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High-resolution study of the Xe 4d5fz'. 4dsfz branching ratio
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The Xe 4d5y&. 4d3gz branching ratio has been determined in the photon energy range 80—250 ev
using high-resolution electron spectroscopy and undulator radiation at the new Finnish beamline at
the MAX I storage ring. The results were found to be in a satisfactory agreement with the calculated
literature values obtained with the relativistic random-phase approximation. A few discrepancies
between the theoretical predictions and our experimental results indicate additional correlation
efFects not accounted for in theory. The branching ratio is now shown to have a maximum of about
1.6 at around 230 eV. Lifetime widths of 114(4) and 121(4) meV are obtained for the 4dsyq and

4d5gq core hole states, respectively.

PACS number(s): 32.80.Fb, 32.80.Hd

Photoionization of the Xe 4d subshell has been of con-
tinuous interest to both experimentalists and theoreti-
cians over the past decades [1]. The 4d photoionization
gives the major contribution to the total absorption cross
section in a wide photon-energy region, starting &om the
broad shape resonance that has a maximum around 100
eV, up to 3d ionization threshold around 700 eV. Above
a threshold photon energy, the 4d core ionization process
can be accompanied by a simultaneous transition of an-
other electron either to a higher unoccupied orbital or to
a continuum state, borrowing intensity from the 4d sin-
gle ionization channel. Recently, a quantitative partition
of the total cross section into its components has been
achieved in the region of the shape resonance [2—6]. The
partial cross sections and the angular-distribution asym-
metry parameters of the photoelectrons have been deter-
mined with reasonable consistency across a large photon
energy range [2—4,7,8]. Several sophisticated theoretical
approaches [9—14] have given a fairly reasonable, though
not excellent, agreement with the experimental findings.
Even though present theory accounts for electron corre-
lation at least to some extent, better consideration of the
correlation effects is necessary.

A different situation holds for the experiments where
the 4d5~q and 4d3gq spin-orbit split components are well
resolved, relatively few data are available within a limited
photon energy range. From the experimental point of
view, the requirements on both intensity and resolution
are stringent, which points towards the use of undula-
tor radiation sources in conjunction with high-resolution
monochromators and electron spectrometers. The Xe
4ds~~..4ds~q branching ratio (BR) as a function of photon
energy has earlier been determined between 4d thresh-
olds and 150 eV [7,15—17]. The only exception was Ref.

*Permanent address: Institute of Physics, Estonian
Academy of Sciences, Riia 142, EE-2400 Tartu, Estonia.

~Present address: Department of Physics, University of
Brasilia, 70910 Brasilia DF, Brazil.

[16], where the BR for a few photon energies above 150
eV was determined using x-ray line sources. Because
the measurements were not performed at the magic an-
gle, the accuracy of the BR values of Ref. [16] might
suffer from angular-dependence effects. The rather mod-
erate intensity and instrumental resolution in the earlier
measurements made it difFicult to determine the BR val-
ues with high accuracy. The experiments [7,15—17] have
shown that the 4dsy~. 4d3y~ BR values strongly deviate
&om the statistical value of 1.5 in the whole photon en-
ergy region studied, leaving open the question of where
the BR reaches its statistical value.

In this report, we present the Xe 4d5yq..4d3yq branch-
ing ratios at photon energies between 80 and 250 eV. The
results are based on high-resolution gas-phase photoelec-
tron spectra measured using monochromatized undulator
radiation. The main purpose of the present study is to
determine accurately the 4d BR values and to extend
considerably the photon energy range compared to the
previous studies. The experimental values of the BR will
be compared with available theoretical results.

The experiments have been carried out at the Finnish
beamline (BL 51) [18] at the MAX I storage ring in Lund,
Sweden. Synchrotron radiation in the photon energy
range of 60 to 600 eV obtained from a short period un-
dulator is monochromatized by a modified Zeiss SX-700
plane grating monochromator [19]. The degree of lin-
ear polarization of undulator radiation in the case of the
lower-order harmonics has been shown to be very high
[5,20]. The gas-phase experiment is isolated from the ul-
trahigh vacuum of the monochromator by a permanent
differential pumping section. This is equipped with a
toroidal refocusing mirror that produces a small spot 1
mm in diameter at the source point in the sample com-
partment. The electron spectrometer SES-144 [21] is of
the truncated hemispherical type with a mean radius of
144 mrn. The analyzer is combined with a four element
retarding or accelerating electron lens that focuses elec-
trons onto the entrance slit of the analyzer. Electrons are
retarded or accelerated to a constant pass energy. In the
present study, pass energies of 10, 20, and 50 eV were
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used, giving an electron energy resolution of about 40,
60, and. 130 meV, respectively. An eKcient differential
pumping of the gas cell allows gas pressures in the or-
der of 10 —10 mbar. The spectrometer is mounted
with the principal axis of the electron lens in the pseudo-
magic angle of about 55 versus the electric field vector
of the photon beam, allowing direct angular independent
measurements of the branching ratios.

The Xe 4d photoelectron spectra have been corrected
for the spectrometer transmission using experimentally
determined functions for each pass energy [22]. In or-
der to obtain spectra of different electron energy reso-
lutions and signal-to-background ratios for lower photon
energies, several spectra with various spectrometer pass
energies were recorded. This appeared to be rather cru-
cial because the 4d5y2 and 4d3g2 photoelectron lines at
kinetic energies below 37 eV overlap with the manifold
of lines due to 1V4 500 Auger transitions. In ord.er to
determine the peak areas the 4d photoelectron lines were
fitted by the help of a computer code [23] using Voigt
line shape and linear background subtraction. The full
width at half maximum (FWHM) and the line position
of the 4d5g2 and 4dsy2 photoelectron lines were allowed
to vary independently. Also, different line shapes used
in the preliminary fittings of the 4d photoelectron lines
showed that the BR values are not very sensitive to a
particular line shape. In Fig. 1 a photoelectron spectrum
taken at photon energy of 83.1 eV is shown, where the
4d photoelectron lines overlap with the 4d ~ 5p 5d

(J = 1) [24] Auger electron lines.
Figure 2 displays two Xe 4d photoelectron spectra

recorded at photon energies 158.1 and 227.5 eV. The two
spin-orbit components are well resolved, and the 4d spin-
orbit splitting, as determined from several high photon
energy (107 to 250 eV) spectra, was 1982(2) meV. This
value agrees well with a previous estimate of 1979(7) meV
[17]. For all the recorded 4d spectra, the FWHM ranged
&om 135 to 280 meV, depending on the pass energy and
monochromator slit width (10 to 180 pm). A deconvolu-
tion procedure described in Ref. [25] enables an inherent
Lorentzian width to be determined, if the presumably

Gaussian instrumental contribution and Doppler broad-
ening to the experimental Voigt line are known. The
resolution of the monochromator and the spectrometer,
respectively, has been determined on the basis of mea-
surements of the Ar 2p3y2 —+ 48 photoabsorption spectra
and the Xe 5p3g2 photoelectron spectra. This procedure
resulted in an estimate of 114(4) and 121(4) meV for the
inherent lifetime width of the 4d3y2 and 4d5g2 core hole
states, respectively. These values are slightly difFerent
from the lifetime widths of 119(8) and ill(4) meV as
determined from the electron energy loss spectra for the
4d~&~6p and 4d~&&6p excited states, respectively [26].

The 4dsy2. 4d3y2 BR values are presented versus pho-
ton energy in Fig. 3. We omit here our BR values at
lower photon energies because of uncertainties connected
with strong post collision interaction [27] and increasing
background in the spectra at very low kinetic energies.
However, the values as high as about 3, observed at pho-
ton energies around 74 eV [17],could be confirmed semi-
quantitatively. The error bars in Fig. 3 are mainly due
to uncertainties in curve fitting and background. subtrac-
tion. Some BR values from previous experimental studies
by Hanna et aL [16] and Yates et al. [17] are also shown.
These experimental results are displayed together with
BR values calculated in the relativistic random-phase ap-
proximation (RRPA) [9,28].

The overall agreement of the calculated BR values with
the experimental ones in Fig. 3 is satisfactory. However,
several discrepancies should. be noted. First, at the first
minimum the BR values of about 1.15 determined in the
present work and by Yates et al. are higher than the cal-
culated BR value of about 1. The experimental results
show that the first minimum is shallower than the cal-
culated shape of the BR curve. Second, the calculated
minimum occurs at about 81 eV which is too low by a
few eV in comparison with the experimental results. At
higher photon energies, between 95 and 140 eV, our re-
sults agree rather well with the RRPA values, whereas
those from Ref. [17] tend to be a little lower, suppos-
edly due to difFerences in the experimental conditions or
in the data treatment. Around the second broad mini-
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FIG. 1. The Xe 4d + 5p 5d (J = 1)
Auger spectrum overlapping with the 4ds(2
and 4d3g2 photoelectron lines recorded at the
photon energy of 83.1 eV. The spectrome-
ter pass energy was set to 10 eV and the
monochromator slit width to 180 pm.
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FIG. 2. 4d and 4d3y2 photoelectron
spectra takenp ra taken at photon energies of 158.1 eV

The pass energy was
set to 20 eV (a), 50 eV (b) and the monochro-
mator slit width to 10 y,m (a), 25 p,m (b).
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FIG. 3. The 4dsy2'. 4d3/Q
branching ratio as a function of

hotp oton energy. Experimental
data: present work (diamonds);
from Ref. [28] (circles); from
Ref. [16] (crosses). The calcu-
lated values in the RRPA: Ref.
[28] (solid line); Ref. [9] (dashed
line).
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mum at about 160 eV both the RRPA results are higher
than ours, whereas at higher photon energies the accord
with our experiment is better. At higher energies than
those presented in Fig. 3, the calculated BR decreases
slowly and reaches its statistical value at photon energies
around 350 eV [9]. We have measured the 4d photoelec-
tron spectrum at 365 eV photon energy with moderate
resolution, and a new curve Gtting was done to the x-ray
photoelectron spectroscopy (1487 eV) spectrum of Ref.
[29]. Both findings exhibited BR values of about 1.5.

Among the available theoretical predictions, the RRPA
results in the most realistic match to the experimental
4d5i2. 4d3i2 BR for the whole photon energy range. A
difFerence between the two RRPA calculations [9,28] is
that in Ref. [9] five additional channels from the 4p sub-
shell were included in the calculations contrary to Ref.
[28] where only six channels from the 4d subshell were
taken into account. Neither of the calculations included
core relaxation eKects. It should be stressed that the
RRPA where the relaxation is omitted [9,28], used here
for a comparison with the experimental results, is not
the most up-to-date approach. Recently, the Xe 4d pho-
toionization cross sections have been calculated applying
more advanced approaches, for instance, the RRPA con-
sidering core relaxation [10,11]and including the coupling

between channels from other subshells [10]. These stud-
ies have demonstrated the importance of relaxation and
intershell coupling efFects close to the thresholds. Un-
fortunately, no explicit data on the 4d5i2'. 4d3i2 BR were
given in these reports for the wide energy region. The
4d5i2 and 4d3i2 partial cross sections calculated in the
RRPA with the inclusion of core relaxation [ll] indicate
that the BR values are considerably higher than the ex-
perimental ones between photon energies 80 and 90 eV.
This shows that the calculated 4d5i2. 4d3i2 BR values are
model dependent close to the 4d thresholds. Hopefully,
the experimental results presented here will be useful in
the verification of the capacity of the relativistic theoreti-
cal approaches to reproduce the experiment, in particular
in the region of the 4d and 4p thresholds where the relax-
ation and intershell coupling efFects manifest themselves
as drastic changes in the calculated results.
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