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Anomalous N, sP,P; Auger decay from the 4d photoionization states in atomic barium
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The 4d photoionization and subsequej sP;P; 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 seriesaif 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 d subshell has proven to be with respect to the electric-field vector, in the plane perpen-
fruitful in studying many-electron phenomena in free Ba at-dicular to the propagation direction of the linearly polarized
oms[1-5]. In the simple shell model theddphotoelectron photon beam. The kinetic energy scale of the analyzer was
spectrum(PES should consist of just two peaks due to the determined from the XeéN,sOO Auger lines[6] and the
spin-orbit splitting of the 45, and 45, holes, with an in-  energy resolution, approximately 60 meV, from the Xe 5
tensity ratio of about 3:2. For Ba, however, the single-photolines. A resistively heated stainless steel vapor oven
particle central field model breaks down as a consequence @fas used to produce an intense atomic beam of Ba in the
the collapse of the outer orbitals during thd #bnization.  collision area.

This collapse, which is particularly important for thé 4nd The experimental ¢ PES and\,sP,P; AES are plotted

5d orbitals, is induced by a strong increase of the effectivein Fig. 1. The intensities of the spectra have been normalized
charge experienced by the outer electrons in the ionizatioby setting the peaks numbered 6 equal. Both spectra were
process. fitted using Voigt profiles with fixed instrumental broadening

The N4 sP1P; Auger electron spectrunfAES) is also  represented by a Gaussian width of 68 meV in the PES and
known to display interesting phenome&: The final ionic 60 meV in the AES. The Lorenzian linewidths of 100
state of the Auger decay Kr]4d'%s?5p® J;=0) is an al- =20 meV were obtained from the fit for the main peaks 1, 2,
most pure state ifjj coupling. So the AES could be assumedand 6. The satellite structure of the PES is almost completely
to be a mirror image of thedtPES, weighted by the corre- due to configuration interaction, where the peaks 1-4 can be
sponding Auger intensities. Nevertheless, the intensity rati@ssigned as originating fromd4,, ionization and peaks 5-9
in the AES differs dramatically from the corresponding in- from 4ds, ionization[5]. The intensity ratio Rp) between
tensity ratio of 3:2 in the PEE3]. This anomaly is a clear the 4ds, and 4d;, photoelectron peaks was found to be
sign of strong electron correlation. approximately 1.2 and the corresponding ratiR,) in the

To clarify the origin of this anomaly in the AES, we made AES 0.7. In this work we will mainly focus on the three
as a first step a series of multiconfiguration Dirac-Fockmain peaks, labeled as 1, 2, and 6. In the AES peak 1 van-
(MCDF) calculations to explore the dependence of tlie 4 ishes almost completely but the relative intensity of peak 2 is
partial photoionization cross sections on the size of the wavenly slightly reduced with respect to the peak 6. In previous
function expansions. In the second step, Auger componerstudies the detection of this kind of detail was prevented by
rate calculations from different 4 intermediate ionic moderate resolution.
states were carried out. Finally, high-resolution synchrotron In this section we briefly summarize the theory given in
radiation measurements were performed for both the photd3]. TheN, sP;P; Auger transition in Ba, induced by ioniza-
ionization and the Auger decay, and a comparison of théion of randomly oriented atoms by linearly polarized light,
experimental results with theoretical simulations is presenteis
in this report. The details of the calculations in best agree-
ment with experiment are given in order to classify the main _ _
factors behind the observed behavior of the intensities. [Kr]4d'%s?5p°6s” + hv—[Kr]4d ™ '5s?5p°6s” + e

The measurements of thed4PES and the subsequent —[Kr]4d%s?5p®+e, (1
N4sP1P1 AES of Ba vapor were carried out at the high-
resolution gas phase undulator beamline 1411 at the 1.5 GeV
MAX Il storage ring in Lund, Sweden. Radiation was mono-where the number of emitted Auger electroeg at the
chromatized by an SX-700 plane grating monochromator tanagic angle of 54.7 ° is proportional to the product of the
138.0 eV photon energy, which was calibrated using the Xdotal photoionization cross section and the Auger component
4d photolines[6]. Ejected electrons were recorded with arate. By constructing both the ground state and the interme-
rotatable SES-100 hemispherical electron analyzer at a comliate ionic state configuration state functiof@SF9 using
stant pass energy of 20 eV at an emission angle of 54.7 the same set of orthogonal orbitals we can express the total
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relative photoionization cross section, integrated over all di- Binding energy of the photoelectrons (eV)

rections of the photoelectron, as 98 99 100 101 102 103
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where we have used the dipole approximation and assume
that the ionization takes place from an inner filled subshell.
In Eqg. (2) the continuum orbitals have been evaluated in an
averagejj potential of the intermediate ionic state configu-

rations by keeping the bound orbitals fixed. The first term in ~ _
Eq. (2) is the partial relative photoionization cross section
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with X, referring to the configuration associated with
®,(Jp) and Y, referring to the same parent configuration
after coupling am,j, orbital from® ,(J;). The Auger com-
ponent rate is
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whereM {5 =(P ,(J5) €al aja; 6l V[P, (Ip)). In Eq. (4) the
final ionic state CSF9 ,(J;) have been coupled to the en-
ergy normalized continuum orbitalgal aja) Of the Auger
electron to yield antisymmetrized wave functions with the
same parity as the intermediate ionic state C®F6J ). In
addition, by assuming that the total decay rajgJ,) of the A JL A
intermediate ionic states is independent@®fand J;, the LA B S BRI B e

relative number of emitted Auger electrons is 83 84 85 86 87 88
Kinetic energy of the Auger electrons (eV)

B2

Nt 5(Jsdg) =T (s ,J B(Jg). 5
f'B( f B) fﬁ( f 'B)Qﬁ( B) ® FIG. 1. ExperimentalExpt) and calculatedA, B1, B2) 4d
In this paper all the bound state wave functions were genEES(solid lin®) andN, sP, P, AES (dashed lingfor Ba. The rela-
erated by the MCDF method using th&aspezpackage in tive intensities of the calculated PES and the AES have been fixed

by setting the peaks number 6 equal(B2) and using the same
the average levelAL) scheme(7]. The Auger component secaling in calculationgA) and (B1). All calculated spectra have

;‘i‘ﬁ? aggk?ngg]uuég(gi\gi El:]ntﬁilgrxo?&evfee;ren}Inrltz(rjei?g:jgi:Leen generated with experimental line widths and the energies are
P 94.5]. fixed to the experimental spectrum using the peak number 6.

the formation of the maind ! intermediate ionic states and
their decay channels, it is useful to neglect both the groungvas chosen as a starting point following the earlier waik
state and final ionic state configuration interacti@) due  To allow a more accurate description of the Auger part of the
to their weak effect on the corresponding intensities. Thespectrum, the basis set was expandedBp Convergence
ground state of Ba was found to be dominated to over 90%roblems associated with large MCDF calculations led to the
by the CSF [Kr]4d'%s?5p®6s?,J;=0) and correspond- conclusion that no significant advantage can be obtained
ingly the final ionic state of th&l, sP,P; Auger transition to  from further extensions. In AL calculations, such @&L),
over 90% by the CSF[Kr]4d'%s?5p®,J;=0). which involve large numbers of CSFs, the orbitals obtained
Intermediate ionic state atomic state functio®SFS  are good only for the states located close to the average
were generated using the following two basis sdé#)  energy. Taking in(B2) the orbitals for the “passive” elec-
4d-1(4f,5d,6s,6p)°> and (B) 4d (4f,5d,6s,6p,6d, trons from a smaller calculatiofd), which, however, pre-
7s,7p)?. Below we report results of three types of calcula-dicts the important features of the photolelectron spectrum
tions. The results obtained with the basis @etare referred rather well, allows a more accurate computation of the im-
as PES-A and AES-A, and the results with @}tas PES-B1  portant outer-shell electrons participating in the Auger decay
and AES-B1. In a separate calculation with the basisBgt  process.
the radial wave functions were taken from the calculation The calculated PES-Asolid line) and the corresponding
(A) and the radial wave functions other than AES-A (dashed lingare shown in Fig. (A). Even though
(4f,5d,6p,6d,7s,7p) were frozen. The results obtained this the main features of the PES-A spectrum are close to the
way are referred as PES-B2 and AES-B2. The basi¢fset experimental spectrum, the AES-A deviates drastically from
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TABLE |. Main factors in the Auger rates of peaks 1, 2, and 6.

Label D,(Jp) MEg Peak 1 Peak 2 Peak 6
Cpy CruCp Mg Cpy CruCpMip Cpy CruCp My
a 4dg36s%,J,=5/2 0.0007 0.55 0.0004 0.60 0.0004
b 4dg;3(5d3,,J=0)J,=5/2 -0.0045  -0.39 0.0017 -0.12 0.0005
c 4dg;(5d3,,3=4),d5=5/2 -0.0112 0.21 -0.0023 -0.40 0.0043
d 4dg;3(5d3,,=2),d5="5/2 -0.0090 0.08 -0.0007 -0.21 0.0018
e (4d335d3,,,d=0)5dg,,J 3=5/2 0.0135 0.04 0.0005 -0.22 -0.0029
f 4d3;6s%,J,=3/2 0.0007 0.80 0.0006
g 4d33(5d5,,J=0),J5=3/2 -0.0055 -0.22 0.0012
h 4d3;3(5d3,,3=2),J5=3/2 -0.0103 -0.13 0.0013
Sum of all positivec,cg,M#4 0.0040 0.0083 0.0060
Sum of all negative;,cg,Mt5 -0.0041 -0.0046 -0.0017

the experimental one. However, the smearing out of the douand the Slater integraR*(4ded,5d5d) are large due to the
blet structure of the ds, peaks 1 and 2 in passing to the partial collapse of the & orbital. The effect due to the col-
AES is reproduced. The calculated PES-B1 and AES-B1 artapse of the 4 orbital is less significant. Although it gives
presented in Fig.(B1). The PES-B1 and AES-B1 results are rise to large Slater integrals of the typR§4ded,4f4f) and

in worse correspondence with the experiment than th&¥(4ded,4f6p), the small weights of the corresponding
PES-A and AES-A results, which can be understood to resulCSFs result in a small effect on the total Auger rate. The
from deviation of the average energy from the energies of themplitudes originating from CSHg) and (f) are also negli-
important levels. The PES-B2 and the AES-B2 results, pregible. These CSFs have large mixing coefficients but due to
sented in Fig. @B2), give quite a good description of both relatively small Slater integral®*(4ded,6s6s) the ampli-

the photoionization and the Auger decay, as is seen by comude is quite small. Note also that thel4 and 4ds, hole
paring the results to the experimental spectra. The doubl&fonfigurations are mixed. The C$& with a4d37/21 character
structure in the PES, and even peak 3, are very well repracontributes to Auger peaks 1 and 2 which are mainly of
duced, as well as the change in this structure in passing to thﬁjg/% character. The left side of the AES in Fig. 1 can no
AES. Note that the structures 1-3 in the AES are much betiynger be considered as a cleats spectrum.

ter predicted by AES-B2 than by AES-A, even though the  Apnomalies in the AES result from destructive and con-
corresponding calculated PESs are rather similar. This indisiryctive interference effects as follows. For the peak 1 there
cates higher sensitivity of the AES to the quality of the or-gre two large Auger amplitudes, originating from CSBs

bital wave functions and electron correlation. and(c). These amplitudes have opposite signs, leading to an
_ The ratioR=Rp/R, which reduces to a photon energy aimost zero Auger component rate. In addition, the remain-
independent ratio of the Auger component rdtes. (9] for  jng smaller positive and negative terms appear also to cancel
the 4ds, and 4ds), structures can be used as a quantitativeeach other. For the peak 2 there are three large amplitudes,
indicator of the agreement between the calculation and exyo positive ones originating from CSKe) and(d) and one
periment.R was found to be 3.2, 3.7, and 1.6 in calculationspegative originating from CSFe). In this case, the total sum
(A), (B1), and (B2), respectively, and 1.7 in experiment. of negative amplitudes is insufficient to cancel the positive
Thus the calculatioiB2), where the intermediate ionic state terms. For peak 6 the most significant amplitudes originate
Cl is properly accounted for, predicts the anomalous intenfrom CSFs(g) and (h), but there is also a large contribution
sity ratio in the Auger decay in accordance with experimentsrom other positive amplitudes. The total contribution of the
The next step was to clarify where the effect originates fromyegative terms is rather small compared to the positive one.
the overlap of the orbitals, the expansion of the intermediate | conclusion, a high-resolution experimental study com-
ionic states, and the sign of the mixing coefficients all play ayined with MCDF calculations have allowed us to under-
significant role in the Auger rate calculations. The largesistand the processes leading to an intensity reversal in passing
Auger amplitudes as well as those related to CSF§om the PES to the AES. The effect occurs as a consequence
(4d"'6s%,J5=3/2,5/2) are listed in Table | for the main of strong electron correlation. When the orbitals experienc-
peaks 1, 2, and 6. The table shows the CSFs, their matrig the collapse are involved in Auger decay through CI,

elementsM{;, mixing coefficientscg,, and Auger ampli-  |arge Auger amplitudes with positive and negative signs are
tudescy,cg,M{g . (Note thatcg,~1.) The sums of all posi- created. These strengthen or weaken the Auger rate as a Cl-
tive and negative Auger amplitudes are also included. induced interference takes place. The effect will occur in

According to the calculations, the largest amplitudes insituations with strong intermediate ionic state Cl, and may
Auger rates arise from the strong mixing of CSFs of thealso affect the total Auger rates. Systematic studies of the
types (47'5d%J,=3/2,5/2) in the intermediate ionic PES and the AES and of the total decay widths of other
states. These CSFs have large weights in the ASF expansiatoms similar to Ba will allow one to see whether the mecha-
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