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Complete Description of the Xed4d Photoionization by Spin-Resolved Photoelectron
and Auger Spectroscopy
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Spin-resolved photoelectron and Auger spectra were measured near the maximum of 4de Xe
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]

PACS numbers: 32.80.Hd, 32.80.Fb

Photoionization of the xeno#fd subshell is a showcase ted electrons should be performed in order to solve this
example for atomic inner-shell photoionization similar to problem.
helium for outer-shell double excitation. This is because We have carried out such spin-resolved experiments
the photoionization of this subshell exhibits strong elecfor the Xe 4d photolines and subsequently emitted
tron correlation effects [1-3] in addition to pronouncedN,s0,30,3 Auger lines athv = 93.8 eV. In this way
single particle phenomena [4] such as shape resonance® were able to measure as many independent photoion-
and Cooper minima [5,6] which makes it difficult to dis- ization parameters as necessary for a complete relativistic
tinguish between the different origins for a certain behaviotreatment in addition to the already known quantities
of the partial cross section, as well as other photoionizas= and 8. The analysis of the measured data within
tion properties. This is why numerous studies of the Xethis approach showed a surprising result: the relativistic
4d photoionization were performed during the last decadghases became nearly zero but again with a relatively large
regarding the partial cross sectionand angular distribu- uncertainty due to an extremely sensitive dependence of
tion anisotropy paramete® [7]. However, concerning a this phase upon the different spin polarization parameters.
complete description of the X&! photoionization interms However, setting this phase exactly zero results in a
of matrix elements and their relative phases only very fewconsistent set of matrix elements and remaining phases
experimental studies exist [8,9]. with very low error bars. Further analysis of the data

The first of these studies was photoelectron Auger coinassumingLS coupling showed that two partial wave
cidence experiments [8] which caused a controversy aboatmplitudesk, andR; and one phase shift,; are indeed
the magnitude of the phase shift between two partial wavesufficient to describe the X4d photoionization if instead
with the same angular momentunbut different total an-  of the statistical ratio for the intensities of the spin-orbit
gular momentuny [10]. A critical evolution of the data components one uses the corresponding experimental
and later experiments [11] pointed to a very small phaseatios or relativistic calculations [15]. That means that
shift; however, the corresponding error bars were still highfour independent photoionization parameters are sufficient
Another open question refers to the total number of photo completely describe the X&/ photoionization within
toionization parameters really necessary for a completa few percent of accuracy. This result is corroborated
description of the Xe4d photoionization. In a strict by a semiempirical approach using measusedB, and
relativistic approach ten parameters would be necessarglignment valuesi,, published during the last few years
three partial waves(/, j) and two relative phases; for  for a large range of photon energies [7].
each spin-orbit componenid;/, and 4ds;, of the final The experiments were performed at the synchrotron
ionic state [12]. On the other extreme assumirfjcou- radiation facilities HASYLAB at DESY (Hamburg) and
pling only two partial waveg(! + 1) ande(l — 1) would  BESSY (Berlin) using the undulator beam lines BW3 and
govern thedd photoionization in xenon, which means U1, respectively. The delivered photons were employed
including their relative phase shitk; three parameters to ionize an effusive beam of xenon atoms. Both beam
altogether [13,14]. The relatively large experimental un-lines were constructed to produce highly linearly polar-
certainties of the former coincidence experiments did noized radiation. Using a multilayer acting as a quarter-
allow us to draw definite conclusions concerning this pointwave plate [16] we were able to convert this into circularly
Therefore, further experiments with complementary methpolarized light. Thus we could determine both kinds of
ods such as measuring the spin polarization of the emitspin polarization of the electron®y..,s the transferred
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polarization from circularly polarized light to the emitted we have analyzed the data situation for all photoionization
electron andPy,, the so-called dynamical polarization be- parameters which have been measured over larger energy
ing connected with an excitation by linearly polarized lightranges; these are partial cross sectigrangular distribu-
[17]. The electron spin polarization was measured ustion asymmetry, and alignment parametgrandA,.
ing a spherical Mott detector in combination with a time- This critical analysis was done considering two points:
of-flight electron spectrometer which has been employedirst, the existence of more recent and more precise data
recently for the spin polarization measurements of phoand, second, the examination of relations between the dif-
toelectrons and Auger electrons emitted during X& ferent photoionization parameters which restrict the val-
photoionization [18]. The main advantage for this newues of the different parameters to stay within certain limits
instrument compared to more conventional Mott polarime{21]. The most obvious example for such a relationship
ters is the fact that all photoelectrons and Auger lines in @& exhibited in the case of a Cooper minimum due to one
spectrum are counted simultaneously. The detected elewanishing partial wave, here thewave. In this case all
trons were emitted under 9€espectively, 70with respect photoionization parameters are fixed numbers, e.g., the an-
to the incoming light at an angle of 13%ith respect to gular distribution paramete® becomed).2 and the align-
the plane defined by the linear polarization and the propament parametef,, = —0.748 which is the most negative
gation direction. value allowed [15]. Because there is a Cooper minimum
Figure 1 shows a measured spectrum for theX@ho-  in the partial cross section around 180 eV fhievalue of
tolines along with the spin polarization of the two spin- 0.2 is an additional indicator for the exact position of the
orbit components underneath. The polarization sensitivityCooper minimum, determining in turn the alignment value
Serr Of the Mott polarimeter was determined to be 0.20(3)to be —0.748 at this energy. The best curve derived from
by measuring the X&p,,, photolines which are com- the sequence of publishgtvalues crosses the value of 0.2
pletely described by three photoionization parameters onlgt 176 eV fixing the corresponding minimum in the align-
in any approach. The spin polarizations of associated painment curve.
of photoelectron and Auger lines show opposite signs due Figures 3(a)—3(d) show critically selected measured
to the singlet coupling of the doubly charged final ionicdata for o, spin-orbit branching ratigp, B8, and Ay
states depicted here. along with semiempirical and calculated curves. Our
Concerning theory the results are in very good agreesemiempirical analysis based on consistency checks for
ment with the relativistic random phase approximationall parameters in a certain energy region yieRlvalues
(RRPA) calculations of Johnson and Cheng [10,19]. Fig-
ure 2 shows the derived reduced dipole matrix elements
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Kinetic energy (eV) relative phases (c),(d) with calculations using a completly rela-

tivistic approach (RRPA). Closed symbols (data with smaller
FIG. 1. Xe4d electron spectrum aiv = 93.8 eV (a) along error bars are the result from a restricted analysis with a fixed
with the degree of spin polarization of the two spin-orbit relativistic phase of zero) represent data from this work, the
components underneath (b). Detection geometry as describepen symbols are from [8], the solid lines are from [10], and
in the text. the dotted lines are from [19].
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The result is shown in Figs. 3(e) and 3(f). We note that
at certain energies the error bars of the semiempirically
derived data become very large, as depicted by the shaded
areas. These are the energies where additional, more
highly differential measurements, such as the ones reported
here, are necessary to perform. These data points are
particularly useful to determine the semiempirical phase

shift at the most critical energies, e.g., near Cooper minima
[34]. Having these points fixed the vast rest of the energy
dependent phase shift behavior can be determined very
reliably from each set of good quality data of at least three
independent photoionization parameters, in most cases
B, andAz().

In order to derive also accurate partial cross sections the
measured spin-orbit branching has to be taken into account
explicitly, which means that a set of four parameters is suf-
ficient to reproduce all other photoionization parameters
within a few percent of accuracy (see Fig. 4) if the phase
shift at the critical energies is determined by additional in-
dependent measurements. Comparing our result with the
different theoretical approaches reveals another surprising
result. The calculated curves, relativistic [10] and non-
and alignment valuest,, (d) are shown with the derived relativistic [31] ones, are very close to each other and to
dipole matrix elements (f) for the partialp and ef wave the semiempirical curves except for tfiavave radial ma-
photoelectron emission and their relative phase shift (e) [15]trix elements. For the latter the relativistic calculation in-
I\/l!)easured‘data . are t‘i‘;e_” from (a<)> [2et) agd [23] (ﬁ)i cluding relaxation fits the low energy part of tifewave
;n)d [%zdf.s];]((m));a?d) [[2257]]( (g’) (22152?2]8(] (é);[2t7h]e( st)ér[ngc}in(ts)'m cor!tribution_ very well v_vhere it overestimates this contri-
the bestA,, value compatible with the correspondiyvalue.  bution at higher energies. On the contrary the nonrela-
The dotted lines and small open circles (e) and filled circles (fitivistic calculation without relaxation describes the high
represent a semiempirical analysis. The dipole matrix elementgnergy part very well, whereas it overshoots the empiri-
and phases (Iargz, D)da;]e d‘l?rived fromlhigherldiﬁfer%”ﬁa' cal values at lower energies. Combining both calculations
easiremerts 5. ancge slonment values seleulted 1 Wb the appropriate energy range gives a very good descrip
dotted curves in (d) represent HF calculations [4,29]. The solidion of the overall behavior. This means, however, that the

curve in (c) is a RRPA calculation [30], whereas these curves irmain problem of theory at present is to a lesser extent the
(e) and (f) show RRPA calculations [19] and the dashed lines
are RPA results [31]. In (e) the short line below threshold
represents our HF quantum defect calculation [32].
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FIG. 3. Xe4d partial cross section (a), spin-orbit branching
ratio p (b), angular distribution anisotropy parameter (c),

slightly above those of Ref. [27]. The same analysis has
been applied with respect to the alignment with the
additional requirement that the minimaj, should occur

at 176 eV. The semiempirical curves derived from such
a procedure are basically consistent with a 3-parameter
approach if one considers the sum of the4g/, and Xe

4ds;, partial cross section, besid@sandAy, only. The
partitioning into the spin-orbit components has to be taken
into account separately, which means that this quantity is
treated as another independent parameter so that we are

practically dealing with a 4-parameter model. The deepef: . . o

for the validity of this model is the approximgte IG. 4. Dynamical (a) and transferred (c) spin polarization of
reaso'n Yy ” F?F’ . Xe 4d photoelectrons (emitted under 9With respect to the
coupling of the photoelectron and the ionic core, whichincoming light and having 135with respect to the electric field
means that the photoelectron is governed basically byector for linearly polarized light) along with the orientation
LS coupling, whereas the spin-orbit branching ratio ofparametersi, of the remaining ions witkids/, (b) and4ds
the final ionic state is influenced by relativistic effects(d) holes [17]. Our measured values are shown by closed

331 Th . irical ke it ible t circles, whereas the experimentally derived data [8,9] are given
[33]. € semiempirical curves make It possible 10y, gnen squares. The solid curves represent RRPA calculations

derive semiempirical matrix elements and their relative[ig], the dashed curve represents RPA calculation [31], and the
phase shift. dotted lines represent the semiempirical values.
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phase dependent dynamical part rather than the relaxation s/ \/E TR2+3R} A2 TR} +3R}
problem. This is, in fact, an old and well-known problem 7 10K, +15K} ° 0 10R; + 15K} *
[35] _but nevertheless still not being solved in a satisfactqr;tls] J. Viefhauset al., Phys. Rev. Lett77, 3975 (1996).
fashion. An energy dependent treatment of the relaxatlor!w] The relations betwee®us, Pon, Aro, o, Ry, Ry, and
seems to be necessary in order to overcome this problem. ‘
Despite this particular drawback theory is capable of de- L
scribing the photoionization of the X&i subshell, in par- pi2 = L LR TR TR R S8y L p2
ticular, their dynamics, surprisingly well. prL TRy +I2R;=OR, Ry COSApy g

In summary, we have performed the first spin-resolved

A, are expressed as

5/2 1 —25R, Ry SINA 1532
measurements of the photoelectrons and Auger electrons Pam = TR aki ok, Ry cosa,, o D
resulting from photoionization of the X&f subshell. This
measurement made it possible to analyzetth@hotoion- AP \/j 3R —3R} A2 = \/E 3R} —3R]
ization in terms of dipole matrix elements and relevant 10 15 2R; +3R7 ° 10 20 2R;+3R; °

phases regarding the quantum mechanically complete dgrg) G snellet al., Phys. Rev. Lett76, 3923 (1996).

scription of this process. The surprising result of this[19] w.R. Johnson and K.T. Cheng, Phys. Rev48, 2952

analysis is the fact that Xdd photoionization outside (1992).

of Cooper minima may be described within a relatively[20] These matrix elements are related to thef indepen-

simple model which requires two partial waves with one dent matrix elements and the branching ratity

phase shift only if one takes the measured spin-orbit

branching ratio into account. d§/123 Ry = — pTHDfS/z’
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