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Abstract

The photoelectron angular distribution asymmetry parameters 5 of the Xe 3d subshell were
investigated using an x-ray free-electron laser (XFEL) at photon energies of 750 and 800 eV.
Owing to the perfect polarization of the XFEL and two-dimensional momentum imaging
capability of our velocity map imaging spectrometer, we determined the /3 values with high
accuracy. The /3 values were also investigated based on relativistic time-dependent density
functional theory calculations of up to 900 eV of photon energies. By comparing all the
available experimental results including our data with the most reliable theories on the photon
energy dependence of the [ parameters, serious differences are noted between the experiments
and theories. Further studies on resolving this difference will provide new insight into the
photoionization processes of the deep inner shells.
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1. Introduction availability of advanced synchrotron radiation sources and
improved theoretical methods for solving the many-electron
problems occurring in atoms and molecules. This balanced
account will be of value to both theorists and experimental-
* Authors to whom any correspondence should be addressed. ists working in this area. Research activities conducted by

Photoionization studies using synchrotron radiation are
a growing field of research driven by the increasing
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leading scientists world-wide until the mid-1990s were
reviewed in an extensive monograph [1]. One can examine the
graphical representations of subshell photoionization cross-
sections o and photoelectron angular distribution asymmetry
parameters [ of rare gas atoms, covering the photon energy
range from valence ionization thresholds to 1000 eV, as pro-
vided by Becker and Shirley [2]. From the compiled graphs,
it can be seen that there are no comprehensive sets within the
energy range of 500—1000 eV. This situation has not improved
over the past 20 years, although inner-shell processes of heavy
atoms within this energy range have provided a test ground
for many theoretical models and developments. Particularly in
heavier systems, relativistic effects have become important [3],
both for an accurate evaluation of photoionization processes
and for a description of purely relativistic phenomena, such
as spin—orbit splitting, the associated branching ratios, and
auto-ionization resonances between fine-structure spin—orbit
components.

Numerous experimental and theoretical studies on o and
[ for the Xe 4d subshell have been published [1]. By con-
trast, to the best of our knowledge, there have been only
two experimental studies on Xe 3d subshell photoionization
[4, 5]. To make matters worse, experimental data are in con-
flict, although the near-threshold data in [5] were supported
by the theoretical results [6, 7]. Thus, rational interpretations
have not been given to Xe 3d subshell photoionization over the
past ~20 years. It should be noted that the spin—orbit split-
ting between 3d;/, and 3ds/, is quite large at 12.6 eV [8],
and thus two relevant photo-lines can be observed separately
without any experimental difficulties, which are described by
the continuum eigenfunctions of the Dirac—Coulomb Hamil-
tonian. From this, one might think that the Xe 3d subshell
photoionization experiments provide the ideal testing ground
for relativistic theories.

In the present study, we report the photoelectron angu-
lar distribution asymmetry parameters 3 for the spin—orbit-
split 3d3/, and 3ds/, components of Xe, using an x-ray free-
electron laser (XFEL), that is, a small portion of our XFEL
beam time for our project of x-ray photoelectron diffraction
experiments was devoted to this fundamental subject of pho-
toionization [9]. Owing to the perfect polarization of the XFEL
[10] and the two-dimensional (2D) momentum imaging capa-
bility of our velocity map imaging spectrometer (VMI) [11],
we have determined the 8 values with high accuracy at two
photon energies of 750 and 800 eV. We also report relativis-
tic time-dependent density functional theory (RTDDFT) cal-
culations for the 3 parameters, which extend the calculations
reported in [6] up to photon energies of 900 eV. Thus, the
present study makes it possible to compare all the experimen-
tal results including our newly acquired data with the most
reliable theory on the photon energy dependence of the photo-
electron angular distribution asymmetry parameters /3 for the
two spin—orbit-split components, over the wide energy range
from the threshold to 900 eV. The remainder of this paper
is organized as follows. Section 2 describes the experimental
details. Section 3 provides a short explanation of our theoreti-
cal model. Section 4 compares all experimental data with the
present theoretical results. Section 5 discusses the problems
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Figure 1. The coordinate system of the present experimental setup.
The photon propagates along the x-axis. The polarization vector é is
on the y—z plane, the tilted angle A of which is measured from the
z-axis. The photoelectrons are emitted with the momentum P, the
direction of which is defined by the polar angle 6 and the azimuth
angle ¢. The drift-tube axis of our VMI is along the y-axis
perpendicular to the x—z plane.

clarified in the present study. Finally, section 6 suggests areas
for future theoretical and experimental research.

2. Experiment

2.1. Experimental setup

The experiments were conducted at the SSS beamline of PAL-
XFEL [12]. The experimental geometry is shown in figure 1.
The drift-tube axis of our VMI is perpendicular to the x—z
plane, which contains both the propagation direction (k) and
the polarization vector () of the XFEL. XFEL pulses, with
an energy of ~100 pJ pulse~! and a duration of ~50 fs, were
focused using Kirkpatrick—Baez mirrors located ~3000 mm
upstream of the interaction region. The size and position of
the focused XFEL beam were monitored using a Ce:YAG
screen inserted in the VMI chamber. The typical spot size was
~060 pm in the y-direction and ~80 pm in the z-direction. The
typical bandwidth of an XFEL is ~0.5%, that is, ~4 eV at a
photon energy of 750 eV [12]. The sCMOS camera of the VMI
was synchronized with the XFEL pulses at a repetition rate of
30 Hz.

A pulsed supersonic atomic beam of the VMI was formed
by expanding a pure 4 bar Xe gas through the 100 ym-diameter
aperture of the pulsed valve developed by Even et al [13]
into a vacuum chamber. The atomic beam through a 3 mm
diameter skimmer was introduced into the interaction region
with the XFEL beam. The source and main chambers were
differentially pumped by turbo-molecular pumps and their
typical pressures during the experiments were 1 x10~* and
3 x 107 Pa, respectively. The pulse duration of the valve was
controlled at between 21 and 22 ;s by monitoring the pressure
of the source chamber. The timing and duration of the valve
were optimized by monitoring Xe ion signals from the ion
time-of-flight (TOF) drift tube of the VMI. The pulsed valve
was operated at a repetition rate of 15 Hz.
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Figure 2. 2D photoelectron images for Xe3ds, (a) and Xe3ds» (¢) and polar plots for Xe3ds/, (b) and 3d3, (d). In (a), the rings
corresponding to the Xe 3ds/, and 3d3/, photoionization are clearly observed at the radii of 75/, = 2.38 and r3, = 2.15 a.u., respectively. In
(b), the experimental results are plotted by solid bars, the lengths of which show the statistical errors. The bold solid curve is the fitted result
of equation (1). The thin solid curve is the fitted result of equation (1) with v = 0 and § = 0. In (c), the 3ds/, photoionization contributions
are subtracted from the 2D image of (a). In (d), the experimental results are plotted by solid bars. The bold solid curve is the fitted result
when considering the nondipolar effects. The thin solid curve is the fitted results within the dipole approximation. In (a) and (c), continuous
low-lying electrons owing to shake-off processes and Auger electrons are observed.

In the VML, velocity-focused photoelectrons were detected
using a chevron-stacked dual microchannel plate (MCP)
backed by a phosphor screen [11, 14]. The MCP was gated by
applying a pulsed voltage of 300 V at the front for a duration
of 1 us. By gating the MCP, the false electron signals origi-
nating from the surface of the MCP for ion detection [15] can
be removed. The image on the phosphor screen was recorded
shot-by-shot using an sSCMOS camera and stored in a PC.
The photoelectron 2D momentum images with and without
the sample atoms were alternately measured, and the objec-
tive images from only the sample gas were then obtained by

subtracting the latter from the former. We acquired momentum
image data between 5000 and 30 000 shots of XFEL pulses.

2.2. Data analysis

Figure 2(a) shows a 2D momentum image of the Xe 3d pho-
toelectrons at an XFEL photon energy of 750 eV. The two
rings for the photoionization of the Xe 3ds,, and 3d3/, sub-
shells are clearly separated with radii of rs;; = 2.38 and
r3;, = 2.15 a.u. Inside the rings, low-energy electrons owing
to photoelectron and Auger electron shake-off processes are
observed, which are shifted from the center of the image
by residual magnetic fields. However, these electrons did not
affect the analysis of the Xe 3d photoelectrons. The signal
intensities of the inner ring, r3, = 2.15 a.u., for Xe 3d;,,
photoionization are superimposed on those of the outer ring,



rs;» = 2.38 a.u., for Xe 3ds . Thus, we started analyses of the
outer ring for Xe 3ds/,: the ring was divided into 36 sectors
with A@ = 10°. Then, the radial distribution for each sector
was created by integrating the signals over A§ = 10°. Each
radial distribution at > r = 2.18 a.u. was least-squares-fitted
using an asymmetric Gaussian function, the center of which
was fixed to rs;; = 2.38 a.u. with widths of 0.30 and 0.40
a.u. for the higher and lower momentum sides, respectively.
From this procedure, we obtained a polar angle 6 distribution
of photoelectrons for the Xe 3ds/, subshell, which is shown in
figure 2(b).

Under conditions by which the first-order corrections to the
dipole approximation satisfy the following requirements, i.e.
the corrections to the dipole approximation arising from the
El and E2 and E1-M1 interference terms are accounted for
through the introduction of two independent angular distribu-
tion parameters v (E1-E2) and § (E1-M1) [16-18], the pho-
toelectron angular distribution in our experimental geometry
shown in figure 1 is written as follows [19]:

do - o Jé; -
TGN = { {1 + 5 (14351 cos 21) (3eos?0 - 1)}

+ [5+700529+ % (3’1 cos 2\ — l)

x (5cos*@ — 1) sin 6 cos d)}

+ {% (3’1 cos 2\ — 1)] sin? § cos 2¢

+ [% (31 cos 2\ — 1)] sin’ @ cos 3(;5}, (D)

where S is defined as the greatest possible value of the Stokes
parameter for linear polarization, and A is the tilt angle of
the major polarization ellipse relative to the z axis, which
implies 3’2 = 0. In the present case, » = 0 or 7 because the
photoelectrons were measured in the x—z plane. Nondipo-
lar effects manifest themselves through backward/forward
anisotropies along the photon momentum k. These can be
forward-directed for positive values of v and ¢, or backward-
directed for negative values of the parameters. The fitting
of the least-squares case of equation (1) to the experimental
data is shown in figure 2(b). The relevant fitted parameters
are summarized as follows: 8 = 0.128 +0.037, § = 0.04 +
0.03,7 = 0.01 £ 0.04, and S| cos 2\ = 1.0070'%. The value
of §; cos 2\ = 1.0070% (i.e. §; = 1 and A = 0°) agrees per-
fectly with the degree of polarization of the SASE-XFEL esti-
mated from [10]; for SASE-XFEL at PAL-XFEL, it can be
seen that the horizontal polarized component (e;) of radiation
significantly dominates the photon beam characteristics, and
an intensity of only less than 1.8 out of a total of one million is
polarized along the y—z vertical plane. This value can be cal-
culated from the equation of A2, /(47L,)? in [10], where A, is
the length of the undulator period and L, is the gain length.
Owing to the positive value of § = 0.04 £ 0.03, one can see
a slightly forward-directed anisotropy in figure 2(b). How-
ever, these quite small values for the nondipole parameters
~ and ¢, which are consistent with the theoretical calculations

for Xe 3d photoelectrons [20], have little effect on the asym-
metry parameter 5. By setting v =0 and § = 0, we fitted
equation (1) to the experimental data and obtained the results
of 5 = 0.129 + 0.042. This fitted curve is shown in figure 2(b).
It is noteworthy that the appearance of backward/forward
anisotropies is sensitive in the case of 3 ~ 0, as in the present
experiment, and insensitive in the case of 3 ~ 2, e.g. in [21],
because in the former case the photoelectron intensity is appre-
ciable in the backward/forward directions, whereas in the latter
case it is significantly suppressed.

To determine the asymmetry parameter 3 for the Xe 3d3/»
subshell, the contributions of the photoelectrons from the Xe
3ds/, subshell, which are reproduced using the determined
asymmetry parameter S and asymmetric radial distribution
function, were subtracted from the measured 2D image shown
in figure 2(a). This data processing is similar to the so-called
peeling method [22, 23], which is applicable to cylindri-
cally symmetric angular distributions. However, the cylindri-
cal symmetry can be broken in the present case by the back-
ward/forward anisotropies due to the nondipole effects, and
thus we did not adopt the peeling method. The resultant 2D
image is shown in figure 2(c). The procedure used to create
a polar plot from this 2D image is the same as that for the
Xe 3ds), subshell. The only difference between them is the
integration area, where the radius was fixed to r3, = 2.15
a.u. and the widths are 0.28 and 0.36 a.u. for the higher and
lower momentum sides, respectively. The polar plot of the
photoelectron angular distribution for the Xe 3d3, subshell is
shown in figure 2(d). The fitting of the least-squares curve of
equation (1) to the experimental data is shown in figure 2(d).
The relevant fitted parameters are summarized as follows:
B8 =0.099 +0.054, 6 = 0.07 £ 0.06, v = —0.06 £ 0.04, and
S; cos 2\ = 1.0070%. By setting v = 0 and § = 0, we fit-
ted equation (1) to the experimental data, and obtained the
results of 5 = 0.098 £ 0.063. From the results, it can be seen
that the small values for the nondipole parameters have lit-
tle effect on the asymmetry parameter 5. The fitted curve is
shown in figure 2(d). We repeated these measurements three
times under different accumulation times. For one measure-
ment, we adopted the pulse-gated mode for the MCP, and for
the other two we did not. We then confirmed that the mag-
nitudes of asymmetry parameter 5 did not depend on both
the accumulation times and the measurement modes. Thus,
we took an average of the three values determined for the
asymmetry parameter 3, which are shown in figure 3.

At an XFEL photon energy of 800 eV, we repeated the mea-
surements and data processing procedure mentioned here, and
obtained the following results: 8 = 0.203 4 0.020 for 3ds/,
and 3 = 0.108 £ 0.054 for 3d; .

3. Calculations

The partial cross-sections ¢ and asymmetry parameters 3 for
the spin—orbit-split 3ds/, and 3d3/, components of Xe, from
the threshold up to a photon energy of 900 eV, are calcu-
lated using the RTDDFT method implemented in an atomic
B-spline code [6]. An account of the implementation has
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Figure 3. The photoelectron angular distribution asymmetry parameters /3 for the 3ds/, subshell photoionization of Xe. Filled diamonds,
present results; open squares, Becker er al [4]; filled circles, Kivimaki et al [S]; open circles, corrected data of Kivimaki ez al [5], which are
multiplied by 0.8, see text. The bold curve is the present RTDDFT. The shaded band denotes the average of the three data sets of the
diamonds, squares, and open circles. The width of the band is +15% of the values. The vertical lines on the abscissa indicate the ionization

energies of the Xe 3ds/, and 3d3, subshells.

been given before [6]; therefore, we summarize only the more
important equations and provide a description of the param-
eters that define the B-spline basis. We first solve the set of
relativistic Kohn—Sham (KS) equations, by using the LB94
[24] exchange—correlation potential, which provides occu-
pied orbitals ¢; and eigen-energies ¢;. The first-order pertur-
bations on the Dirac—Kohn—Sham eigen-functions, and the
self-consistent induced field, v5°F(r,w), are then calculated
from the following coupled equations, according to first-order
perturbation theory, and within the adiabatic local density
approximation:

[hp — &; £ W] cpgl’i) = PUSCF@, 2)
/
,USCF('.’ OJ) _ 'Uem(r, OJ) + 59(’ s OJ) drl
Ir—r|
a xc
+ ( Y ) Sp(r, w). 3)
ap Pgs

In equation (2), hp is the relativistic Dirac KS Hamiltonian, w
is the photon energy, and the projection operator P orthogo-
nalizes with respect to the occupied KS states, whereas v is
the external dipole potential. The first-order induced density,
dp(r,w), is calculated from w?l’i) according to the following
equation:

optrw) = o [Pl + i @)
i

The electric dipole differential cross-section for the ionization
from the subshell (nx) can be written as

T (W)

dons _ [1 - %ﬂnﬁ<w>P2<cos 0)} SN

dQ 4

in terms of the partial cross-section 0, and the asymmetry
parameter /3,,,., which are expressed in terms of the phase shifts
and dipole matrix elements as follows [25]:

472 o
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Here, the term D;,;_; is absent for j = 1/2. The dipole matrix
elements D, ,; between the initial state ¢ = (nx) and the final
energy normalized state @ = (Ek) appearing in equations (6)
and (7) can be written in terms of a reduced dipole matrix ele-
ment multiplied by a factor containing the partial-wave phase
shifts d5:

Dy =i (a0}"]a). ®)
where
o Y A
(al0"lla) = (=11 2(j11] (—_1 1 O)ww,é,n
2 2
x R}(@,a). 9)

In equation (9), [j] = (2j 4+ 1)!/2, 7 is the usual parity factor,
and R{ (a, a) is the radial dipole matrix element, which contains
v5F(r) in place of the dipole operator r. The B-spline basis set
used in the calculations is of order 10, and is defined on a radial
grid extending up to 25.0 a.u., which is constructed as detailed
in the study by Fisher and Parpia [26]. Experimental thresh-
old energies were employed in the calculations, and all dipole
channels allowed were included in the calculation. With this
setup, we were able to reproduce low-energy region data pub-
lished in [6], while extending the upper photon energy limit up
to 900 eV. The inclusion of the experimental threshold energies
in our RTDDFT equations should implicitly include some two-
electron two-hole excitations in the final ionized states. How-
ever, orbital relaxation effects following a core—hole formation
are not explicitly included in the computational approach.

4. Results

4.1. Asymmetry parameters [3 of the Xe 3ds,, subshell

The asymmetry parameters 3 for the 3ds, subshell photoion-
ization of Xe are shown in figure 3 together with the rele-
vant data by Becker er al [4] and by Kivimaki et al [5]. The
present RTDDFT results are also shown for comparison. On
the one hand, the former determined the 3 parameters over
a wide energy range of up to 1000 eV from the 3ds/, pho-
toelectron angular distributions in the dipole plane using an
angle-resolved TOF spectrometer. On the other hand, the lat-
ter measured the 3 parameters within the near-threshold region
of below 730 eV from the 3ds/, photoelectron intensity ratios
for two different angles, in principle, using a cylindrical mirror
analyzer (CMA) with eight segment anodes, which was set up
under the backscattering geometry. The four data points of [4]
below 700 eV are strongly scattered, which may be due to con-
taminations of the 3ds/, photo-lines by shake-off and/or NOO
Auger electrons. Except for these data, the results of [4] are
consistent with the present data; the average of them, in which
the present data are weighted, is shown by a shaded band. The
deviation of the average values from the RTDDFT results at
710 eV is gradually increasing toward the high energy side. In

contrast to this, the data of [5] below 730 eV agree with the
RTDDEFT results. From these observations, one can notice a
gap between the experimental data of [5] and the average val-
ues of [4] and the present measurement in the overlap region
from 710 and 730 eV (see figure 3), as mentioned in the intro-
duction section 1. However, this gap was overlooked until the
present work, because in [5] the preceding § parameter results
of [4] was not referred to at all. As a natural consequence of
this, it has been believed for a long time, since the early 2000s,
that the data in [5] below 730 eV are well reproduced by the
relativistic theories [5-7].

This gap might be considered due to large systematic errors
relevant to the experimental procedure of [5], the possible
issues of which are interpreted as follows. Kivimaki er al [5]
measured the photoelectron intensities with both one anode
parallel to the synchrotron ring plane and the other anode per-
pendicular to the plane, and calculated the 3 values from their
ratios ‘without definite characterizations on the polarization
of the synchrotron radiation applied’. Hence one can say that
their approach is inadequate, because the photoelectron angu-
lar distributions in their geometry is expressed by (see equation
(1.53a) in [27])

do - o B~
E(Sl’)\)_ i 1+§S1 cos 2(p — N)| , (10)

where the definitions of the polarization parameters of (51, \)
are the same as equation (1). As can be seen in equation (10),
to determine the (3 values one must determine the polarization
parameters at first. In spite of this they skipped this procedure,
and then just assuming A = 0° got §; = 0.7 from the calibra-
tion data for Ne 2s photo-line. Owing to their rough procedure,
the magnitudes of their 5 values must include large systematic
errors, which might be estimated as roughly 30%, although the
photon energy dependence of their 5 values can be preserved.
The ~30% uncertainties can be evaluated by changing from
A = 0° to A = 20° in equation (10), under the condition of
the 45° acceptance angle for their each segment detector. To
remove the long-standing discrepancies mentioned in the pre-
vious paragraph, we multiplied their 5 values by 0.8 in such a
way that the gap between the two datasets disappears, which
is shown by a shaded band in figure 3.

It should be noted that Kivimaki et al [5] reported that their
experimental 3 values for the 3ds/, subshell photoionization
of Xe within the near-threshold region are reproduced well by
their relaxed single-channel calculations based on relativistic
theory. Later, Toffoli ez al [6] and Radojevic et al [7] published
the theoretical 3 values, which agree with the experimental 3
values. However, we should state that such agreements were
caused by an accident because the magnitudes of the experi-
mental 5 values have large uncertainties, as mentioned above.
In fact, as can be seen from figure 3, in which the corrected data
are plotted, there are noticeable differences in the magnitudes
of the [ values between the theory and experiment. However,
from the present work, it is found that except for differences
in the magnitude, the RTDDFT results reproduce the overall
trend of the photon energy dependence over the entire energy
range from the threshold to 900 eV. It should be noted that
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Figure 4. The photoelectron angular distribution asymmetry parameters /3 for the 3d3/, subshell photoionization of Xe. Filled diamonds,
present results; open squares, Becker et al [4]; filled circles, Kivimaki et al [5]; open circles, corrected data of Kivimaki ef al [5], which are
multiplied by 0.8, see text. The bold curve is the present RTDDFT. The shaded band denotes the average of the three data sets of the
diamonds, squares, and open circles. The width of the band is £20% of the values. The vertical lines on the abscissa indicate the ionization

energies of the Xe 3ds/, and 3d;/, subshells.

the tiny shoulder structure at ~700 eV observed in both the
theory and experiment might be due to the interchannel cou-
pling between the two 3d ionization continua. A detailed com-
parison between the present results and all available theories
are discussed in section 5, where we intensively refer to asym-
metry parameters only, as the situation for cross-sections is
better.

4.2. Asymmetry parameters 3 of the Xe 3d3,» subshell

The asymmetry parameters 3 for the 3d3, subshell photoion-
ization of Xe are shown in figure 4 along with the relevant
data by Becker et al [4] and Kivimaki et al [5]. The present
RTDDFT results are also shown for comparison. The corrected
[ values of [5], which were multiplied by 0.8, are also shown
for the same reason described in the previous section 4.1.
As can be seen from figure 4, the corrected data of [5] are
smoothly connected to the average values of [4] and the present
by a shaded band. From these observations, for the /3 val-
ues of the 3d3/, subshell photoionization of Xe within the
near-threshold region, the same scenario as the 3ds/, subshell
photoionization is applicable, that is, the agreement between
the experiment [5] and the three relativistic theories [5-7] is
not real, but is apparent. In fact, there are clear differences in
the magnitudes of the S values between the theory and the
experimental average values expressed by the shaded band,
although the RTDDFT results reproduce their photon energy

dependence over a wide energy range from the threshold to
900 eV. Further discussions are given in section 5.

Although the asymmetry parameters 3 are expressed by
the photon energy scale in figures 3 and 4, it is interesting to
express them by the photoelectron energy scale. This can be
achieved by shifting figure 4 to the low-energy side by 12.6 eV.
In comparing figure 3 with figure 4, shifted by 12.6 eV, the pho-
toelectron energy dependence of the asymmetry parameters 3
by the RTDDFT are extremely similar for the 3ds/, and 3d3/»
subshells. The position of the shallow minimum for 3ds,, and
3ds, is at a photoelectron energy of 85 eV. The experimental
results also exhibit a shallow minimum at ~85 eV. This implies
that the photoionization dynamics for the two spin—orbit-split
components of the Xe 3d subshell are similar.

5. Discussion

A compilation of the asymmetry parameters 3 for the 3ds/,
subshell obtained in different approximations [5, 28-30] is
shown in figure 5 along with the experimental values assessed
in the previous section and the present RTDDFT results. All
theoretical binding energies of the 3ds/, subshell were adapted
to the experimental ionization energy. The /3 values calculated
by the relativistic random phase approximation (RRPA) by
Kutzner et al [29] are cross-section averaged values for 53d5 n
and [33q, . The maximum photon energy at approximately
690 eV is mostly produced by the 3d — ef shape resonance
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Figure 5. A compilation of the asymmetry parameters 3 for the Xe 3ds/, subshells theoretically obtained in different approximations, the
references of which are written in the inset. The shaded band denotes the average experimental data, which are the same as in figure 3.

effect [31]. The shoulder within the vicinity of 700 eV owing
to the interchannel interaction is reproduced by the present
RTDDFT and by the spin-polarized RPAE [30]. For higher
energies, the § values are a smooth function of the photon
energy with a shallow minimum at approximately 760 eV,
which is in contrast to the deep minimum of the [ values
for the 4d subshell photoionization owing to the Cooper min-
imum [6, 32, 33]. Related to this, using the present RTDDFT,
the 3ds, subshell photoionization cross-section, which is not
shown here, monotonically decreases for higher energies and
does not show the presence of a Cooper minimum.

A comparison of the experimental data with the results from
the different theoretical approaches in figure 5 shows that all
theories reproduce the general shape of the asymmetry param-
eter 5 as a function of the photon energy, although in the 3d
partial photoionization cross-sections, both the Hartree—Fock
(HF) [28] and RRPA [29] results exhibit two extremely nar-
row peaks that are considerably higher and narrower than the
peaks seen in the measured cross-sections [4, 5, 34]. This is a
consequence of some cancellation effects in the correct mag-
nitude of the matrix elements involved because they appear
in the expression for 3, not only in the numerator, but also in
the denominator, as indicated in equation (7). The differences
between theory and experiment can be found in the magni-
tude of the (3 values. In fact, the RTDDFT calculations are in
excellent agreement with the experimental data over the entire
energy range from the threshold to 900 eV, if the theoretical
results are multiplied by ~(0.7-0.8).

Far above the shape resonance at a photon energy of approx-
imately 690 eV, the photoemission process seems to be sim-
ple. Indeed, the HF calculations reproduce the experimental
3d partial photoionization cross-sections [4, 34]. It is therefore
interesting to compare the results from the different theoret-
ical approaches within a higher energy region than 750 eV.
In figure 5 the two relativistic calculations of the present
RTDDEFT and RRPA [29] show close values of the § param-
eters. The HF calculations [28] are also similar to the two
relativistic calculations, although they deviate from the exper-
imental data to the largest extent. Thus, from these compar-
isons we cannot state that the relativistic effects appear in
the differences between the relativistic and non-relativistic
theories. To reproduce the experimental results, correlations
in the bound states and satellite excitation must be included
in the approximation for both non-relativistic and relativistic
theories.

A compilation of the asymmetry parameters 3 for the 3d3,
subshell obtained in different approximations [5, 28-30] is
shown in figure 6 along with the experimental values assessed
in the previous section and the present RTDDFT. All the the-
oretical binding energies of the 3ds/, subshell were adapted
to the experimental ionization energy. The HF [28] and RRPA
[29] results are the same as those in figure 5, although their
binding energies are shifted from the 3ds, to 3d3, ionization
energy. As discussed in section 4, the photoelectron energy
dependence of the asymmetry parameters (3 for 3d3; is very
similar to that for 3ds», as shown in figures 5 and 6, and thus
all descriptions of the theoretical results and a comparison of
the theory and experiment for the asymmetry parameters [3
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Figure 6. A compilation of the asymmetry parameters 3 for the Xe 3d3, subshells theoretically obtained in different approximations, the
references of which are written in the inset. The shaded band denotes the average experimental data, which are the same as in figure 4.

of 3ds/, mentioned in the previous paragraphs are applicable
to the discussions about those for 3d3/,. The only difference
between them is the magnitude near the shallow minimum of
the experimental asymmetry parameter (. That is, at above
750 eV, the discrepancy between the theory and experiment in
terms of the magnitudes of the asymmetry parameters 3 for
3d3/, is larger than that for 3ds/,. In other words, at above
750 eV, the magnitudes of the experimental 3 for 3d3/, are
slightly smaller than those for 3ds 5.

At the end of this section, we refer to reliability of the exper-
imental photoionization cross-sections o of the 3d subshells
of [5], which were well reproduced by their relativistic theory.
Later on, their cross-sections data were supported by the theo-
retical works of [6, 7]. This was believed for a long time, like
the above mentioned scenario on the 3 parameters. However,
here we point out that the experimental values of cross-sections
o of [5] are overestimated by the following reasons. In their
backscattering geometry setup of the CMA, in other words,
in the nondipole magic angle CMA, the photoelectron peak
intensities are independent of the § parameter, but not pro-
portional to the partial photoionization cross-section owing to
forward and backward anisotropies induced by the nondipole
effect [5, 16, 35] (also see the appendix). Based on the cor-
rection described in the appendix, the reported experimental
cross-section values should be multiplied by 0.86. As a con-
sequence of this correction, the relativistic theoretical results
of [5, 6] without core—hole relaxation effects become ~15%
higher than the experimental values. This type of difference
in the partial cross-section between the theory and experiment

is well known for the Xe 4d subshell photoionization cross-
sections; the relativistic theories that do not include core—hole
relaxations overestimate the cross-section by ~25% [1, 6, 29,
33, 34]. Thus, we can summarize that the degree of difference
changes from ~25% for the 4d subshell to ~15% for the 3d
shell. This is qualitatively understandable, as the result of the
different strength of the relaxation effect, if one takes the life-
times of the relevant core—hole into account, i.e. 6.5 fs for Xe
4d and 1 fs for Xe 3d [36].

6. Concluding remarks

As mentioned in the introduction, there are no comprehen-
sive sets of both photoionization cross-sections o and pho-
toelectron angular distribution asymmetry parameters [ of
rare gas atoms within the energy range of between 500 and
1000 eV, although the inner-shell processes of heavy atoms in
this energy range provide a testing ground for many theoreti-
cal models and developments. Thus, we studied the photoion-
ization of the Xe 3d subshell using a sophisticated theoreti-
cal method and experimental tools. In particular, we focused
on the asymmetry parameters [ for the two spin—orbit-split
components of the Xe 3d subshell, because the situation for
the cross-section is better. As a result, in contrast to the gen-
eral understanding of the photoionization dynamics, which is
well described by the independent-particle approximation for
higher photon energies, we noticed some serious differences
between the theory and experiment in terms of the magni-
tudes of the asymmetry parameters 3 for the spin—orbit-split



components of the Xe 3d subshell at above 750 eV. It was
found that both relativistic and interchannel coupling effects
play an important role in accurately describing the ionization
dynamics of the 3d photoelectrons. The results of an indepen-
dent particle approximation, exemplified by the relativistic KS
approach, are unable to describe the near-threshold spin—orbit
activated interchannel coupling between the 3d main lines,
which is visible as weak modulations in the 3d;/, partial
cross-section and asymmetry parameter profile. The inclusion
of interchannel coupling among all main-line channels was
shown to generally improve the agreement between the the-
oretical and experimental J values over all photon energy
intervals investigated. Surprisingly, however, the lack of a per-
fect agreement between RTDDFT estimates and the measured
[ values would suggest that additional initial and final state
effects, together with the coupling of additional dipole chan-
nels (i.e. photoionization with excitation channels) are needed
to obtain a quantitative agreement between theory and experi-
ment. In principle, the initial and final state effects can be accu-
rately included through the use of Dyson orbitals, which could
be coupled with the multichannel TDDFT approach. This
could represent a viable approach beyond TDDFT, with poten-
tial application in atomic and molecular systems, for which a
full close-coupling expansion of the scattering wave function
would prove computationally prohibitive. Studies along these
lines are planned for the near future.

To the best of our knowledge, the present study is the first
sophisticated theoretical and experimental consideration of the
fundamental photoionization process of the deep inner shell
of a heavy atom. Further experimental and theoretical studies
are required to resolve the problem of the serious differences
incurred, and will provide new insight into the fundamental
interpretation of the photoionization of a deep inner shell.

Acknowledgments

The authors thank the staff members of PAL-XFEL, particu-
larly Dr. S Rah, for their support with the XFEL experiments,
which were conducted at the SSS beamline of PAL-XFEL with
the approval of PAL (Proposal No. 2019-1st-SSS-007). AY
and DT thank Professor P Decleva for his valuable discus-
sions on the theoretical results. This research was supported
by the Bilateral Joint Research Project (JPJSBP1 2019833)
and KAKENHI No. 18K05048, JSPS. This work was partly
supported by NRF Grants (NRF-2019K2A9A2A08000160,
NRF-2018R1D1A1B07046676). AY acknowledges the sup-
port from IQCE Research Fellowship for Senior Fellow.

Data availability statement

The data that support the findings of this study are available
upon reasonable request from the authors.

Appendix

In this appendix, when the nondipole effects are appreciable,
it is explained that the partial cross-sections are not directly
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obtainable from the photoelectron intensity measured at the
magic angle in the backscattering geometry. In the coordi-
nate system with the z-axis pointing in the photon propaga-
tion direction and the x-axis parallel to the polarization vector,
the differential cross-section for photoionization for randomly
oriented atoms is given by the following [17]:

B
[1_2

+ 9 cos 6 + %’y(l + 8 cos 2¢) cos 0 sin® 9} .

—(9 ¢) = (Pz(cos 0) — %S‘l cos 2¢ sin? 9)

(A.1)

For the backscattering magic angle CMA, 0, = 125.3° is
inserted in equation (A.1) as follows:

do o 1)
d_Q(gmag, ¢) - 4_ |:1

+ <§ — 3\/_> Si cos Zqi)} (A.2)

CMA accepts all electrons around the ¢-direction, and thus a
¢-integration in equation (A.2) is applied:
- — - ] 2r. (A3)

/Zﬂ dO'(

o dQ V3 33

Under these conditions, the backscattering magic angle CMA
provides an intensity Jexp(0mag) of detected electrons, which is

related to the partial cross-section o

T B /%d—"(e oo = |1- —=36+7)].

exp\Ymag ) a0 mag» - ) 3\/— il
(A4)

From this result of equation (A.4), equation (6) in the study by
Kivimaki et al [5] is corrected through the following:

0
emag’ P)do = % |:

034 |:1 (30 + '7)3d]

3V3

exp (ema;: )

= Ny ~—=(B0+Vnezp | > (A5)
g(pzp(amag) ’

ONe2p |:1 3 \/—

where 03¢ and onepp represent the Xe 3d and Ne 2p partial
photoionization cross-sections, respectively, and I33 (6n,) and

exp
1N (Omag) express the Xe 3d and Ne 2p photo-line inten-
sities measured by the CMA. On the one hand, (3 + )34
= 0.1 at 750 eV, as described in section 2, and thus one

can approximate by osq [1 — 3%(35 + 7)34 ~ 03¢. On the

other hand, the nondipole effect is appreciable for Ne 2p pho-
toionization, that is, (36 +~) = 0.7 at 750 eV [35]. Thus,

Onezp |1 = 57730+ Dnesp| results in 0.86 owezp. Finally,
equation (A.5) is rewritten as follows:
Igfp(ema;,)

N D)
Lexp " (mag)

0~86UNeZp~ (A6)

034 =



As a consequence, we reached the conclusion that Kivimaki
et al [5] overestimated the Xe 3d cross-section by 16%,
because they overlooked this factor of 0.86 in equation (A.6).
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