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Complete Description of the Xe4d Photoionization by Spin-Resolved Photoelectron
and Auger Spectroscopy
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Spin-resolved photoelectron and Auger spectra were measured near the maximum of the Xe4d
photoionization at 93.8 eV. The results were used to derive a complete set of relativistic dipole
matrix elements and their relative phases. These transition amplitudes are compared with theoretical
calculations and a semiempirical approach utilizing a critical survey of the present experimental
photoionization data. This analysis shows that this prominent photoionization process may be well
described within a 4-parameter model. [S0031-9007(99)08746-3]
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Photoionization of the xenon4d subshell is a showcase
example for atomic inner-shell photoionization similar t
helium for outer-shell double excitation. This is becau
the photoionization of this subshell exhibits strong ele
tron correlation effects [1–3] in addition to pronounce
single particle phenomena [4] such as shape resonan
and Cooper minima [5,6] which makes it difficult to dis
tinguish between the different origins for a certain behav
of the partial cross section, as well as other photoioniz
tion properties. This is why numerous studies of the X
4d photoionization were performed during the last deca
regarding the partial cross sections and angular distribu-
tion anisotropy parameterb [7]. However, concerning a
complete description of the Xe4d photoionization in terms
of matrix elements and their relative phases only very fe
experimental studies exist [8,9].

The first of these studies was photoelectron Auger co
cidence experiments [8] which caused a controversy ab
the magnitude of the phase shift between two partial wav
with the same angular momentuml but different total an-
gular momentumj [10]. A critical evolution of the data
and later experiments [11] pointed to a very small pha
shift; however, the corresponding error bars were still hig
Another open question refers to the total number of ph
toionization parameters really necessary for a compl
description of the Xe4d photoionization. In a strict
relativistic approach ten parameters would be necess
three partial waveśsl, jd and two relative phasesDj for
each spin-orbit component4d3y2 and 4d5y2 of the final
ionic state [12]. On the other extreme assumingLS cou-
pling only two partial waveś sl 1 1d and´sl 2 1d would
govern the4d photoionization in xenon, which mean
including their relative phase shiftDl three parameters
altogether [13,14]. The relatively large experimental u
certainties of the former coincidence experiments did n
allow us to draw definite conclusions concerning this poin
Therefore, further experiments with complementary me
ods such as measuring the spin polarization of the em
80 0031-9007y99y82(12)y2480(4)$15.00
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ted electrons should be performed in order to solve t
problem.

We have carried out such spin-resolved experime
for the Xe 4d photolines and subsequently emitte
N4,5O2,3O2,3 Auger lines athn  93.8 eV. In this way
we were able to measure as many independent photo
ization parameters as necessary for a complete relativi
treatment in addition to the already known quantitie
s and b. The analysis of the measured data with
this approach showed a surprising result: the relativis
phases became nearly zero but again with a relatively la
uncertainty due to an extremely sensitive dependence
this phase upon the different spin polarization paramete
However, setting this phase exactly zero results in
consistent set of matrix elements and remaining pha
with very low error bars. Further analysis of the da
assumingLS coupling showed that two partial wave
amplitudesRp andRf and one phase shiftDpf are indeed
sufficient to describe the Xe4d photoionization if instead
of the statistical ratio for the intensities of the spin-orb
components one uses the corresponding experime
ratios or relativistic calculations [15]. That means th
four independent photoionization parameters are suffici
to completely describe the Xe4d photoionization within
a few percent of accuracy. This result is corroborat
by a semiempirical approach using measureds, b, and
alignment valuesA20 published during the last few year
for a large range of photon energies [7].

The experiments were performed at the synchrotr
radiation facilities HASYLAB at DESY (Hamburg) and
BESSY (Berlin) using the undulator beam lines BW3 an
U1, respectively. The delivered photons were employ
to ionize an effusive beam of xenon atoms. Both bea
lines were constructed to produce highly linearly pola
ized radiation. Using a multilayer acting as a quarte
wave plate [16] we were able to convert this into circular
polarized light. Thus we could determine both kinds
spin polarization of the electrons:Ptrans the transferred
© 1999 The American Physical Society
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polarization from circularly polarized light to the emitted
electron andPdyn the so-called dynamical polarization be
ing connected with an excitation by linearly polarized ligh
[17]. The electron spin polarization was measured u
ing a spherical Mott detector in combination with a time
of-flight electron spectrometer which has been employ
recently for the spin polarization measurements of ph
toelectrons and Auger electrons emitted during Xe3d
photoionization [18]. The main advantage for this ne
instrument compared to more conventional Mott polarim
ters is the fact that all photoelectrons and Auger lines in
spectrum are counted simultaneously. The detected el
trons were emitted under 90± respectively, 70± with respect
to the incoming light at an angle of 135± with respect to
the plane defined by the linear polarization and the prop
gation direction.

Figure 1 shows a measured spectrum for the Xe4d pho-
tolines along with the spin polarization of the two spin
orbit components underneath. The polarization sensitiv
Seff of the Mott polarimeter was determined to be 0.20(3
by measuring the Xe5p1y2 photolines which are com-
pletely described by three photoionization parameters on
in any approach. The spin polarizations of associated pa
of photoelectron and Auger lines show opposite signs d
to the singlet coupling of the doubly charged final ioni
states depicted here.

Concerning theory the results are in very good agre
ment with the relativistic random phase approximatio
(RRPA) calculations of Johnson and Cheng [10,19]. Fi
ure 2 shows the derived reduced dipole matrix elemen
and relative phases [20] in comparison with other me
sured and calculated data. Considering the good agr
ment between theory and experiment at one photon ene
the question arises how well we are able to describe t
photon energy dependence of the different photoionizati
parameters from the present set of data. For this purpo

FIG. 1. Xe 4d electron spectrum athn  93.8 eV (a) along
with the degree of spin polarization of the two spin-orb
components underneath (b). Detection geometry as descri
in the text.
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we have analyzed the data situation for all photoionizat
parameters which have been measured over larger en
ranges; these are partial cross sections, angular distribu-
tion asymmetry, and alignment parametersb andA20.

This critical analysis was done considering two poin
first, the existence of more recent and more precise d
and, second, the examination of relations between the
ferent photoionization parameters which restrict the v
ues of the different parameters to stay within certain lim
[21]. The most obvious example for such a relationsh
is exhibited in the case of a Cooper minimum due to o
vanishing partial wave, here thef wave. In this case all
photoionization parameters are fixed numbers, e.g., the
gular distribution parameterb becomes0.2 and the align-
ment parameterA20  20.748 which is the most negative
value allowed [15]. Because there is a Cooper minimu
in the partial cross section around 180 eV theb value of
0.2 is an additional indicator for the exact position of th
Cooper minimum, determining in turn the alignment valu
to be20.748 at this energy. The best curve derived fro
the sequence of publishedb values crosses the value of 0.
at 176 eV fixing the corresponding minimum in the alig
ment curve.

Figures 3(a)–3(d) show critically selected measur
data for s, spin-orbit branching ratior, b, and A20
along with semiempirical and calculated curves. O
semiempirical analysis based on consistency checks
all parameters in a certain energy region yieldsb values

FIG. 2. Comparison between experimentally determined
duced dipole matrix elements shown in length form (a),(b) a
relative phases (c),(d) with calculations using a completly re
tivistic approach (RRPA). Closed symbols (data with smal
error bars are the result from a restricted analysis with a fix
relativistic phase of zero) represent data from this work, t
open symbols are from [8], the solid lines are from [10], an
the dotted lines are from [19].
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FIG. 3. Xe4d partial cross sections (a), spin-orbit branching
ratio r (b), angular distribution anisotropyb parameter (c),
and alignment valuesA20 (d) are shown with the derived
dipole matrix elements (f) for the partiaĺp and ´f wave
photoelectron emission and their relative phase shift (e) [1
Measured data are taken from (a) [22]s1d and [23] snd;
(b) [24] srd and [25] sed; (c) [26] sed, [27] ssd, [23] snd,
and [28] shd; (d) [27] ssd and [28] shd; the star points to
the bestA20 value compatible with the correspondingb value.
The dotted lines and small open circles (e) and filled circles
represent a semiempirical analysis. The dipole matrix eleme
and phases (larged, h) are derived from higher differential
measurements [8,9] and the alignment values calculated in t
from these values (larged, h) are shown in (d). The dash-
dotted curves in (d) represent HF calculations [4,29]. The so
curve in (c) is a RRPA calculation [30], whereas these curves
(e) and (f) show RRPA calculations [19] and the dashed lin
are RPA results [31]. In (e) the short line below thresho
represents our HF quantum defect calculation [32].

slightly above those of Ref. [27]. The same analysis h
been applied with respect to the alignmentA20 with the
additional requirement that the minimalA20 should occur
at 176 eV. The semiempirical curves derived from su
a procedure are basically consistent with a 3-parame
approach if one considers the sum of the Xe4d3y2 and Xe
4d5y2 partial cross section, besidesb andA20, only. The
partitioning into the spin-orbit components has to be tak
into account separately, which means that this quantity
treated as another independent parameter so that we
practically dealing with a 4-parameter model. The deep
reason for the validity of this model is the approximatejk-
coupling of the photoelectron and the ionic core, whic
means that the photoelectron is governed basically
LS coupling, whereas the spin-orbit branching ratio
the final ionic state is influenced by relativistic effec
[33]. The semiempirical curves make it possible
derive semiempirical matrix elements and their relati
phase shift.
2482
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The result is shown in Figs. 3(e) and 3(f). We note th
at certain energies the error bars of the semiempirica
derived data become very large, as depicted by the sha
areas. These are the energies where additional, m
highly differential measurements, such as the ones repor
here, are necessary to perform. These data points
particularly useful to determine the semiempirical pha
shift at the most critical energies, e.g., near Cooper minim
[34]. Having these points fixed the vast rest of the ener
dependent phase shift behavior can be determined v
reliably from each set of good quality data of at least thr
independent photoionization parameters, in most casess,
b, andA20.

In order to derive also accurate partial cross sections
measured spin-orbit branching has to be taken into acco
explicitly, which means that a set of four parameters is su
ficient to reproduce all other photoionization paramete
within a few percent of accuracy (see Fig. 4) if the pha
shift at the critical energies is determined by additional i
dependent measurements. Comparing our result with
different theoretical approaches reveals another surpris
result. The calculated curves, relativistic [10] and no
relativistic [31] ones, are very close to each other and
the semiempirical curves except for thef-wave radial ma-
trix elements. For the latter the relativistic calculation in
cluding relaxation fits the low energy part of thef-wave
contribution very well where it overestimates this contr
bution at higher energies. On the contrary the nonre
tivistic calculation without relaxation describes the hig
energy part very well, whereas it overshoots the empi
cal values at lower energies. Combining both calculatio
for the appropriate energy range gives a very good desc
tion of the overall behavior. This means, however, that t
main problem of theory at present is to a lesser extent

FIG. 4. Dynamical (a) and transferred (c) spin polarization
Xe 4d photoelectrons (emitted under 90± with respect to the
incoming light and having 135± with respect to the electric field
vector for linearly polarized light) along with the orientation
parametersA10 of the remaining ions with4d5y2 (b) and4d3y2
(d) holes [17]. Our measured values are shown by clos
circles, whereas the experimentally derived data [8,9] are giv
by open squares. The solid curves represent RRPA calculati
[19], the dashed curve represents RPA calculation [31], and
dotted lines represent the semiempirical values.
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phase dependent dynamical part rather than the relaxa
problem. This is, in fact, an old and well-known problem
[35] but nevertheless still not being solved in a satisfacto
fashion. An energy dependent treatment of the relaxat
seems to be necessary in order to overcome this probl
Despite this particular drawback theory is capable of d
scribing the photoionization of the Xe4d subshell, in par-
ticular, their dynamics, surprisingly well.

In summary, we have performed the first spin-resolv
measurements of the photoelectrons and Auger electr
resulting from photoionization of the Xe4d subshell. This
measurement made it possible to analyze the4d photoion-
ization in terms of dipole matrix elements and releva
phases regarding the quantum mechanically complete
scription of this process. The surprising result of th
analysis is the fact that Xe4d photoionization outside
of Cooper minima may be described within a relative
simple model which requires two partial waves with on
phase shift only if one takes the measured spin-or
branching ratio into account.
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