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X-ray multielectronic photoexcitations near the E edge of xenon
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The near-K-edge x-ray photoabsorption spectrum of xenon was measured using synchrotron radiation.
Several simultaneous two-electron excitation features were detected. Their identi6cation is supported by
nonrelativistic and relativistic energy-level calculations. The relative cross sections extracted from the
data are consistent with previous measurements on Kr. Relativistic sudden-approximation-shake-theory
cross sections are found to overestimate the measured ones by factors of 2—3, but closely follow level-
dependent trends in the measured data.

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

Simultaneous multielectronic excitations in an atom
can provide, in principle, information on intershell and
intrashell correlations [1,2]. A method of choice for
probing these excitations are near-edge photoabsorption
measurements, which yield direct energy-level and cross-
section information, provided that monatomic gaseous
samples are used. In solids, liquids, and even gases of
multiatomic molecules, the weak multielectronic features
are masked by the much larger x-ray absorption near-
edge structures (XANES's) and extended x-ray-
absorption fine structures (EXAFS's) dominating the
spectrum in this energy range [3]. Of the noble gases, the
natural candidates for such measurements, the E edges of
neon [4], argon [5], and krypton [6—8] were measured
with high resolution, showing a rich spectrum of two-
and three-electron excitations as well as important details
of the underlying one-electron (le) spectra. These spec-
tra, and in particular the Ar one, were used in a number
of theoretical studies to test models for the excitation dy-
namics and the relative importance of effects such as
postcollisional interaction, relaxation, and exchange
[2,9—11]. Saha's [12] recent multiconfigurational
Hartree-Fock (HF) calculations for Ar reproduced accu-
rately the le cross section and the energies of the major
two-electron (2e) excitations. His 2e cross sections, how-
ever, considerably overestimate the observed values.
Deutsch and Hart [6—8] found the measured cross sec-
tions for 2e 1snl excitations in both Kr and Ar to be
much smaller than predicted theoretically by Carlson and
Nestor (CN) [13] for outer nl electrons, with the agree-
ment becoming progressively better for the inner ones.
The ratios of several 2e cross sections, however, were
found to be in good agreement with the predictions of
shake theory [14,15].

For the Xe K edge, the only measurement available is
that of Holland et al. [16]. This, however, has limited
range and resolution, and was not analyzed for mul-
tielectronic effects. Our very recent absolute cross-
section measurements in this energy range [17] show the

significant (-10%) relativistic and relaxational effects
predicted theoretically for the le cross section [18]. We
present here the results of a study of the 1snl 2e excita-
tion spectrum of xenon using synchrotron x-ray photoab-
sorption. The cross sections are found to depend weakly
on n and l and are smaller than predicted theoretically
for the outer electrons, in accord with the results ob-
tained for Ar and Kr. Nonrelativistic Hartree-Fock (HF)
and relativistic Dirac-Fock (DF) energy-level calculations
are also presented. The DF results agree with, while the
HF mostly underestimate, the predictions of the Z + 1

approxiination [19]. Partial agreement is found with
shake theory concerning the nl dependence of the cross
sections.

The measurements were done on 99.995%-pure Xe gas
at the ROMO II station at HASYLAB, in a standard
transmission EXAFS configuration, with an energy reso-
lution of hE/E ~ 5 X 10 . For further experimental de-
tails see Ref. [17]. The energy scale was calibrated
[17,20—21] using the best available experimental E-level
energy, Ez =34565.4 eV, derived from recent precision
Xe Ea, 2 [22] and Xe L2 3 level [20] measurements.

The measured absolute K-excitation cross section is
shown in Fig. 1. The higher-shell contributions were sub-
tracted using the Victoreen formula [23], fitted to the
data below the edge. The magnitude and shape of the
major le contribution to the edge are discussed in detail
elsewhere [17]. Note, however, that the prethreshold le
1s~nl resonances, so prominent in Ar and Ne, are not
observed here. This is due to the considerab1e overlap of
the lines, caused by their large lifetime widths [24], —12
eV, and their small separation, 1 —2 eV, as derived from
the Cs I optical spectrum [25], using the Z+1 approxi-
mation, which places the onset of the 1s continuum only
2.4 eV above the lowest-lying resonance 1s ~6p. This be-
havior closely resembles that previously measured for
krypton in the corresponding energy range [8] where the
lifetime widths, -3 eV, are also larger than the 1 —2-eV
separation of the individual resonances. The very large
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FIG. 1. Measured absolute E cross section for Xe. The ener-

gy scale is relative to the onset of the 1s continuum at
E& =34565.4 eV. The energy levels were calculated using the
relativistic DF method.

lifetime width of the E level in xenon smears out the 2e
edges as well, and renders their identification in the data
considerably more di%cult than for the lower-Z noble
gases. Consequently, the on1y 2e feature visible on the
scale of Fig. 1 is a broad shoulder whose threshold is at
-70 eV. The le background contribution, which peaks
at -25 eV and then decreases, creates, along with the in-
crease at -70 eV due to the onset of the 2e excitations,
the dip seen in Fig. 1 at -70 eV. The shoulder is
identified by the energy-level calculations as the onset of
the ls4d excitation. As no fine structure was resolved in
the 2e features, the energy-level calculations were done
for the lowest-lying allowed transitions, which are neces-
sarily bound-bound ones. The relativistic DF energy lev-
els, discussed below, are shown in Figs. 1 and 2.

To obtain a better view of the small 2e features, one
usually subtracts off all other contributions, using a
chosen function fitted to the data below the threshold of
the relevant feature. In our case, however, such a pro-
cedure is bound to be rather inaccurate due to the large
lifetime width smearing, the highly nonlinear le cross
section near the edge, and our poor knowledge of its ex-
act shape [17]. We have, therefore, chosen to divide the
data by a straight line fitted to the measured spectrum in
the range 270-350 eV, where no 2e features were predict-
ed, nor indeed found, and where the data were found to
be highly linear and smooth. This normalized spectrum
was then lightly smoothed by three-point averaging,
ensuring that no artifacts were introduced. The final re-
sult is shown in Fig. 2. As no fine structure was resolved
in any of the features due to a particular pair of lsnl elec-
trons, we felt a measure of justification for regarding the
total complex of expected transitions involving this pair
as a steplike structure in the cross section, similar to a
conventional 1e absorption edge. Thus the normalization
procedure outlined above is expected schematically to
show a lifetime-width-smeared "staircase, "with step con-
tributions from the various 2e transitions, superimposed
on the le cross section. Figure 2 indeed displays the ex-
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FIG. 2. The near-edge cross section, normalized by a straight
line fitted to the data of Fig. 1 in the region 270-350 eV. Ener-
gy levels are relativistic DF ones. The two-electron edges visi-
ble in the figure are marked by characters and discussed in the
text. A schematic separation into individual cross sections is
also shown.

pected "smeared staircase" from -70 eV on. The sharp
peak at -25 eV and the fast-decreasing cross section on
its high-energy side reAect mainly the shape of the le
cross section, with some possible contributions from the
ls5p, and to a smaller extent ls5s, excitations. The onset
A of the lowest ls4d excitation, ls4d~6s6p, is now
clearly visible. The j splitting of the 4d electrons, -2.5
eV, is too small to be resolved. However, the weak
feature marked B, —12 eV above A, may be attributed to
the onset of the doubly ionized [ls4d) continuum, which
we calculated to be 11.9 eV above the [ls4d]6s6p level.
The onset of the ls4p excitations C, though unambigu-
ous, is much less visible than the ls4d one. The much-
weaker and less-definite feature D can be associated with
the onset of the j-split ls4p-excitation and the double-
ionization [ls4p] threshold, calculated to be 13.6 and
13.0 eV, respectively, above the lowest ls4d excitation.
Finally, E at -230 eV marks the opening of the ls4s ex-
citation channel. The small magnitude of D and E
renders their identification diScult and by no means
unambiguous. The ls5p and ls5s edges are located at
very inconvenient regions of the spectrum. The fast-
increasing slope at the position of the former, and the
small magnitude expected for, as well as the large intensi-
ty changes at the position of the latter, all due to the un-
derlying le spectrum, defied our efforts to obtain a clear
indication of their onset and size. The procedures de-
tailed above were also used to search for the ls3/ higher-
energy edges. However, within the limits of our experi-
mental accuracy listed in Table I, no indications for these
edges were detected in the data.

The measurements were supplemented by nonrelativis-
tic HF [26] and relativistic DF [27] energy-level calcula-
tions. The calculated lowest-lying bound-bound transi-
tion energies are given in Table I. The &0.1 eV j split-
ting of the 6p level was neglected in the DF calculations,
and all HF levels are j averaged. The DF levels are also
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TABLE I. Energy levels obtained from HF and DF calculations and optical and vuv measured Cs
data in the Z+1 approximation. All energies are in eV units. The lower member of a j doublet is
denoted by a dash. Hole states are enclosed in square brackets. The cross sections, relative to that of
the single 1s electron, o./o. z, as obtained from our measurements and from theory, are also listed. The
estimated errors in the former are +20%

Xe Cs Z + 1 Approx. 10 o./o. z

Config.

[1s]

DF HF Config.

5p6

AE' Meas. CNb

[1sSp]6s

[1sSp-]6s'

[1s5s]6s6p

[1s4d]6s6p

[1s4d-]6s 6p

[1s4p]6s 2

[1s4p-]6s

[ 1s 4s]6s 6p

[1s3d]6s6p

[1s3d-]6s 6p

[1s3p]6s'

[1s3p-]6s 2

[1s3s]6s6p

9.2

10.8

27.0

76.0

78.3

169.4

183.0

236.7

727.3

741.2

999.5 '

1066.4

1202.6

10.0

25.4

80.4

170.4

221.6

748.1

996.9

1127.8

[Sp]6s

[Sp-]6s

[Ss]6s6p

[4d]6s 6p

[4d-]6s 6p

[4p]6s'

[4p-]6s

[4s]6s6p

[3d]6s6p

[3d-]6s6p

[3p]6s'

[3p-]6s

[3s]6s6p

8.41*

9.63*

(22.7)

79.39

81.63

161.28

172.5

(230.8)

(725.5)

(739.5)

(997.6)

(1065.5)

(1217.1)

14

3.7

1.2

+0.5

83.9

37.3

16.7

24.6

. 16.5

7.3

37

2.3

3.2

. 22

2.2

0.73

'Reference [28] except those values marked by an asterisk (Ref. [25]) and in parentheses (Ref. [29]).
CN, Ref. [13].

marked in Fig. 2 and seem to be reasonably well aligned
with the admittedly rather broad 2e edges. As the
differences between the HF and DF levels are smaller
than the widths of the 2e edges, no conclusions can be
drawn from the data on the importance of relativistic
effects in these transitions. Table I also lists levels de-
rived from optical [25] and vacuum-ultraviolet (vuv) [28]
measurements on Cs using the Z+1 approximation.
Where data for the lowest-lying resonances were not
available, edge values [29] for the corresponding doubly
ionized states are listed. The neutral resonance levels are
a few eV lower than the corresponding ionization thresh-
olds. The actual thresholds, however, are higher by a few
eV than the values of Ref. [29], as pointed out by
Deslattes and Kessler [22]. Since these two opposing
corrections are roughly of the same magnitude, the
bracketed values are expected to approximate the listed
resonance levels well. Except for the 1s5s and 1s4d,
where the differences are marginal (a few eV} and the
1s4p, where a 8 —10-eV difference is observed, the Z+1
data agree rather well with the DF results and
significantly less well with the HF ones. The edge values
[29] for the ls4d transitions, 76.5 and 78.8 eV, further
enhance this agreement. Thus, the Z+1 approximation

still retains some usefulness for spectral feature
identification. The -3-eV discrepancy between the edge
[29] and vuv values for ls4d is, however, puzzling, in par-
ticular since their 1s4p values agree to within 0.1 eV.

The 2e relative cross sections cr&,„t/cr&, were approxi-
mated from the measured data by the admittedly some-
what arbitrary but previously employed [7,30] procedure
of taking the ratios of the jumps at the relevant edges. In
our case, however, the accuracy of this procedure is fur-
ther limited by the fast, and poorly known, variation of
the underlying le background and the large lifetime and
resolution smearing. The jump ratios derived from the
data are listed in Table I. The estimated errors in these
values are +20%. For the undetected ls3l excitations,
the upper limits, derived from the estimated random
measurement error, are listed. We also list the shake-
theory predictions of CN, which, though fairly old by
now and neglecting important relaxation and correlation
effects, are the only published 2e cross-section calcula-
tions for xenon, to the best of our knowledge. The three
measured cross sections are smaller than the calculated
ones by a factor of 2 —3. This discrepancy is considerably
smaller than that in the equivalent 1s3l levels of Kr,
which ranges from [7] 2 to 18. However, the ratios of the



45 BRIEF REPORTS 2115

various 1s4l cross sections of Xe, 0.08:0.26:1, are close to
the 0.06:0.27:1 calculated by CN. The good agreement of
the ratio of the Isns/Isnp cross sections here and in Kr
does not support an enhanced Coster-Kronig depopula-
tion of the 1sns hole states to 1snp ones, in contrast to Ar,
where this process was suggested [5] to account for the
absence of 1s3s features. Furthermore, the measured
1s4s and 1s4p cross sections of Xe are equal, within their
combined experimental error, to the measured equivalent
1s3s and 1s3p ones in Kr. This is, again, in full accord
with the CN calculations. Note, however, that there is a
large discrepancy in the ratio of cross sections for the
1snd excitations in the two atoms; measurement yields
1:7, while CN calculate 1:1.2. Not surprisingly, the
agreement with the results of the CN theory seem there-
fore to be only partial. The discrepancy is probably due
to the CN's use of the sudden approximation, which is

valid only far from threshold. Near-threshold relaxation
and correlation effects lower the cross section for shake-
off, and to a stnall extent also shakeup, processes [31].
Calculations taking these effects into account should
therefore improve the agreement with our measured
cross sections. On the experimental side, high-resolution
photoelectron spectroscopy, a technique well suited to
the problem at hand, would be an ideal way to obtain fur-
ther information on the multielectronic processes studied
here.
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