near degeneracy of the 3d and 4s orbitals in
the presence of anp21 core hole, there is strong mixin
between the 3d4s2, 3d24s, and 3d3 configurations. A de-
tailed theoretical analysis reveals that even other config
tions, such as 3d4p2 mix in strongly. This results in a com
plex situation for the analysis of these resonances.

The 3p resonances in the photon-energy region from
eV to 40 eV have been extensively studied by many exp
mental and theoretical investigations~see @1,2# and refer-
ences therein!. For the deep innershell 2p resonances, how
ever, only a few investigations exist@3–8#. They are based
on absorption@3#, ion-yield @4,5#, and photoelectron studie
@6–8#. In order to gain insight into the configuration mixin
in the 2p resonances we performed ion-yield and photoel
tron studies with considerably improved experimen
photon- and electron-energy resolution. The high-resolu
spectra in return triggered calculations so we can pre
experimental as well as theoretical results on the 2p reso-
nances of atomic calcium.

II. EXPERIMENTAL SETUP

The experimental investigations were carried out at
undulator beamline BW3 of the synchrotron radiation facil
HASYLAB in Hamburg ~Germany!. The synchrotron radia
tion was monochromatized by a SX700 monochromator
crossed at a right angle with a collimated atomic Ca bea

The photon bandwidth of the monochromator was 1
meV for measurements of the electron spectra and 240 m
for the ion-yield spectra. Ca was vaporized in a resistiv
heated steel crucible at temperatures around 850 °K. A s
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rately heated nozzle was used to collimate the atomic be
The region of interaction was surrounded by two concen
m-metal cylinders. The common axis of thesem-metal
shieldings was oriented at the magic angle of 54 °449 with
respect to the main axis of the polarization ellipse of t
light.

The kinetic energy of electrons emitted along the symm
try axis of the m-metal shielding was analyzed by
SCIENTA SES200 hemispherical electron spectrometer.
different electron spectra shown were recorded at a pass
ergy of 75 eV with a resolution ofDE5140 meV. The pho-
toions were detected by a conventional two-stage Wil
McLaren-type time-of-flight spectrometer.

Utilizing the linearity and calibration of the relative en
ergy scale of the electron analyser, the absolute energy sc
of the monochromator and the electron analyser were c
brated by measuring photo and Auger lines of noble ga
for several photon energies around 350 eV. The photoe
tron as well as the ion-yield spectra were corrected
changes in the photon flux density during the measureme

FIG. 1. Total ion-yield spectrum of atomic Ca showing the 2p
resonances. The scatter of the data points indicates the experim
uncertainties. The statistical uncertainties are indicated by the e
bars. The stick diagram gives the calculated transition probabili
to the various 2p core excited resonances.
©2002 The American Physical Society16-1



ti
T

go

th
eV

-

ng
f

e

h

th

al
te
o

o-

e
io
va

t
T

the

est

ture

Ca.

set

e
ps

-

OBST, HANSEN, SONNTAG, WERNET, AND ZIMMERMANN PHYSICAL REVIEW A65 062716
The photoelectron spectra were also corrected for the kine
energy-dependent transmission of the electron analyzer.
transmission curve was determined in a procedure analo
to the one described by Jauhiainenet al. @9#.

III. RESULTS

A. The excitation of the Ca 2p resonances

Figure 1 shows the ion-yield spectrum of atomic Ca in
region of the 2p resonances between 345 eV and 355
Also the first ionization threshold of the direct 2p ionization
is marked in this figure@10#. There are two dominant reso
nances:B at 348.760.2 eV andC at 351.860.2 eV. Further-
more, there are two weaker resonances:A at 34760.2 eV
andD at 35560.2 eV. The distance between the dominati
resonancesB andC corresponds to the spin-orbit splitting o
the 2p hole. Therefore, they can be labeled by 2p3/2

21 (B)
and 2p1/2

21 (C) as they were already identified and assign
by Mansfield@3#. A closer look at the resonancesB and C,
however, reveals that the situation is more complex. T
resonanceB consists of at least two resonances:B1 at 348.5
eV andB2 at 348.8 eV. Furthermore there is a shoulder at
low-energy side of the resonanceB1, and for resonanceC
there is a shoulder at the high-energy side indicating that
this resonance consists of several lines. Obviously the in
action of the 2p hole with the three valence electrons cann
be described by the single configuration 3d4s2, which only
accounts for two 2p3/2

213d4s2 resonances, the dominant res
nanceB and the much weaker resonanceA at 34760.2 eV.

For a better understanding of the 2p resonance structur
we performed Hartree-Fock calculations for the absorpt
spectrum incorporating configuration mixing between the
lence subshells 3d, 4s, 4p, 4d, and 5s. Table I lists, in the
second and third rows, the sets of configurations used in
ground state and the excited states in these calculations.

TABLE I. List of configurations included in the Hartree-Fock
calculations for the initial, resonance, and final states.

Initial state Resonance state Final state
No. Ca I Ca* I Ca II

1 3p64s2 2p53d4s2 3s23p43d4s2

2 3p64p2 2p54s24d 3s23p44s24d
3 3p63d2 2p53d4p2 3s23p44s25d
4 3p64d2 2p54p24d 3s23p44s26d
5 3p65s2 2p54s4p2 3s23p44s27d
6 2p53d3 3s13p64s2

7 2p53d24s 3s13p64p2

8 3s13p63d2

9 3s13p63d4s
10 3s23p43d4p2

11 3s23p44p24d
12 3s23p43d24s
13 3s23p44s4d2

14 3s23p43d3

15 3s23p54s4p
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results are depicted on the bottom of Fig. 1. Instead of
expected three lines for the transition 2p64s2→2p53d4s2,
now a large number of lines show up for which the strong
ones are labeled bya,b, . . . ,j . The comparison with the
ion-yield spectrum shows that the main resonance struc

FIG. 2. Photoelectron spectra of resonantly excited atomic
Top: Decay of the 2p1/2

21 ~C! resonance, excited athn5351.8 eV,
into Ca1 3p22 and 3s21 states. Bottom: Decay of the 2p3/2

21 ~B!
resonance, excited athn5348.7 eV, into Ca1 3p22 and 3s21

states. In each spectrum the amplitude of the strongest line is
equal to 1.0.

FIG. 3. Ca1 3p22 and 3s21 photoelectron spectra in the rang
of the 2p1/2

21 resonance (C). The photon energy is increased in ste
of 0.1 eV from 351.6 eV~top! to 352.0 eV~bottom!. In each spec-
trum the amplitude of the strongest line is set equal to 1.0.
6-2
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is well reproduced: ResonanceC is represented by the stron
line g and several much weaker linese, f, h, andi, resonance
B by two strong linesb andc and a weaker lined, resonances
A and D by the weak linesa and j. On the other hand the
agreement is not perfect. For example, the order of the l
b, c, and d should be reversed to produce the structure
resonanceB. However, we note that the calculated spectr
is sensitive to the scaling factors used for the Slater integr
Therefore, it is difficult to give definite assignments for a
the resonances. Also there is strong configuration mixing
the 2p core excited state, which does not allow the asso
tion of one configuration to each excited state. Neverthe
one can make the following assignments for the main c
tributions: For resonanceC the main contributiong is due to
the configuration 3d4s2, for resonanceB the main contribu-
tionsb andc are both due to the mixed configurations 3d4s2

and 3d24s. The smaller resonanceA and D are due to the
configurations 3d4s2 ~A! and 4d4s2 ~D!.

For further insight into the resonance structure we stud
the electronic decay of the resonances, which will be
scribed in the following section.

B. Electronic decay of the Ca 2p resonances

The electronic decay of the Ca 2p resonances was alread
extensively studied by Meyeret al. @6,7# both experimentally

FIG. 4. Ca1 3p22 and 3s21 photoelectron spectra in the rang
of the 2p3/2

21 resonance (B). The photon energy is increased in ste
of 0.1 eV from 348.4 eV~top! to 348.9 eV~bottom!. The arrows
mark regions of drastic changes in line intensities as the pho
energy is varied~see text!. In each spectrum the amplitude of th
strongest line is set equal to 1.0.
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and theoretically. For the dominant decay channel Ca 2p21

→Ca1 3p22 at binding energies between 55–75 eV th
found a striking difference in the photoelectron spectra
tween the main resonances 2p3/2

21 ~B! (hn5348 eV; Dhn
50.6 eV! and 2p1/2

21 ~C! (hn5352 eV;Dhn50.6 eV!. Their
calculations of the electron spectra incorporated configu
tion mixing in the resonant atomic states 2p21(3d4s2

13d4p213d24s13d3) and final ionic states 3p22(3d4s2

13d4p213d24s13d3). The qualitative differences be
tween the decays of the two peaks were reproduced but
all the details of the electron spectra. Matsuoet al. @5# ob-
served a broadening of peakB and suggested that this pea
contained additional structure, which was confirmed by O
et al. @8#. This observation makes it worthwhile to extend t
earlier work.

Figure 2 shows the photoelectron spectra of the two re
nancesB and C recorded with improved experimental con
ditions by using an advanced high-resolution electron sp
trometer as well as a high-resolution monochromator. T
upper part of Fig. 2 presents the decay of the resona
2p1/2

21 ~C! taken athn5351.8 eV, the lower part that of reso
nance 2p3/2

21 ~B! taken athn5348.7 eV. One observes
rather dense spectrum of which at first sight altogether
lines can be identified~for a table of ionization energies se

n

FIG. 5. Comparison of the experimental photoelectron spect
of the 2p1/2

21 ~C! resonance recorded athn5351.8 eV with a theo-
retical spectrum for resonanceg. The lower four graphs show the
individual contributions to the theoretical spectrum from the fo
most important configurations involved in the final-state mixing
6-3
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@11#!. Eleven of these lines obviously are common to bo
resonances. The line at 53.1 eV is due to the 3s ionization.
The overall structure is consistent with the low-resoluti
spectra of Meyeret al. @6,7#.

From the analysis of the ion-yield spectrum we know th
both resonances 2p3/2

21 ~B! and 2p1/2
21 ~C! have a complex

structure caused by contributions of different configuratio
In order to shed light on the energy dependence of
excited-state configuration mixing we made use of the
proved experimental resolution and scanned the photon
ergy in steps of 100 meV across both resonances while k
ing the monochromator bandwidth of 150 meV fixed.
Figs. 3 and 4 the corresponding photoelectron spectra
depicted. The study of the series of photoelectron spe
reveals that apart from the difference in the spectra take
resonancesB andC, there are also marked differences for t
much smaller variations of the photon energy in this ca
Whereas for resonanceC the relative line intensities in the
spectra are nearly constant~Fig. 3!, in the case of resonanc
B there are drastic changes in the individual line intensi
~marked by arrows in Fig. 4!.

This behavior agrees with the results of Sec. III A th
resonanceB consist of at least two excited states and that
difference between resonanceB andC originates in the dif-
ferent contributions of the valence electron configuratio

FIG. 6. Comparison of the experimental photoelectron spect
of the 2p3/2

21 (B1) resonance recorded athn5348.5 eV with a the-
oretical spectrum for resonanceb. The lower four graphs show th
individual contributions to the theoretical spectrum from the fo
most important configurations involved in the final-state mixing
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~essentially 3d4s2 and 3d24s). To compare these result
with theoretical electron spectra we performed Hartree-F
calculations in the same way as in previous studies of Me
et al. @6,7# but with an increased basis set of configuratio
In the fourth row of Table I the configurations of the fin
ionic states are listed. The theoretical electron spectra
shown in Figs. 5, 6, and 7 together with the experimen
spectra taken at the resonancesC, B1, andB2. The theoreti-
cal spectra are based on the calculated decay probabilitie
the main resonancesb (B1), c (B2), and g (C) into the
numerous Ca1 3p22 and 3s21 final states giving rise to the
multiline photoelectron spectra displayed in Figs. 5, 6, and
In the experimental and the theoretical spectrum the am
tude of the most intense structure was set to 1.0. Below
theoretical spectra the major contribution from the differe
configurations of the valence electrons 3d4s2, 3d24s,
3d4p2, and 3d3 are given. These spectra are scaled~in in-
tensity and energy! identically to the theoretical sum spec
trum. For the resonant photoelectron spectra the width of
lines is determined by the instrumental resolution and
lifetime of the final ionic states. From single configuratio
calculations for the lifetimes of the Ca1 3p43d4s2 multiplet
components it is known@7# that the Ca1 3p4(3P)3d4s2 2D,
and 2P terms have a width of 0.5–0.6 eV while all othe
components have widths less than 0.1 eV. Therefore, all li

m

r

FIG. 7. Comparison of the experimental photoelectron spect
of the 2p3/2

21 (B2) resonance recorded athn5348.8 eV with a the-
oretical spectrum for resonancec. The lower four graphs show the
individual contributions to the theoretical spectrum from the fo
most important configurations involved in the final-state mixing
6-4
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were convoluted with an estimated lifetime broadening
less than 0.1 eV except for the multiplet lines just mention
@Ca1 3p4(3P)3d4s2 2D, and 2P] for which a natural broad-
ening of 0.5 eV was assumed. The instrumental broade
was taken into account by convoluting the theoretical
diagram with a resultant Gaussian of 200 meV represen
the monochromator bandpath~145 meV! and the electron
analyzer resolution~135 meV!. Table II lists the calculated
decay probabilities of the three main resonancesb (B1),
c (B2), andg (C) to the 15 final ionic state configuration

TABLE II. Results of the Hartree-Fock-calculations. In the t
section the relative positions and the total decay probabilities for
three major resonance statesb (B1), c (B2), andg (C) are given. In
the lower part the relative decay intensities into states of the dif
ent final-state configurations are shown. Configurations mar
‘‘ 2 ’ ’ did not contribute any lines with a decay probability o
1.03109 s21 or greater.

b (B1) c (B2) g (C)
Rel. position~eV! 20.786 20.556 2.637
Total decay probability~s! 1.3631014 1.3531014 1.4131014

No. Configuration % % %

All ~sum! a 100.00 100.00 100.00
1 3s23p43d4s2 34.37 29.89 52.83
2 3s23p44s24d 0.98 0.78 1.32
3 3s23p44s25d 0.48 0.38 0.71
4 3s23p44s26d 0.13 0.10 0.21
5 3s23p44s27d 0.06 0.04 0.10
6 3s13p64s2 4.03 3.19 6.51
7 3s13p64p2 0.02 0.02 0.21
8 3s13p63d2 0.23 0.24 0.53
9 3s13p63d4s 1.42 3.29 0.35
10 3s23p43d4p2 7.92 7.62 12.04
11 3s23p44p24d 2 2 0.01
12 3s23p43d24s 41.33 43.04 12.73
13 3s23p44s4d2 2 2 0.00
14 3s23p43d3 8.89 11.25 12.09
15 3s23p54s4p 0.15 0.16 0.35

aThe sum is set to 100.00. The sum over all contributions may di
due to rounding errors.
ys

-
, J

o,
J
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~fourth row of Table I!. The energy of the theoretical 3s21

line was matched to the experimental value by shifting
whole calculated spectrum by 0.2 eV towards lower ioniz
tion energies. The theoretical intensity ot the 3s21 line is too
large due to the lack of correlation in the calculation as
plained earlier@7#.

In view of the complexity of such calculations there is
surprisingly good agreement with the experimental spec
In Fig. 5 one notes that the spectrum is dominated by li
attributed to the configuration 3d4s2. These lines make up
roughly 53% of the total intensity of the electron spect
The lines belonging to the other configurations shown, e
amount to a little over 12%. These results corroborate
finding that resonanceC is a 2p53d4s2 resonance.

On the other hand in Figs. 6 and 7 the intensity is dom
nated by the lines attributed to the configuration 3d24s. The
intensity of the 3d4s2 lines drops for these spectra to arou
34% and 30%. The difference in appearance of two spect
mainly due to the changing relative line intensities within t
configuration 3d24s. These changes reflect the strong int
configuration mixing of the configurations 3d24s and
3d4s2. It should be kept in mind that the theoretical spec
correspond to the pure decay of either of the two resonan
while the experimental spectra contain an unresolved m
ture of the two.

As the main result one can deduce that the detailed st
ture of the photoelectron spectra from Ca 2p resonances can
only be reproduced by strong configuration mixing of t
valence electrons 4s, 3d, and 4p. There is a pronounced
difference in the photoelectron spectra of the resonan
2p1/2

21 (C) and 2p3/2
21 (B). Whereas the major contribution

to the electron spectra of resonanceC is due to the configu-
ration 3d4s2, the electron spectra of resonanceB1 and B2
are due to nearly equal contributions of the configuratio
3d4s2 and 3d24s for both resonances.

ACKNOWLEDGMENTS

The authors express their gratitude for the support dur
the beam time to W. Benten, J. Costello, and A. Verwey
and for fruitful discussions to M. Meyer. This work wa
funded by the Deutsche Forschungsgemeinschaft. The
port of the HASYLAB staff and especially of the BW3
SX700 crew is gratefully acknowledged.

e

r-
d

r

n,

ys.

is,
, E.
er-
he-
@1# B. Sonntag and P. Zimmermann, Rep. Prog. Phys.55, 911
~1992!.

@2# J. M. Bizau, P. Girard, F. J. Wuilleumier, and G. Wendin, Ph
Rev. A36, 1220~1987!.

@3# M. W. D. Mansfield, Proc. R. Soc. London, Ser. A348, 143
~1976!.

@4# Y. Sato, T. Hayaishi, Y. Itikawa, Y. Itoh, J. Murakami, T. Na
gata, T. Sasaki, B. Sonntag, A. Yagishita, and M. Yoshino
Phys. B18, 225 ~1985!.

@5# T. Matsuo, T. Hayaishi, Y. Itoh, T. Koizumi, T. Nagata, Y. Sat
E. Shigemasa, A. Yagishita, M. Yoshino, and Y. Itikawa,
.

.

.

Phys. B25, 121 ~1992!.
@6# M. Meyer, E. v. Raven, M. Richter, B. Sonntag, R. D. Cowa

and J. E. Hansen, Phys. Rev. A39, 4319~1989!.
@7# M. Meyer, E. v. Raven, B. Sonntag, and J. E. Hansen, Ph

Rev. A49, 3685~1994!.
@8# B. Obst, W. Benten, A. von dem Borne, J. Costello, L. Dard

Ch. Gerth, P. Glatzel, A. Grays, J. E. Hansen, O. Meighan
Kennedy, C. McGuinness, B. Sonntag, A. Verweyen, Ph. W
net, and P. Zimmermann, J. Electron Spectrosc. Relat. P
nom.101–103, 39 ~1999!.

@9# J. Jauhiainen, A. Ausmees, A. Kivima¨ki, S. J. Osborne, A.
6-5



,

W
,

an
im

-

OBST, HANSEN, SONNTAG, WERNET, AND ZIMMERMANN PHYSICAL REVIEW A65 062716
Navees de Brito, S. Aksela, S. Svensson, and H. Aksela
Electron Spectrosc. Relat. Phenom.69, 181 ~1994!.

@10# Ph. Wernet, P. Glatzel, A. Verweyen, B. Sonntag, B. Obst,
Benten, Ch. Gerth, P. Zimmermann, A. Gray, and J. Costello
Phys. B31, L289 ~1998!.
06271
J.

.
J.

@11# B. Obst, Hochauflösende Photoelektronenspektroskopie
atomarem Kalzium und Scandium mit Synchrotronstrahlung
Bereich der resonanten 2p-Anregung~Wissenschaft und Tech
nik, Berlin, 2001!.
6-6


