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Multielectron excitations in x-ray absorption of xenon in the energy region of the L edges are studied.
Broad structures in the subshell absorption spectra are attributed to virtual collective excitations such as
core relaxation and dielectric polarization. Three groups of sharp spectral features, corresponding to
multielectron transitions involving Sp, Ss, and 4d electrons, respectively, are found. Due to the large life-
time width and multiplet spread, the features are superpositions of individual transitions within a group.
From comparison of corresponding features in the three L-subshell spectra, some conclusions on the role
of the inner-shell vacancy in the process can be drawn. Differences in L; and L, ; spectral features gen-
erally point to a complex excitation mechanism, although some cases seem to obey the simple sudden ap-
proximation. Evidence for a strongly coupled outer-shell excitation involving the 4d subshell is found.

PACS number(s): 32.30.Rj, 32.80.Fb

I. INTRODUCTION

The possibility of multielectron excitation in the atom-
ic inner-shell photoeffect was first demonstrated by mea-
surements of fluorescence [1] and Auger satellites [2]. In
its high-energy limit the phenomenon was satisfactorily
explained by the sudden change of the effective potential
[3—-5]. In the near-threshold regime, a more complex ex-
planation including a contribution of the electron correla-
tions [6] is required, providing a sensitive test of theoreti-
cal models. X-ray absorption spectrometry, the predom-
inant experimental tool [7-21], has provided evidence of
the process in a number of atomic systems. The onset of
multielectron excitation or ionization channels is revealed
by sharp features in the energy dependence of the photo-
absorption cross section. Due to the low probability of
the multielectron channels relative to the single-electron
photoeffect, these features can only be resolved clearly in
conditions of free-atom absorption, i.e., in experiments on
noble gases and metallic vapors [22,23]. In compound
and solid absorbers, the multielectron features are
masked by the molecular or condensed-phase effects in
the x-ray absorption [24-29].

Usually, the multielectron components in absorption
spectra are first identified by their energies: a sharp spec-
tral feature appearing close to the calculated energy of a
multiply excited atomic state is used as evidence for a
particular reaction channel. However, it has become
recognized that the spectra cannot always be decomposed
merely into small additional resonances, absorption
edges, and changes of slope, corresponding to thresholds
of transitions to consecutive higher excited states and
singly or doubly ionized states, respectively. More com-
plex spectral features, arising from the interaction of
channels, as well as from the configuration interaction in
both final and initial states, are often found. They can
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only be unraveled by a calculation of transition probabili-
ties: the complete reconstruction of the measured cross
section represents a much more stringent test of the
theory and has been successfully carried out only for a
few cases [21,30-33].

In all reliable absorption experiments on multielectron
photoexcitation, the formation of an inner-shell vacancy
has only been observed to induce excitations in the two
outermost shells. Of these, the outer-shell excitations in
noble gases contribute a rich, detailed spectrum, while
the excitations in the second outermost shell, as a rule,
show little detail, hardly resolvable in state-of-the-art ex-
periments. Besides this overall similarity, the best-
studied cases are too far apart and too dissimilar that
much general insight could be gained by comparing
them, even after a successful theoretical reconstruction.
The spectra are governed by different details of the level
scheme and lifetime widths. To overcome this obstacle,
several attempts at investigations on closely related sys-
tems have recently been reported [27,29]. One of the sim-
plest possibilities is the absorption spectrometry at
different absorption edges of the same atom. From such
collection of spectra, the effect of direct correlation could
be recognized from differences in related multielectron
features: excitations of outer electrons, caused by the
change of the average potential, on the other side, should
be largely independent of the inner-shell vacancy. L-
subshell spectra are most promising in this respect due to
the comparable lifetime widths of the inner-shell vacancy
states.

We have devised such an experiment on xenon. The
atom has been extensively used as a test for theoretical
models, due to the strong orbital rearrangement in the
Xe—Ba series. The photoabsorption spectrum above the
K edge of xenon shows almost no detail due to the large
K-shell width (11.4 eV) [18], providing only little infor-
mation about its multiple excitations. The published re-
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sults on the L-shell multielectron excitations [34], al-
though incomplete in subshell data, indicate interesting
similarities as well as dissimilarities, so that a systematic
remeasurement seems warranted.

II. EXPERIMENT

The experiment was performed at the EXAFS II sta-
tion at Hamburger Synchrotronstrahlungslabor. The
synchrotron radiation from the DORIS storage ring run-
ning at 5.3 GeV and 40 mA was focused by a gold-coated
mirror on a Si(111) double-crystal monochromator with
1-eV resolution at 5 keV. Harmonics were effectively el-
iminated by detuning the monochromator crystals using
a stabilization feedback control.

The xenon gas sample, of purity 99.995%, was con-
tained in a 40-mm-long absorption cell with 0.5-mm Lu-
cite windows, at the pressure of 12.0 kPa at 24 °C, provid-
ing the absorption thickness of the gas close to the op-
timum ud =~2. The absorption cell was inserted in the
vacuum path of the monochromatized beam between two
nitrogen-filled ionization chambers monitoring the inten-
sities of the incident and the transmitted beam, I, and I,
respectively. The energy region of the xenon L edges was
scanned in steps of 0.2 eV. The integration time at each
step of the scan was 1 s and the incident photon flux was
10'° photons/s.

The absorption cell can be evacuated and refilled in-
dependently without changing its position in the beam.
In this way, high reproducibility of the scans is achieved:
for every absorption spectrum, a corresponding reference
spectrum without the absorbing gas in the cell can be tak-
en in identical conditions. By subtracting the reference
attenuation In(I,/I,) from the respective attenuation of
the xenon-filled cell, the sensitivities of the ionization
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chambers and the residual absorption of the cell windows
cancel out and the absolute value of the absorption thick-
ness ud of the sample gas is obtained.

III. DATA EVALUATION

The measured attenuation cross section of xenon in the
energy region of the L edges is shown in Fig. 1. The ac-
curacy of the absolute scale is limited to 2% by the un-
certainty of the manometer reading: the scatter of the ex-
perimental points, due mainly to the synchrotron beam
noise, is 15 b. The precise energy scale is established us-
ing experimental Xe L-level energies [35]. The compar-
ison of the measured spectrum and the theoretical
frozen-core one-electron photoabsorption cross section
given by Scofield [36] shows good agreement below the
L, edge and far above the L, edge, as expected from the
theoretical argument by Fadley [37] that the frozen-core
one-electron cross sections correspond to the total rather
than the single-electron ionization cross section in the
sudden-approximation high-energy limit. Sharp spikes at
the L, and L, edges are the absorption white lines due to
2p — nd transitions, not included in Scofield’s calculation.
The white line at the L, edge, as shown by Breinig et al.
[35], does not produce a spike. To enhance the compar-
ison, both sets of data are divided by a simple power-law
(E™?) interpolation of cross sections from the
independent-particle model by Sasaki [38] (Fig. 2).

Large-scale deviations from Scofield’s predictions in
the entire interedge region can be attributed to two dis-
tinct effects which have been observed and studied on
other atomic systems. Immediately above the L, edge,
the measured cross section exhibits a steeper slope which
levels out within 70 eV. The width of the region is too
large to be attributed to the formation of an excited state.
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FIG. 1. Attenuation cross
section of xenon in the energy
region of the L edges. ..., ex-
periment; theoretical
frozen-core one-electron photo-
absorption cross section given by
Scofield [36].
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According to Tulkki and Aberg [39,40], in the slow pro-
cess of photoionization immediately above the edge, the
cross section is enhanced by core relaxation and by the
additional reorganization in the Auger decay of the va-
cancy with the slow photoelectron still within the atom
(post-collision interaction [41]). The effect has been ob-
served at the K edges of argon [39], krypton [12], and xe-
non [17]. In the case of the L, and L, edges the effect is
masked by the white lines: after their contribution is re-
moved, smaller regions of steeper slope extending to ~20
eV above the edge are revealed.

Between the edges, the cross section in Fig. 1 exhibits a
slightly convex curvature instead of the usual concave
one. Similar deviations have been studied in the L ab-
sorption spectra of heavy elements from Hf to Pb [42].
They are attributed to the dielectric polarization of the 2p
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FIG. 2. Deviation of the measured photoabsorption cross
section from Scofield’s theoretical predictions. Both sets of data

are divided by a power-law interpolation of the independent-
particle cross section (o) [38].

subshells, which introduces dispersionlike dips at the L,
and L; edges, hence the change of the curvature, and also
the difference in slopes of measured and Scofield’s data in
the L, region, seen in Fig. 2.

In contrast to these large and extended effects, the
spectral features introduced by the multielectron excita-
tions are small and sharp, consisting of tiny resonance
peaks and absorption edges, characterized by the lifetime
width =3 eV of L vacancy states. They only become ap-
parent after the suppression of the dynamic range of the
experimental data, i.e., after subtraction of the large-scale
effects, discussed above. In the absence of satisfactory
theoretical predictions, a best-fit analytical model, a com-
bination of a second-order polynomial and an exponen-
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FIG. 3. Multielectron photoabsorption features of xenon in
the L edge region. Cross sections are normalized to the respec-
tive L-subshell edge jumps. The common energy scale is defined
relative to the respective L-subshell edge. MCDF energy inter-
vals, belonging to the additional excitations of electrons from 5p
and 5s subshells, respectively, are shown.
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tial, is used. In the procedure, several groups of mul-
tielectron absorption features are revealed (Figs. 3 and 4)
in each subshell spectrum.

It should be stressed at this point that the use of ad hoc
models, however unavoidable and common practice, ob-
scures the long-range nature of the small absorption
features. Only the abrupt elements of the features, such
as peaks and jumps, can be reliably recognized, while the
asymptotic increase of the cross section due to the
shake-up and shake-off contributions cannot be resolved
in the best-fit procedure.

IV. MULTIELECTRON EXCITATIONS

The procedure described above reveals a fine-scale ab-
sorption structure extending to 200 eV above each of the
L subshell edges. For the purpose of comparison, the
three spectra shown in Figs. 3 and 4 are brought to the
common relative energy scale with the origin at each
respective L-subshell edge. Similarly, cross sections are
normalized to the respective L-subshell edge jumps, ex-
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FIG. 4. Same as Fig. 3 but for the 4d excitation group.

trapolated from Scofield’s data. Several individual
features can be recognized within the structures: they ap-
pear at the same positions on the relative energy scale in
all three subshell spectra. Accordingly, they will be re-
ferred to by common labels (¢ -i) and distinguished by
L-subshell indices (Table I). Even without detailed
analysis, it is evident that the corresponding features, and
indeed the whole structure, above the L, and L; edges
are identical within the accuracy of the experiment, while
those of the L; spectrum differ from their counterparts in
size and width; some may even be missing.

For the purpose of interpretation of the measured spec-
tra, an extensive survey of multiconfiguration Dirac-Fock
(MCDF) energies of L-vacancy xenon states with addi-
tional excitation in the outer shell has been made [43].
Notably, the energies of the states with the same outer-
shell vacancy configuration and different L-subshell va-
cancy were found to agree to better than 1 eV on the rela-
tive scale, introduced above. This is in accord with the
coincidence of the labeled features in the three L-subshell
spectra.

By their energies, these MCDF states can be divided
into three nonoverlapping groups with additional excita-
tions of electrons from 5p, 5s, and 4d subshells, respec-
tively. The corresponding energy intervals are shown in
Figs. 3 and 4. They are bracketed by the lowest double
excitation on the low-energy side and by the double ion-
ization (shake-off) on the high-energy side. In the case of
the 5p, group in the L, spectrum, for instance, the brack-
ets are set at the lowermost energy in the multiplet
Xe[2s5p)6p? and the highermost energy in the multiplet
Xe[2s5p], respectively.

In contrast to the well-known multielectron absorption
structures above the K edges of argon [9,19] and krypton
[10], the spectral features in the present case cannot be
identified with transitions to individual doubly excited
states. The reason is of a fundamental nature: the multi-
plet splitting of the double-vacancy states is much larger
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TABLE 1. Parameters of multiple-excitation spectral features a —i above xenon L edges, according to tentative type (R, resonance;
E, absorption edge; RR, broad resonance): energy, relative to the respective L-subshell edge; width; and cross section, relative to the
respective L-subshell jump. Features are grouped according to the outer-electron state.

L, L, L,

E r O'F/O'L3 E r ap/aLz E r OF/ULI
Label Type (eV) (eV) (%) (eV) eV) (%) eV) (eV) (%) Group
a R 11.2+0.5 4.2+0.1 3.0+0.2 10.9+0.5 4.2+0.1 3.3%+0.2 11.5£0.5 4.5%0.2 1.3+0.3
b R 15.7+0.5 3.0+0.5 0.3%£0.05 15.6+0.7 3.0+0.5 0.3+0.05 [5p]
c E 21.3+0.5 2.0£1.0 0.4%0.1 20.9+0.7 2.4t1.0 0.6%+0.3 21.5+0.5 2.2%£0.7 0.9%0.3
d R 27.0+0.5 4.0+1.0 0.2+0.05 26.8+0.8 5.0+1.0 0.2+0.1 26.9+0.7 4.0t1.0 0.2+0.1 [55]
e E 33.1+0.05 2.0+1.0 0.1+0.05 32.3+1.0 2.0+1.0 0.1£0.05 33.6%+1.0 2.3+1.0 0.14%0.07
f R 80.0+0.5 7.4+0.5 0.5+0.05 78.7+0.5 7.6+£0.5 0.4+0.06 79.6+0.6 7.0+1.0 0.2%0.1 [4d]
g BR 91.1+£0.7 26.1+£0.5 0.6+0.1 89.6+1.5 29.4+3.0 0.8+0.1
h BR 128.4+1.0 36.7+2.0 0.3+0.05 127.2+2.0 37.6+4.0 0.3+0.05 128.3+1.0 37.8+2.0 0.4%+0.1 [4d5p]

than in the case of Ar and Kr, so that multiplets of acces-
sible excitations within a group strongly overlap. As an
example, the conventional level scheme is shown in Fig. 5
for the case of the [2p5(p,s)] group. Evidently, the spec-
tral features must be interpreted as superpositions of a
number of individual resonances and absorption edges.
Only the leading resonance of each group is, rather tenta-
tively, attributed to the transition into the lowermost ex-
cited state (Table II): this has been, as a rule, the case
with the strongest resonances in the spectra of previously
studied atoms.

For the same reason as above, there is little need to ex-
pand the search for candidate states beyond the double
excitations, although good evidence has been given for
triple-vacancy states in the spectra of argon [44] and
krypton [20]. In the present case, their contribution to
the spectral features would be smeared out beyond recog-
nition for the correspondingly larger spread of their mul-
tiplet structure. Triply excited states will, though, be in-
voked for reasons of analogy, for features that extend
beyond double-excitation energy brackets.

A. [2(s,p)5(p,s)] excitations

Although the groups of 5p and 5s MCDF excitation
energies are clearly separated, the spectral features attri-

buted to both groups overlap. The detailed level scheme,
given in Fig. 5, shows that the multiplet spread is indeed
the determining factor in the case of Xe spectra. The
multiplets of doubly excited states reach beyond the ion-
ization limits: this leads to resonance-continuum interac-
tion and introduces Fano profiles into spectral features.
Consequently, there is little hope to identify the labeled
features, apart from the leading resonances of each
group, with distinct excitations. The pronounced valley
between the two groups, suggestive of a small absorption
edge (c) on its high-energy side, cannot be brought into
accord with the level scheme.

The effect of configuration mixing in the final state was
analyzed. Significant mixing was found only between the
states [2s5p]6p?,5d?, analogous to the case of argon:
[1s3pl4p?,3d? [31,32]. The widths of the observed reso-
nances are again in accord with the energy splitting of
the multiplets of the corresponding final states. Thus the
adoption of mixing does not substantially clarify the
shape of the measured spectrum: the interpretation will
have to wait until a complete theoretical reconstruction
of the cross section is made.

B. [2(s,p)4d] excitations

The sharp resonances f at the onset of the 4d group
can be reliably attributed to the [2s54d]6p5d and

TABLE II. Most probable transitions contributing to the observed resonances. Energy intervals of
MCDF multiplets are compared to the positions and the widths of the resonances.

EMCDF Eexpt rexpt
Configuration (ev) Feature (eV) (eV)
L,; [2p5pl6p5d 9.8-13.4 a,; 11.2+0.5 4.21+0.1
15.4-15.8 by 15.7+0.5 3.0+0.5
[2p5s]6s5d 25.9-27.2 d,; 27.0+0.5 4.0£1.0
[2p4d]5d* 75.8-81.4 Sfa3 80.0+0.5 7.4%0.5
L, [2s5p]6p?,5d* 10.5-16.2 a, 11.5+0.5 4.5+0.2
[2s5s]6s5p 26.3-28.7 d, 26.9+0.7 4.0+1.0
[2s4d]6p5d 76.8-82.0 f1 79.6x0.5 7.0+1.0
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FIG. 6. Photoabsorption cross section of xenon in the energy
region of [2p;,4d] excitations, compared to the total vuv pho-
toabsorption cross section ( ) and the 4d partial cross sec-
tion (eoo) of Xe in the energy region of the 4d edge [46]. The
4d ionization threshold is shifted to coincide with the [2p;,4d]
double-ionization threshold in the L;-subshell spectrum.

[2p4d)5d? excitations. In view of the multiplicity of the
4d states, the small width is rather surprising: in fact, the
analogous double excitations involving the 3d shell in Kr
produce an extremely broad spectral feature [13,20]. The
shoulders g, absent in the L, spectrum, cannot be
identified unambiguously: a comparison with the MCDF
energies points to a superposition of excitations to higher
states and to the continuum, including possible triple ex-
citations [. . .4d5p].

The broad peaks h, remarkably similar in all three sub-
shell spectra, lie well outside the recognized MCDF ener-
gy brackets. Their width and position in the relative en-
ergy scale bring them into correspondence with the
“shape resonance” in the vacuum ultraviolet (vuv) photo-
absorption spectra above the 4d absorption edge of xenon
and its neighboring elements [45,46]. A direct compar-
ison is shown in Fig. 6. Apparently, the strong influence
of the effective atomic potential on the final-state contin-
uum wave function €f, resulting in the shape resonance
in the 4d —¢f excitations [45], is retained in the cross
section for the indirect excitations of 4d subshells. Amu-
sia et al. have given arguments that the shape resonance
has a strong double-excitation component, arising from
the inelastic scattering of the 4d photoelectron by elec-
trons in the outermost 5p shell [47]. By analogy, triple
excitations [2(p,s)4d5p] can be expected to contribute
significantly to the structures A.

C. [2(p,5)4(p,s)] and [2(p,s)3d] excitations

An extensive search in the energy region where accom-
panying excitations of 4p, 4s, and 3d electrons can be ex-
pected revealed no features that could be reliably
identified. Estimated from the sensitivity of the experi-
ments, the cross sections for these excitations should be
below 30 b. A possible exception are two peaks, in the L,
and L, spectra, labeled i and seen above the noise level
only in the best of experimental conditions, attributed to
resonant excitations of [2s4p] and [2p;,,4p] vacancy
states. The finding is supported by a subsequent investi-

gation of Xe-like ions where cross sections for multiple
excitations are found to increase substantially with atom-
ic number [48]. The 4p resonances in La3" are clearly
resolved.

According to the results of Wendin and Ohno [49] on
the direct 4p photoeffect, in Xe and preceding elements
the dipolar fluctuations of the 4p vacancy prevent the ex-
istence of [4p] as a quasistationary state, forcing it to dis-
sociate very rapidly into more complicated states, where
the dominant process yields the 4d%4f configuration.
However, in subsequent elements, a well-defined 4p;,,
quasihole exists as a stable excitation with its MCDF
binding energy lowered by about 10 eV due to the many-
electron interactions, while the [4p, ,, ] state is still disso-
ciated into a broad range of 4d®4f configurations. Since
for outer electrons the atomic potential in a xenon atom
with a vacancy in the L shell is approximately the same
as in neutral cesium, the sharp i structures should
specifically be attributed to the discrete transitions to
[2p3,24p3 2] Or [254p; 5 ] final states.

V. DISCUSSION

The measured spectra give information regarding the
role of the inner-shell vacancy in multiple photoexcita-
tion: a p-type vacancy is studied systematically and a
direct comparison of the effect of s- and p-type vacancies,
close in energy, is given. One conclusion is rather self-
evident: the identical L, and L; spectra show that multi-
ple photoexcitation is largely independent of the spin of
the inner-shell vacancy or its total angular momentum.
Possible differences, arising from different multiplet
structure of [2p,,,] and [2p,,, ] states or from different
shapes of their relativistic wave function, are below the
present sensitivity of the experiment.

The marked difference between L, and L, ; spectra, on
the other hand, provides some insight into the mecha-
nism of double excitations. Considering the large spatial
and energy separation of both excited electrons, it could
be expected that their direct interaction has a much
weaker effect than the shake mechanism, i.e., the excita-
tion of the outer shells by the sudden change in the core
charge. In the latter case, it would be possible, to a good
approximation, to factor the probability for the multiple
excitations into two parts: the probability for the
photoeffect in the core and the probability for additional
excitation of outer electrons. Since the relative energies
and widths of multiply excited states are almost indepen-
dent of the core-vacancy subshell, the normalized L-
subshell multielectron absorption spectra should be large-
ly identical.

Our experimental results indicate that this simple ex-
planation is insufficient. The detailed evidence is provid-
ed by the data shown in Table I in the form of relative
cross sections attributed to individual spectral features.
Regardless of the low accuracy of extracted values, there
appears to be a regularity in the ratio of L-to L, ; data.
The values for the features d, e, and 4 are close to 1, sup-
porting the dominance of the shake picture. However,
for the best-resolved resonant features @ and f, the ratio
of probabilities is near 0.5, and for the feature c, over 2.
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Thus it seems necessary to generally invoke complex
mechanisms even at the present crude level of
identification of the spectra, although they may simplify
to the shake picture for some channels.

(It might seem, with the factorization picture in mind,
that the cross sections for the resonant, double excitation
channels are not properly normalized to the subshell edge
jump which involves the matrix element between the core
and the continuum. A better choice for the normaliza-
tion would seem to be the cross section of the single-
electron excitation, the ‘“‘white-line” transition. Howev-
er, in the case of Xe L subshells, as has been demonstrat-
ed by Breinig et al. [35], discrete pre-edge transitions are
of the same relative site to the edge jump for all three
subshells.)

The simple shake picture holds surprisingly well for
the excitations involving 4d subshells, contributing to the
broad resonances A. The reason for such a behavior may
be that the shape of the final f states is determined by the
potential barrier so that the cross section is independent
of the primary excitation. The remarkable fact that ab-
sorption features of similar shape and comparable width
are found in direct photoexcitation, as well as in the in-
direct excitation accompanying core-electron photoeffect
in three different subshells, indicates the existence of a
strongly coupled outer-shell excitation.

VI. CONCLUSION

Summarily, the deviations of the measured photoab-
sorption cross section above L edges of Xe from the
smooth single-electron model are of two distinct types.
The long-range effects can be attributed to virtual collec-
tive excitations of the electron clouds such as core relaxa-
tion and the dielectric polarization. They have been ob-
served in other atomic systems. Sharp absorption
features, presumably superpositions of resonances and
absorption edges, correspond to real multiple excitations.
Again, as in all cases to date, only excitations in the two
outermost shells are reliably determined. The large life-
time width and the multiplet spread do not allow clear
identification of the features beyond the assignation to
the 5p 5s, or 4d subshell group. However, it is shown
that new information can be extracted from a comparison
of closely related multiple-excitation spectra. In exten-
sion of the present work, the study of Xe-like ions is un-
der way.
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