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Anomalous N4,5P1P1 Auger decay from the 4d photoionization states in atomic barium
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The 4d photoionization and subsequentN4,5P1P1 Auger decay in free barium atoms have been investigated
with special emphasis on the anomalous intensity ratio in the Auger electron spectrum. In order to understand
the details of the spectrum, a series ofab initio calculations based on the multiconfiguration Dirac-Fock
method have been performed. Theoretical predictions are compared with high-resolution electron spectra
measured using synchrotron radiation. An interference effect, induced through electron correlation, was found
to give rise to the anomaly of the intensities.
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Photoionization from the 4d subshell has proven to b
fruitful in studying many-electron phenomena in free Ba
oms @1–5#. In the simple shell model the 4d photoelectron
spectrum~PES! should consist of just two peaks due to t
spin-orbit splitting of the 4d5/2 and 4d3/2 holes, with an in-
tensity ratio of about 3:2. For Ba, however, the sing
particle central field model breaks down as a consequenc
the collapse of the outer orbitals during the 4d ionization.
This collapse, which is particularly important for the 4f and
5d orbitals, is induced by a strong increase of the effect
charge experienced by the outer electrons in the ioniza
process.

The N4,5P1P1 Auger electron spectrum~AES! is also
known to display interesting phenomena@3#: The final ionic
state of the Auger decay (@Kr#4d105s25p6,Jf50) is an al-
most pure state inj j coupling. So the AES could be assum
to be a mirror image of the 4d PES, weighted by the corre
sponding Auger intensities. Nevertheless, the intensity r
in the AES differs dramatically from the corresponding i
tensity ratio of 3:2 in the PES@3#. This anomaly is a clea
sign of strong electron correlation.

To clarify the origin of this anomaly in the AES, we mad
as a first step a series of multiconfiguration Dirac-Fo
~MCDF! calculations to explore the dependence of thed
partial photoionization cross sections on the size of the w
function expansions. In the second step, Auger compon
rate calculations from different 4d21 intermediate ionic
states were carried out. Finally, high-resolution synchrot
radiation measurements were performed for both the ph
ionization and the Auger decay, and a comparison of
experimental results with theoretical simulations is presen
in this report. The details of the calculations in best agr
ment with experiment are given in order to classify the m
factors behind the observed behavior of the intensities.

The measurements of the 4d PES and the subseque
N4,5P1P1 AES of Ba vapor were carried out at the hig
resolution gas phase undulator beamline I411 at the 1.5 G
MAX II storage ring in Lund, Sweden. Radiation was mon
chromatized by an SX-700 plane grating monochromato
138.0 eV photon energy, which was calibrated using the
4d photolines@6#. Ejected electrons were recorded with
rotatable SES-100 hemispherical electron analyzer at a
stant pass energy of 20 eV at an emission angle of 54
1050-2947/2002/66~6!/064703~4!/$20.00 66 0647
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with respect to the electric-field vector, in the plane perp
dicular to the propagation direction of the linearly polariz
photon beam. The kinetic energy scale of the analyzer
determined from the XeN4,5OO Auger lines @6# and the
energy resolution, approximately 60 meV, from the Xe 5p
photolines. A resistively heated stainless steel vapor o
was used to produce an intense atomic beam of Ba in
collision area.

The experimental 4d PES andN4,5P1P1 AES are plotted
in Fig. 1. The intensities of the spectra have been normali
by setting the peaks numbered 6 equal. Both spectra w
fitted using Voigt profiles with fixed instrumental broadenin
represented by a Gaussian width of 68 meV in the PES
60 meV in the AES. The Lorenzian linewidths of 10
620 meV were obtained from the fit for the main peaks 1,
and 6. The satellite structure of the PES is almost comple
due to configuration interaction, where the peaks 1–4 can
assigned as originating from 4d5/2 ionization and peaks 5–9
from 4d3/2 ionization @5#. The intensity ratio (RP) between
the 4d5/2 and 4d3/2 photoelectron peaks was found to b
approximately 1.2 and the corresponding ratio (RA) in the
AES 0.7. In this work we will mainly focus on the thre
main peaks, labeled as 1, 2, and 6. In the AES peak 1 v
ishes almost completely but the relative intensity of peak 2
only slightly reduced with respect to the peak 6. In previo
studies the detection of this kind of detail was prevented
moderate resolution.

In this section we briefly summarize the theory given
@3#. TheN4,5P1P1 Auger transition in Ba, induced by ioniza
tion of randomly oriented atoms by linearly polarized ligh
is

@Kr#4d105s25p66s21hn→@Kr#4d215s25p66s21e2

→@Kr#4d105s25p61eA
2 ~1!

where the number of emitted Auger electronseA
2 at the

magic angle of 54.7 ° is proportional to the product of t
total photoionization cross section and the Auger compon
rate. By constructing both the ground state and the inter
diate ionic state configuration state functions~CSFs! using
the same set of orthogonal orbitals we can express the
©2002 The American Physical Society03-1
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relative photoionization cross section, integrated over all
rections of the photoelectron, as

Qb~Jb!5
1

3
Qb8 ~Jb!(

l , j
E u^nal a j air (1)ie l j &u2de, ~2!

where we have used the dipole approximation and assu
that the ionization takes place from an inner filled subsh
In Eq. ~2! the continuum orbitals have been evaluated in
averagej j potential of the intermediate ionic state config
rations by keeping the bound orbitals fixed. The first term
Eq. ~2! is the partial relative photoionization cross section

Qb8 ~Jb!5~2 j a11!U(
n

(
a

cbnciadXnYaU2

~3!

with Xn referring to the configuration associated wi
Fn(Jb) and Ya referring to the same parent configuratio
after coupling anna j a orbital fromFa(Ji). The Auger com-
ponent rate is

Tf b~Jf ,Jb!5
2p

\ (
l A , j A

U(
m

(
n

cf mcbnM f b
mnU2

~4!

whereM f b
mn5^Fm(Jf)eAl Aj A ;JbiViFn(Jb)&. In Eq. ~4! the

final ionic state CSFsFm(Jf) have been coupled to the en
ergy normalized continuum orbitalsueAl Aj A& of the Auger
electron to yield antisymmetrized wave functions with t
same parity as the intermediate ionic state CSFsFn(Jb). In
addition, by assuming that the total decay ratePb(Jb) of the
intermediate ionic states is independent ofb and Jb , the
relative number of emitted Auger electrons is

nf b~JfJb!5Tf b~Jf ,Jb!Qb8 ~Jb!. ~5!

In this paper all the bound state wave functions were g
erated by the MCDF method using theGRASP92package in
the average level~AL ! scheme@7#. The Auger componen
rates and continuum wave functions are determined using
RATIP package@8#. Because in this work we are interested
the formation of the main 4d21 intermediate ionic states an
their decay channels, it is useful to neglect both the gro
state and final ionic state configuration interaction~CI! due
to their weak effect on the corresponding intensities. T
ground state of Ba was found to be dominated to over 9
by the CSF (@Kr#4d105s25p66s2,Ji50) and correspond
ingly the final ionic state of theN4,5P1P1 Auger transition to
over 90% by the CSF (@Kr#4d105s25p6,Jf50).

Intermediate ionic state atomic state functions~ASFs!
were generated using the following two basis sets:~A!
4d21(4 f ,5d,6s,6p)2 and ~B! 4d21(4 f ,5d,6s,6p,6d,
7s,7p)2. Below we report results of three types of calcu
tions. The results obtained with the basis set~A! are referred
as PES-A and AES-A, and the results with set~B! as PES-B1
and AES-B1. In a separate calculation with the basis set~B!,
the radial wave functions were taken from the calculat
~A! and the radial wave functions other tha
(4 f ,5d,6p,6d,7s,7p) were frozen. The results obtained th
way are referred as PES-B2 and AES-B2. The basis set~A!
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was chosen as a starting point following the earlier work@3#.
To allow a more accurate description of the Auger part of
spectrum, the basis set was expanded to~B!. Convergence
problems associated with large MCDF calculations led to
conclusion that no significant advantage can be obtai
from further extensions. In AL calculations, such as~B1!,
which involve large numbers of CSFs, the orbitals obtain
are good only for the states located close to the aver
energy. Taking in~B2! the orbitals for the ‘‘passive’’ elec-
trons from a smaller calculation~A!, which, however, pre-
dicts the important features of the photolelectron spectr
rather well, allows a more accurate computation of the i
portant outer-shell electrons participating in the Auger de
process.

The calculated PES-A~solid line! and the corresponding
AES-A ~dashed line! are shown in Fig. 1~A!. Even though
the main features of the PES-A spectrum are close to
experimental spectrum, the AES-A deviates drastically fr

FIG. 1. Experimental~Expt.! and calculated~A, B1, B2! 4d
PES~solid line! andN4,5P1P1 AES ~dashed line! for Ba. The rela-
tive intensities of the calculated PES and the AES have been fi
by setting the peaks number 6 equal in~B2! and using the same
scaling in calculations~A! and ~B1!. All calculated spectra have
been generated with experimental line widths and the energies
fixed to the experimental spectrum using the peak number 6.
3-2



ANOMALOUS N4,5P1P1 AUGER DECAY FROM THE 4d . . . PHYSICAL REVIEW A66, 064703 ~2002!
TABLE I. Main factors in the Auger rates of peaks 1, 2, and 6.

Label Fn(Jb) M f b
mn Peak 1 Peak 2 Peak 6

cbn cf mcbnM f b
mn cbn cf mcbnM f b

mn cbn cf mcbnM f b
mn

a 4d5/2
216s2,Jb55/2 0.0007 0.55 0.0004 0.60 0.0004

b 4d5/2
21(5d5/2

2 ,J50)Jb55/2 -0.0045 -0.39 0.0017 -0.12 0.0005
c 4d5/2

21(5d5/2
2 ,J54),Jb55/2 -0.0112 0.21 -0.0023 -0.40 0.0043

d 4d5/2
21(5d5/2

2 ,J52),Jb55/2 -0.0090 0.08 -0.0007 -0.21 0.0018
e (4d3/2

215d3/2
1 ,J50)5d5/2

1 ,Jb55/2 0.0135 0.04 0.0005 -0.22 -0.0029
f 4d3/2

216s2,Jb53/2 0.0007 0.80 0.0006
g 4d3/2

21(5d3/2
2 ,J50),Jb53/2 -0.0055 -0.22 0.0012

h 4d3/2
21(5d3/2

2 ,J52),Jb53/2 -0.0103 -0.13 0.0013

Sum of all positivecf mcbnM f b
mn 0.0040 0.0083 0.0060

Sum of all negativecf mcbnM f b
mn -0.0041 -0.0046 -0.0017
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the experimental one. However, the smearing out of the d
blet structure of the 4d5/2 peaks 1 and 2 in passing to th
AES is reproduced. The calculated PES-B1 and AES-B1
presented in Fig. 1~B1!. The PES-B1 and AES-B1 results a
in worse correspondence with the experiment than
PES-A and AES-A results, which can be understood to re
from deviation of the average energy from the energies of
important levels. The PES-B2 and the AES-B2 results, p
sented in Fig. 1~B2!, give quite a good description of bot
the photoionization and the Auger decay, as is seen by c
paring the results to the experimental spectra. The dou
structure in the PES, and even peak 3, are very well re
duced, as well as the change in this structure in passing to
AES. Note that the structures 1–3 in the AES are much b
ter predicted by AES-B2 than by AES-A, even though t
corresponding calculated PESs are rather similar. This i
cates higher sensitivity of the AES to the quality of the o
bital wave functions and electron correlation.

The ratioR5RP /RA which reduces to a photon energ
independent ratio of the Auger component rates@Eq. ~4!# for
the 4d3/2 and 4d5/2 structures can be used as a quantitat
indicator of the agreement between the calculation and
periment.R was found to be 3.2, 3.7, and 1.6 in calculatio
~A!, ~B1!, and ~B2!, respectively, and 1.7 in experimen
Thus the calculation~B2!, where the intermediate ionic sta
CI is properly accounted for, predicts the anomalous int
sity ratio in the Auger decay in accordance with experime
The next step was to clarify where the effect originates fro
the overlap of the orbitals, the expansion of the intermed
ionic states, and the sign of the mixing coefficients all pla
significant role in the Auger rate calculations. The larg
Auger amplitudes as well as those related to CS
(4d216s2,Jb53/2,5/2) are listed in Table I for the mai
peaks 1, 2, and 6. The table shows the CSFs, their ma
elementsM f b

mn , mixing coefficientscbn , and Auger ampli-
tudescf mcbnM f b

mn . ~Note thatcf n.1.! The sums of all posi-
tive and negative Auger amplitudes are also included.

According to the calculations, the largest amplitudes
Auger rates arise from the strong mixing of CSFs of t
types (4d215d2,Jb53/2,5/2) in the intermediate ionic
states. These CSFs have large weights in the ASF expan
06470
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and the Slater integralsRk(4ded,5d5d) are large due to the
partial collapse of the 5d orbital. The effect due to the col
lapse of the 4f orbital is less significant. Although it give
rise to large Slater integrals of the typesRk(4ded,4f 4 f ) and
Rk(4ded,4f 6p), the small weights of the correspondin
CSFs result in a small effect on the total Auger rate. T
amplitudes originating from CSFs~a! and ~f! are also negli-
gible. These CSFs have large mixing coefficients but due
relatively small Slater integralsRk(4ded,6s6s) the ampli-
tude is quite small. Note also that the 4d5/2 and 4d3/2 hole
configurations are mixed. The CSF~e! with a 4d3/2

21 character
contributes to Auger peaks 1 and 2 which are mainly
4d5/2

21 character. The left side of the AES in Fig. 1 can
longer be considered as a clear 4d5/2 spectrum.

Anomalies in the AES result from destructive and co
structive interference effects as follows. For the peak 1 th
are two large Auger amplitudes, originating from CSFs~b!
and~c!. These amplitudes have opposite signs, leading to
almost zero Auger component rate. In addition, the rema
ing smaller positive and negative terms appear also to ca
each other. For the peak 2 there are three large amplitu
two positive ones originating from CSFs~c! and~d! and one
negative originating from CSF~e!. In this case, the total sum
of negative amplitudes is insufficient to cancel the posit
terms. For peak 6 the most significant amplitudes origin
from CSFs~g! and ~h!, but there is also a large contributio
from other positive amplitudes. The total contribution of t
negative terms is rather small compared to the positive o

In conclusion, a high-resolution experimental study co
bined with MCDF calculations have allowed us to unde
stand the processes leading to an intensity reversal in pas
from the PES to the AES. The effect occurs as a conseque
of strong electron correlation. When the orbitals experie
ing the collapse are involved in Auger decay through C
large Auger amplitudes with positive and negative signs
created. These strengthen or weaken the Auger rate as
induced interference takes place. The effect will occur
situations with strong intermediate ionic state CI, and m
also affect the total Auger rates. Systematic studies of
PES and the AES and of the total decay widths of ot
atoms similar to Ba will allow one to see whether the mec
3-3
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nism responsible for the anomalous Auger decay ratio p
sists in other systems also. As seen here, the PES alone
enough to study CI in intermediate ionic states; the AES is
crucial importance. This is because the PES is sensitive
to the way the ground state CSFs are distributed in the c
hole state@Eq. ~3!#. The AES, instead, is sensitive to th
amount of each CSF in the intermediate ionic state, to
orbitals involved, and to the signs of the Auger amplitud
@Eq. ~4!#.
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