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The natural widths of atomic resonances do not broaden spectral lines of emitted particles, which makes the
corresponding spectroscopies suitable for high-resolution studies of x-ray absorption. While resonant inelastic
x-ray scattering (RIXS) results in a narrow-band x-ray signal which primarily depends on the charge of the
emitter, the resonant Auger (RA) emission is more dispersed and promises the separation of individual atomic
resonances. To disentangle the 1s~'3p~'nin'l’ absorption spectrum in Ar, we have measured a sequence of
KMy; — L3, M»; RA spectra with a high experimental resolution. Although only parts of the RA spectra were
reliably isolated due to the strong overlap with the intense K —L* Auger emission from ions, the data analysis
shows contributions from separate groups of resonances to the Auger signal in greater detail compared to the
previous high-resolution absorption and RIXS studies. The calculated differential cross sections are consistent
with the available experimental results when the angular dependence of RA emission and the interference of
absorption-emission paths through different resonances are accounted for.

DOI: 10.1103/PhysRevA.108.053113

I. INTRODUCTION

Photoabsorption is one of the most widely used spec-
troscopic techniques to unravel structural and dynamical
properties of matter [1] and has been improved over time to
reach higher sensitivity and resolution [2]. The method con-
sist in measuring wavelength-dependent attenuation of light
passing through the sample and relies on the Beer-Lambert
law [3-6] to interpret the results in terms of a single micro-
scopic parameter, the photoabsorption cross section.

At short wavelengths and for thick targets, the x-ray yield
or Auger electron yield from the photoexcited states is of-
ten measured to reconstruct photon energy dependence of
the core-hole specific absorption cross section. Due to the
energy conservation, such indirect measurements of absorp-
tion bypass the lifetime broadening of photoexcited atomic
resonances [7]. The spectra of resonance decay products
are broadened only by the experimental resolution, which
is determined by the photon probe resolution (A,) and the
spectrometer resolution (Ay), and by I'y, the natural width
of the relaxed final state populated by the resonant inelastic
x-ray scattering (RIXS) [8—13] or resonant Auger (RA) emis-
sion [14-18]. Since I'f is usually much smaller than I';, the
natural width of the photoexcited core-hole state, the absorp-
tion spectral features are observed with a subnatural resolution
as soon as A; < TI';. A showcase is provided by the L;—Mj5
RIXS studies in Xe, where the 2p3/, hole features a 2.6 eV
natural linewidth and the resonant part of the photoabsorption
spectrum was reconstructed with a 0.76 eV spectral broaden-
ing [19,20]. In Ar, the spectral broadening due to decay of
the ls hole is about three times smaller and the resolution
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improvement of RIXS is not that dramatic [21]. However, due
to the considerable shift of the KM»; —M§3 satellite lines with
respect to the diagram K —M>3 x-ray emission line, the anal-
ysis of the experimental RIXS spectra enabled a separation of
the 1s~'3p~'nln'l’ atomic resonances and of the correspond-
ing shake-up and shake-off continua from the predominant
signal of 1s~'ep continuum in the absorption spectrum. In
a similar way, the separation of 1s4p and 1s3d double ex-
citations from the underlying ls continuum was reported for
Kr [22].

While the separation of multielectronic excitations can-
not be achieved by measuring attenuation of light only, the
indirect two-step processes, such as RIXS and RA, do not
necessarily result in the observed photon or electron yield
that is proportional to the absorption spectrum. Besides the
self-absorption correction, required for thick targets [23],
the proportionality is broken also on an atomic level when
one or more of the following conditions are met: (1) when the
decay branching ratio to the observed channel varies strongly
with the intermediate state [24], (2) when the atomic reso-
nances interfere with the underlying continuum in one or more
decay channels [25-27], (3) when particle emission is not
isotropic and the spectrometer detects particles only within
the limited solid angle, and (4) when the spectral density of
intermediate states decaying to the same final state is higher
than I' ! boosting the importance of the so-called lifetime
interferences [28,29]. The latter effect originates in indistin-
guishable absorption-emission paths and is less significant
for singly excited core-hole states (SESs). These states are
described reasonably well by a single electronic configuration
and predominantly relax with the spectator decay which en-

©2023 American Physical Society
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sures that different final states are populated even when SESs
are strongly overlapping [30,31]. In the dipole approximation,
the angular distribution of inelastic x-ray scattering is de-
scribed by a single parameter: the asymmetry parameter 8 for
a given RIXS path depends only on the total angular momenta
of the initial, intermediate, and final atomic states [32]. In
RA decay, the electron emission from an isolated resonance
is parametrized by 8, too, which reduces to the product of the
alignment of the intermediate resonance and the anisotropy
of the Auger decay. The latter is given by the sum over the
electronic partial wave contributions [33].

Below we report on the KMa;—L3;M»; RA emission
from the 1s~!'3p~!nin'l’ doubly excited states (DESs) in ar-
gon, which complements our previous RIXS study of these
states [21]. The RA emission offers the possibility to isolate
contributions of different (groups of) atomic resonances to
the absorption spectrum and, for the DESs, this potential
has not been investigated yet. While the KM»;—M3; RIXS
emission is delivered in the same narrow frequency window
for all DESs (the satellite x-ray line), the KM>;3 —L§3M23 RA
emission results in a characteristic combination of satellite
lines covering a much wider spectral range. This rich spectral
structure originates in strongly correlated multivacancy states
which are involved in the transitions and causes resonance-
specific arrangement of the RA yield along the electron kinetic
energy axis. In comparison with RIXS, this extra dispersion
of the RA signal effectively reduces overlap and promises a
clearer separation of different resonant contributions in the
spectral map along the photon energy axis. To interpret the
results of our high resolution RA measurements, we have
undertaken the multiconfiguration Dirac-Fock (MCDF) cal-
culations of the quantum states and of the corresponding
RA transition amplitudes. The population probabilities of the
Ar™ states from the atomic ground state were estimated by
taking into account the interference of the RA paths through
different DESs (point 4), as well as angular dependent emis-
sion of Auger electrons (point 3). The similar work we are
aware of deals with SESs and reports on an angle-selective
RA spectrum when the photon wavelength is tuned to the
unresolved pair of the 3d3_/125p3/2,1 2 resonances in Kr [34].
Later, the theoretical analysis was extended to include the
3d5’/§ (5, 6)p3 2 resonances and account for a direct photoexci-

tation of the 4p~2(5, 6)np final states from the ground state of
Kr to achieve closer agreement with electron angular distribu-
tion, alignment, and orientation parameters inferred from the
observation of the final state fluorescence [26,28].

An attempt to reconstruct the resonant part of the absorp-
tion cross section by observing the high-energy RA electrons
from the spectator decay,

Ar+ow — 1s73p~tnln'l! — 2p723p~nln'l' + =, (1)

necessarily fails because of the competing participator
Auger decay 1s~'3p~'nin'l' — 1s~! + ¢~ [27]. The induced
discrete-continuum coupling is listed above under point 2 and,
depending on the relative participator decay rate, it may lead
to a significant rearrangement of decay branching ratios for
a given resonance, invoking the consideration of point 1 too.
The conversion of the photon energy dependent RA yield to
the absorption is thus nonlinear and can be predicted only
by expanding the theoretical analysis beyond points 3 and 4
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FIG. 1. Observed K(M)—L3,(M) electron yield in the vicinity
of the Ar K-shell ionization threshold (red circles) together with
the experimental Ar K-shell photoabsorption spectrum (black solid
line). Inset: Enlarged view of the region with highest probability
to photoexcite Ar(1s3p)~'nln'l’ resonances. To compensate for the
lower resolving power, the absorption signal is scaled by a factor
of 1.2 and shifted vertically to overlap the backgrounds. The Auger
signal is averaged over two neighboring points of the original data
set to reduce the noise level.

considered in this paper. However, the RA spectra themselves
are worth studying because they contain a wealth of informa-
tion about resonance positions, oscillator strengths and decay
dynamics.

II. EXPERIMENT
A. Acquisition of experimental data

We have measured a sequence of the K (M23)—L%3 (M»3)
Auger spectra in Ar covering a photon energy range between
3219.4 eV and 3228.0 eV with a 0.2 eV step width. The
experiment was performed at the GALAXIES beamline at the
SOLEIL synchrotron in France. The horizontally polarized
and monochromatized light was directed through a dedicated
gas target cell filled with argon. Electrons emitted in the 45°
(0.5 sr) solid angle centered along the probe polarization axis
were collected by the HAXPES Scienta R4000 hemispherical
spectrometer [35].

Prior to the acquisition of the Auger spectra, the yield
of K(M )—L§3 (M) Auger electrons with kinetic energies in
the 2635-2670 eV range was collected in the region of the
Ar K-shell ionization threshold to calibrate the photon en-
ergy scale, optimize the spectrometer’s collection efficiency,
define the spectral window of the K M3 resonances, and deter-
mine the experimental resolution (Fig. 1). The spectral profile
of the 3.2 keV photon beam is represented by a Gaussian
with a FWHM of A, =0.27 eV, as determined from the
fit of the Voigt profile to the 1s~!4p state in the electron
spectrum (see Fig. 1) after fixing the decay width of the Ar K
hole to 0.68 eV [36]. The photon energy scale was calibrated
by setting the 1s~'4p excitation energy to 3203.54 eV [37].
In Fig. 1 the K(M)—L3,(M) Auger yield is compared to
the Ar K-shell absorption spectrum. The latter was obtained
from x-ray absorption measurement at the XAFS beamline
of the ELETTRA synchrotron in Italy by using the photon

053113-2



AUGER DECAY OF ...

PHYSICAL REVIEW A 108, 053113 (2023)

T
@ . (©) i/
26704 2P P 2648 - :
=
@
=
5 m
2 2646 £
g 5
© g
5 s
5 2 -2 1S =]
~ P 2644+ 2
= - - =
33 2650 [T —— s
[ [2]
S 2 )
i3 3
T 2642
£ 2
X
2640}
0 . .
IRlAylllelldl(e:rbl.Lfnllts?IIIII” 2640’ ; . : : : ) -.-.?.-.
3220 3222 3224 3226 3228 3222 3224 3226 3228 3222 3224 3226 3228

Photon energy ® (eV)

FIG. 2. (a) View of the measured K (M23)—L%3 (M,3) Auger map in the region of Ar(1s3p)~'nln’'l’ DESs with the intensity (color) scale
extending from zero to one-tenth of the maximum observed signal. The nonresonant K — L3, spectrum (white curve) was recorded at 3219.4 eV
photon energy and is represented on the full intensity scale. Frames 1 and 2 denote areas with the dominant RA signal. (b) Full-scale view in
the vicinity of frame 2 after subtraction of the K —L%, Auger signal. The projection of the RA yield on the photon energy axis is also plotted
(black curve). The letters mark the final (2p~2 1S)3p~!nin'l’ states with different binding energies E; (2). Their populations are signaled by
the RA yield accumulated along € = w — E; diagonals. (c) The constant ionic state (CIS) spectra reporting the RA yield to the selected final
states as a function of photon energy. The peaks in the CIS spectra uncover resonance energies and are labeled by the numbered vertical dashed

lines.

probe with a slightly lower resolving power. This is evident
from the comparison of the signal in the SES region where
the absorption shows lower contrast after normalization to
the smooth part of the cross section above the threshold.
Note that the modulation of the Auger yield due to the
presence of the KM,3; DESs does not strictly follow the corre-
sponding modulation of the absorption cross section. Since
the dominant nonresonant “background” of the RA signal
is due to the isotropic Auger decay of the Ar K hole, the
differences originate either in angle-dependent RA emission
(point 3) or in the variation of the K — L3; decay branching
ratios for different DESs (points 1, 2, and 4).

The spectral map in Fig. 2(a) shows a sequence of
the K(Ma3)—L3;(M>3) Auger spectra in the region of the
1s~'3p~!nln'l’ DESs. The kinetic energy resolution of the
electron spectrometer at 200 eV pass energy is described by
a Gaussian with a FWHM of A; = 0.32 eV. This follows
from the fit of the Voigt profile to the 2p3/, photoelectron line
that was recorded at 3.2 keV photon energy using the same
pass energy: the fit combines the 0.12 eV FWHM Lorentzian
(describing the natural linewidth of Ar 2p3’/12 [38]) with a

Gaussian (FWHM equal to the (A7 + A?)'/? = 0.42eV). The
kinetic energy scale was calibrated by assigning 2660.51 eV
electron kinetic energy to the maximum of the K —L%3 'D
diagram Auger line [39].

The natural width of RA final states with two 2p holes
in Ar is taken to be I'y = 0.32 eV [40], and the natural
width of doubly excited atomic states with the KM>3 holes
is approximated by the width of the K hole. Considering
the photon spectral broadening, the expected FWHM of an
isolated doubly excited state in the absorption measurement

is thus 0.78 eV. Since this is larger than the expected FWHM
of the same feature in the horizontal cut of the RA spectral
map (0.62 eV), the cut would result in a spectrally sharper
approximation of absorption trace if made at emission energy
where all the resonances emit in proportion to their absorption
oscillator strengths. While such cuts often exist in RIXS maps
and form the basis of the so-called HERFD technique [7],
in RA maps the maximum electron emission from different
resonances occurs at different electron kinetic energies and
the peaks are populated according to the resonance-specific
branching ratios. For DESs, it is thus practically impossible
to find the horizontal cut (i.e., the specific electron kinetic
energy) along which the RA signal would be proportional to
the resonant part of the absorption spectrum.

B. Analysis of experimental data

In Fig. 3(a) the nonresonant Auger spectrum at 3219.4 eV
photon energy is compared to the spectra taken at photon
energy tuned to the lowest-lying singlet DES (1s3p)~'4s> 'P
resonance at o = 3222.4 eV, to the maximum of the
(1s3p)~'nin'l’ RA signal at @ = 3225.5 eV and at 3.3 keV
photon energy. The RA signal levels reach up to 1% of the
maximum of the K —L3; 'D diagram line and the RA spec-
trum strongly overlaps with the nonresonant Auger spectrum.
The intensity of the latter drops with the photon energy as
dictated by the Ar ls absorption cross section and the shape
of the corresponding Auger lines changes due to the postcolli-
sion interaction (PCI) [41]. This leads to large uncertainties
in attempts to isolate the full RA map of the KM,3; DESs
in argon. The problem becomes manageable in the spectral
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FIG. 3. (a) Comparison of the experimental K (M23)—L§3(M23)
spectra in Ar: the low-energy off-resonant spectrum at 3219.4 eV
photon energy (red curve), at the top of the 1s7!3p~'4s? resonance
(3222.4 eV, blue dotted curve), at the maximum of the RA signal
(3225.5 eV, black circles), and the high-energy off-resonant spectrum
(3300 eV, black curve). (b) Decomposition of the RA yield in frame
2 projected on the photon energy axis (black circles) to the sum of
Lorentzians (black curve) with predetermined central energies (thin
black curves) and the arctan contribution of the 1s~'3p~!4p shake-
up (dash-dotted curve). A comparison with the scaled experimental
absorption spectrum without the smooth background (green empty
circles) is also given. (c) Comparison of the scaled fit from (b) (black
curve) and the theoretical photoabsorption spectrum (red curve) con-
structed from the calculated 1s~'3p~'nin'l’ oscillator strengths gf
(vertical bars). The difference (red empty circles) is attributed to the
high-lying resonances and the 1s~!3p~!4p shake-up not included
in the calculation. The theoretical photon energy range is scaled
by a factor of 1.2 and shifted for +0.5 eV so that the calculated
positions of resonances 1 and 4 match experimental position of peaks
1 and 4, respectively. (Groups of) the calculated peaks are marked
corresponding to the assignment in (b).

regions with a relatively low nonresonant Auger signal, such
as the high-energy tail of the ! D diagram line around 3222 eV
photon energy [frame 1 in Fig. 2(a)] and the low-energy tail of
the 'S diagram line around 3225 eV photon energy [frame 2 in

Fig. 2(a)]. Frame 1 shows the presence of a single RA peak re-
lated to the 1s7'3p~'4s? 'P — 2p=23p~'nin'l'(E;) + e (€)
Auger decay of the above mentioned conjugate shake-up res-
onance to a group of final states f, as discussed in detail in
Ref. [27]. The electron signal in frame 2 [Fig. 2(b)] shows a
structured emission along multiple RA paths ending mostly in
the Art(2p~2 18)3p~'nin'l’ states along with some nonreso-
nant emission from the Ar 1s~!3p~'4p shake-up states [42].
The corresponding spectral map is presented in Fig. 2(b) after
subtraction of the low-energy tail of the K —L§3 IS diagram
Auger line. The islands indicate emission from several DESs,
and they are aligned in the vertical direction, indicating Auger
emission from the same resonance, and diagonally, indicating
Auger emission to the same final ionic state. The projection
of the RA signal on the photon energy axis approximates
the resonant part of the absorption cross section and enables
separation of different (groups of) photoexcited resonances.
However, a more precise estimation of the resonant energies
can be obtained from the RA spectral map itself because the
population of the final states is resonance-specific. The energy
positions of active resonances were thus identified from the
map in the following way: first, the final state diagonals were
identified [denoted by letters in Fig. 2(b)], and then the RA
yield along the diagonals was plotted as a function of photon
energy [Fig. 2(c)]. Each peak in the resulting constant ionic
state (CIS) spectra points to an active resonance. We have
identified ten (groups of) resonances which are numbered
according to their energy positions [indicated also by vertical
lines in Fig. 2(c)]. This is to be compared to the four groups
of resonances identified previously from the projection of
the experimental RIXS map [21]. The contribution of the
1s~'3p~'4p shake-up signal to the projection grows smoothly
across the threshold at wg, = 3228.56 eV [21] approximately
as arctan[2(w — wy,)/I';] + 7 /2, in proportion to the type j
CIS spectrum in Fig. 2(c). The spectral shape and position
of the shake-up signal is similar to that of the shake-off
satellites which dominate the low-energy part of the K —L%3
Auger spectrum at 3.3 keV photon energy [see the spectrum
at w = 3300 eV in Fig. 3(a)].

If the line shapes are known, the knowledge of peak
energies significantly reduces the uncertainty of resonant con-
tributions to the projected RA signal. A decomposition of the
projection assuming the Lorentzian line shapes is presented
in Fig. 3(b). A few lines with amplitudes comparable to the
signal error bars in the 3222-3224 eV photon energy region
were omitted from the analysis. The remaining ten amplitudes
are just an indication of the resonance oscillator strengths as
seen in the specific 2p~2 'S decay channel. In reality, the line
shapes may deviate from the Lorentzian because of the path
interferences, mostly involving the neighboring DESs. Still,
the set of extracted amplitudes resembles the set of calculated
absorption oscillator strengths gf presented in Fig. 3(c), except
for resonances 6 and 7 for which the calculations overesti-
mate the projected yield. The calculation suggests that many
more closely spaced resonances are expected to contribute
to the yield meaning that the experimental RA map is not
yet completely resolved. On the other hand, it is interesting
to compare the projected RA signal to the resonant part of
the Ar ls absorption spectrum obtained by subtraction of the
smooth background determined by extrapolation of the w3
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dependence of the experimental absorption from below the
resonance region [43]. The significant differences between the
two spectra in Fig. 3(b) are explained by the DES coupling to
the underlying 1s~'€p continuum via the participator Auger
decay, which effectively smears out and shifts the peaks in
the absorption spectrum. A good example of the strong Fano-
type interference [25] is the 1s~'3p~14s? resonance [number
1 in Fig. 3(b)], which is discussed in the accompanying
Letter [27].

Compared to the RIXS data recorded with a similar ex-
perimental resolution, the assignment of the DES energies
and their contributions to the projected RA yield is easier
because the Auger electron emission is more dispersed and
state-specific in comparison to x-ray emission. On the other
hand, the RA spectra are more complicated and their inter-
pretation needs a modeling support. Below we present an
ab initio theoretical analysis of the KM,3 —L>M»3; resonant
Auger emission from low-lying DESs in Ar which takes into
account points 3 and 4 from the Introduction.

III. THEORY

A. Cross section for resonant Auger emission

In the RA process, photoionization of the ground state of
atom (A) with energy E, and angular momentum J, (denoted
by A|n,J,)) leads to the final ionic state A*|nsJ,) with energy
Ey and angular momentum J; via emission of Auger electron
e~ and is mediated by several intermediate (doubly excited)
atomic states with energy E; and angular momentum J; (de-
noted by AlniJi)),

Alngly) + (@) — Alnidi) — AtIngdy) +e” (k). (2)

The corresponding doubly differential cross section for popu-
lation of A™|nsJs(Ef)) state by emission of an electron with
kinetic energy € = k?/2 = w — E; at angle 6§ with respect to
the light polarization axis € is written as [44]

dzaf J,
. — _1 J/’—Jg+2 iJg P 9
Tagc =D 7 ;pno {J[, } (cos )
. 1 .
> Ji J Jf
x Y Iy lOlO|n0){ i Hj/l-’ ; }
Ly 4
X MZjJ,'M;;_/’J[,’ (3)

where the summation is performed over all intermediate
atomic states A[n;J;) visited by the transition (2). The curly
and sharp brackets denote the 6j symbols and Clebsch-
Gordan coefficients, respectively, and J = +/2J + 1. Indices
[j denote partial waves in the expansion of the emitted elec-
tron wave, |xx) = le a;j(k)|lj). For a long-lived final state
(I'y &~ 0), the energy conservation in reaction (1) imposes
tight linear relation of electron kinetic energy with the incom-
ing photon energy, € = w + E; — E. The spectral broadening
due to decay of the final state is accounted for by introducing
the triply differential cross section d*o;/(dwdedQ) which
equals the product of the cross section (3) and the Lorentzian
factor

Iy/Q2m)

Le;o+E, —Ef, I'y) =
ot bl = o TR+ By

“4)

r} /4"

The matrix elements are given by

My =3 (npJpLjIV Inidi) (niJi|D|ngJ)
b w+E, — E; +i[';/)2

) ®)

ni

where V=73 . . J ; is the electron transition Coulomb op-
erator and D = & - ), 1; is the dipole coupling operator [34].
The amplitudes for ionization to Ar™ final ionic states with
two holes in the L shell by a photon absorption directly from
the atomic ground state can be neglected with respect to the
resonant amplitudes in the photon energy region of the DESs.

The differential RA cross section (3) is thus parametrized as

d*oy = Taw Z O/ (w)P,(cosb) (6)

dQde
with angular weights
Qf = Z A,(niJi, T]l 1’ TYfJf)PnO(’)iJi’ nl z’ r}g‘] )
" (0 +E; — E; +iTi/2) (0 + E; — E] —iT}/2)’
@)

The generalized anisotropy coefficients are expressed in terms
of the reduced matrix elements of the Coulomb interaction,

An(idi, nidisngdy)

= (1R ST
wijj

LiXY(gijJ
x<101/0|n0>{,]2}{, / f}
JUnjljJyn

x (npJ eIV Iy g e UjNV e Ji) ™. (8)
The statistical tensors of intermediate states are expressed by
the reduced dipole matrix elements,

1 1J;J
0 (Midis Nirdis Ngly) = = (— 1) et '8
Pn0(Midis Mirdis Ngty) ng( ) Il

X Py (nidilIDlngTe) (nirJy 1D ngJe) ™
€))

In the dipole approximation, the electron angular distribution
associated with a population of a given final ionic state there-
fore assumes the form

niJiniJ}

dzaf _ 1 daf
dQdw ~ 47 do

where the asymmetry parameter 8;(w) = Q; / Qg is given by
the ratio of the n = 2 and n = 0 terms in (6) and depends on
the electron kinetic energy € via excitation energy of the final
ionic state and the photon energy w. The corresponding angle-
integrated differential cross section is doy/dw = 4JTQ(]; (w).
For light linearly polarized along the z axis of the coordinate
system, only two components of the photon statlstlcal ten-
sor are different from zero: pl, = 1/+/3 and p}, = —/2/3.
Moreover, since the ground state of the argon atom has J, = 0,
it follows that J; = J; = 1 and the statistical tensors of the
intermediate DESs simplify to

——[1+ BrPr(cos6)], (10)

1
poo(Mil, nir1;n0) = ——=(;1{|D]Ing0)(ns 111DIn40)",
oo(Nil, Nirling 3«/§ n nguin Ng

p20(mi1, i 150,0) = —/2p00(mi 1, 7315 70). (11)
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The corresponding anisotropy coefficients are then

Ao(nil, milimpdp) = V3 I LlIV iV n gl LIV Ine 1),

Lj
Jr+172 754 ! j% LjJy . ’ *
As(nil, miLsmpdy) = 3(=1)7 le JJ'{101'0]20) il 2 eIV g I UJ NIV e 1) (12)
wjj
Finally, the two parameters which determine the angular distribution are expressed by
1
Q)(@) = 3 ) IMpj(@)P, (13)
Lj
0} (0) = —\/7 LNl f i aor 0|2o> L LiJs My ()M, (o). (14)
i /2 b 12 J fUj
In our case, the effective second-order reduced matrix element

(npJpljlIVIInil1) (nil||D[Ing0)

Mflj(w) = Z 1 ! s — ZM}]}/ (15)

ni

depends on the photon energy and on the selected combination of the final ionic state and the partial continuum wave. It turns
out that for the set of final ionic states we are dealing with, the calculations may remain limited to s and d or p electron waves
without a considerable loss of accuracy. Then only a few /j combinations may contribute to the differential cross section and

asymmetry parameter:

doy _ drlaw |Mf1%|2+|Mf1%|27 (16)
do 30 | IMpor P+ IMpps P+ 1M s |7
127 11y
{339 hmy P =205 3 T Re(Myy M7,
13y 1213
¢ 32 {313 IMps P =25 79 1M s
2 1
B = e AR S TR JRe(M1 M7, ) (17)
\/—(de/da)) : 1 l-’f . i
FVB{ LY Re(Myq M)
213U
+y 71517 Re(M a3 M7,,)

The upper entry applies for final ionic states |nJy) with even
parity and the lower entry for odd parity states.

B. Effect of interferences and experimental broadening
on angle-dependent RA yield

For a given final ionic state, electron emission is governed
by the / j-specific matrix elements M j(w). Depending on the
photon energy and widths of the intermediate states, multiple
g—1— f paths may significantly contribute to My;; (15).
When the widths are much smaller than energy separation
of the neighboring DESs (the case of nonoverlapping res-
onances), a single path predominantly determines the M;;
value. In the vicinity of the ith resonance, the angle-integrated
electron spectrum associated with final ionic state f is thus
proportional to

doy/de = L(w; E;, T)oy, (18)

the product of the Lorentzian and the total RA cross sec-
tion oy = [ dw(doy/dw). The signal pertaining to different
final states unfolds along € = w + E; — Ef diagonals which
is a well-known characteristic of RA spectral maps presenting

the electron yield as a function of photon energy w and Auger
electron kinetic energy €. When €2, the acceptance solid an-
gle of the electron spectrometer is limited, the electron yield is
proportional to Ko[B(€)]/(4m )(dof/de) instead. The angular
acceptance scaling factor is given by

Ko(By) = L[l + Br(w)Py(cos 0)]dS2. 19)

Specifically, when the spectrometer acceptance is constant
and 6 < /8, the following result is obtained:

Ko(Bs) = ap + a1 By,

Note that the electron angular emission pattern does not
change when the photon energy is scanned across an isolated
resonance because the same energy-dependent denominator
factors out from all matrix elements contributing to 8, (17).
However, to model the weak electron emission at photon
energies falling between the two well-separated resonances
which decay to the same final state, the two-path interference
must be considered because the corresponding amplitudes
have comparable sizes there.

agp =0478, a; =0425. (20)
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When the RA process involves doubly excited atomic
states with a core hole, the decay widths are rather large
(the case of overlapping resonances) and My;; (15) may re-
ceive significant contributions from many DESs featuring
nonzero reduced matrix elements with both the ground and
the final state. Consequently, the single-differential cross sec-
tion doy/dw (or dzaf/(da)de) if 'y is not negligible), as
well as B; vary with photon energy in a nontrivial way. As
mentioned above, an image of the RA process is often given
by a two-dimensional spectral map J(wp, €9) which gives the
observed Auger electron yield as a function wy and €, the
central energy of the T,(w; wp) spectral profile of the photon
probe, and the central energy of the T;(e;€p) transmission
function of the electron spectrometer, respectively. The calcu-
lation of the RA map starts by (1) the calculation of atomic
and ionic states together with continuum waves of Auger
electrons, (2) the calculation of reduced matrix elements for
all paths leading from the ground to the (odd or even) final
ionic state via intermediate DESs, (3) for each final state and
photon energy w, the path amplitudes are weighted according
to the photon energy detuning of the contributing intermediate
states and summed over the intermediate states to generate
the set of w-dependent matrix elements My;;(w), (4) matrix
elements (15) are combined according to Egs. (16) and (17)
to calculate doy/dw and By(w), (5) each single-differential
cross section is multiplied by the corresponding angular factor
Kol Br(w)]/(4m) to simulate the electron yield in the limited
spectrometer’s acceptance angle. The electron spectrum at
sharply defined photon energy w is obtained by (6) summing
the scaled single-differential cross sections (each broadened
by the Lorentzian (4) if the corresponding I s is not negligible)
over the final states, and (7) calculating the convolution of
the sum do(w)/de with the electron transmission function
Ti(€; €p). Finally, the measured RA map is compared to the
sequence of the RA electron spectra calculated at different
central photon energies wq after (8) convolving do(w)/deg
with the spectral profile 7),(w; wy),

J(wo, €0) = fdpr(w;wo)[/dG |:Tr(€;€0)

d
x Zl@(ﬁﬂw»%” @
:

Of interest is also the spectral map of an effective asymmetry
parameter B.g, which describes the calculated dependence
of the electron angular emission pattern on wy and €. At
each point of the map, many final channels with different
By parameters contribute to the signal with different weights.
The way to present the effect of the angular distribution is to
evaluate the ratio of the RA yield (21) versus the RA yield
calculated by setting all B to zero (isotropic emission) and
equate it to the Ky(Besr)/Ko(0) ratio of angular scaling factors,
defined by Eq. (20):

ao

Beti (w0, €0) = —<

aj

Mo €) 1). 22)

J (@0, €0)lan g;=0

In the model there is a possibility to switch off path interfer-
ences but still account for the angle-dependent emission along

each RA path. To the purpose, Egs. (16) and (17) are modified
by replacing the absolute squares and products of the effective
reduced matrix elements according to

Mg = Y My
ni

b

MMy = 3 M (M) 23)

Ni

On the other hand, by setting the angular scaling factors to
Ko(0) = ap for all emission paths, angular dependence of
the simulated spectrum is switched off so that the effects of
both the interferences and angular dependent emission can be
studied separately.

C. Calculation of atomic and ionic states

The above described theoretical framework was applied
to calculate K —L3; amplitudes for the Auger decay of low-
lying odd-parity 1s~'3p~'nln'l’ photoexcited states in Ar.
As noted before, the most probable decay of these states
is the spectator Auger transition to 2p~23p~'nin'l’ states
of Ar™ where only the even parity Auger electron partial
waves contribute to the RA cross section (16). The cor-
responding atomic and ionic bound states were calculated
in the frame of the multiconfiguration Dirac-Fock method
using Grasp(92) and relci modules of the Ratip2012 pack-
age [45]. To describe the intermediate atomic state functions
with J; = 1 in the average-level optimization scheme, 110
doubly excited configuration state functions with nin'l’ €
{4p?, 452, 3d4s, 3d?, 4d?, 4s4d, 3d4d} were employed. The
2655 odd-parity configuration state functions within the same
nln'l’ set were selected to describe the final ionic states.
The total angular momentum of these states was limited to
Jr=1/2,3/2,5/2, or 7/2 because only s and d electronic
partial waves give important contributions to the Auger decay
rate. The reduced dipole matrix elements between the ground
state and the photoexcited intermediate states and the reduced
Coulomb matrix elements between the intermediate and final
continuum states were calculated using reos and auger mod-
ules, respectively, also a part of the Ratip2012 package.

The calculation of dipole transition matrix elements re-
quires a prior expansion of the atomic state functions in Slater
determinants (provided by cesd module) in order to handle
the nonorthogonality of the two sets of radial orbitals opti-
mized separately for the ground state and intermediate state
configurations [46]. The calculated values of transition ener-
gies and generalized oscillator strengths gf of the strongest
(groups of) transitions are reported in Table I using the ve-
locity form of the dipole matrix elements. Except for a few
outliers, the length form results agree to within 10%-20%.
In major part, the transition energies and oscillator strengths
agree with previously published values, obtained in the non-
relativistic approximation [21,47]. As described in Ref. [47],
the oscillator strengths were converted to the photoabsorption
spectrum and compared with the experimental data in Fig. 3.
The present calculation scheme leads to a more accurate mag-
nitude of DES photoasorption cross section with respect to
the results in Ref. [21]. To check for the consistency of the se-
lected computational approach, we have separately calculated
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TABLE 1. Relative intensities of Ar 1s~'3p~'nin’l’ DESs, ob-
tained by fitting the set of Lorentzians to the RA signal in frame 2
projected on the photon energy axis [see Fig. 2(b)]. Energy positions
of resonances and their numbering were determined previously by in-
spection of the (2p~2 'S)nln'l’ CIS traces [Fig. 2(c)]. The second and
third columns comprise the experimental values. Correspondence
with the calculated resonances is given in Fig. 3(c). Calculated en-
ergy positions are reported in the fourth column, and the generalized
oscillator strengths gfin the fifth. The resonance denoted by X is only
hinted in the experimental data.

Resonance E; Relative E; gf Main nin'l’
number (eV) intensity (eV) (x10™*) configuration
1 3222.4 0.06 3221.1 0.03 452

X 3222.6 0.06 4s4d

2 3224.5 0.02 3224.0 0.04 4p?

3 3225.1 0.28 3224.5 0.60 4p?/3d4s
4 3225.6 1.00 3225.1 1.21 4p?/3d4s
5 3225.9 0.28 3225.4 0.35 3d4s

6 3226.2 0.18 32259 0.37 4d?/3d4s
7 3226.5 0.22 3226.3 0.59 3d4d /4d?
8 3226.9 0.29 3227.0 0.18 3d4d

9 3227.3 0.31 3227.1 0.43 3d4d

10 3228.0 0.42 3228.4 0.16 3d4d
Shake-up  3228.5 0.27 4p

oscillator strength for a dominant ground state transition to
the 1s~'4p SES (gf = 0.018). The calculated SES/DES ratio
is reasonably close to the ratio, indicated by photoabsorption
experiments (see Fig. 1 and [48]).

The experimental energy positions of Ar 1s~'3p~!nin'l’
DESs and their relative photo-excitation intensities are also
reported in Table I. The calculated photoabsorption spectrum
in Fig. 3(c) traces quite well the projection of the experimental
RA map in Fig. 2(b) provided the photon energy scale is
shifted for 4-0.5 eV (so that the maximum signal of the calcu-
lated photoabsorption occurs at the same photon energy as the
maximum of the projected signal), and the calculated photon
energy axis is scaled for a factor of 1.2 around that photon en-
ergy. The main configurations contributing to strongly excited
(groups of) doubly excited states and their excitation energies
are similar to the ones obtained previously by the nonrela-
tivistic multiconfiguration calculation schemes (see [21] and
references therein). As noted before, the dominant contribu-
tion to the absorption of DESs comes from the ground state
shake-up excitation of the 1s~'3p~'4p? configuration state
that mixes into many DES states due to electron correlations.
The peak at the lowest photon energy is assigned to the con-
jugate shake-up excitation of the 1s~'3p~!4s? state [21].

To reduce the amount of numerical calculations, the K —
L3, Auger matrix elements were evaluated only for 46 out of
the 110 intermediate atomic states with gf >107%. In sum-
mary, the 248 814 RA amplitudes to the 2655 final ionic states
were calculated in order to build up the KMy —L§3M23 RA
map presented in Fig. 4.

IV. RESULTS

The results of our analysis of the experimental spectra were
presented in Sec. II. Below we discuss different features of the

RA yield
2680 2680
680 (a) (arb. units) 680 (b) Beff
2.0
1200
s 1000 5
2 2670 2670
<
= 1.0
5 800
8 1 1
; > 600 0.5
é” 2660 2660
5 400 0.0
% F
2 200 05
2 2650 26504
P2 2 0 2 10
+60x10°
l F40 g
il ) F20
26404 Uil i Lo 2640
e + y

T T T
3220 3224 3228 3220 3224 3228
Photon energy (eV) Photon energy (eV)

FIG. 4. (a) Calculated K — L2, RA map of the Ar (1s3p)~'nln'l'
DESs convolved with experimental widths A; = 0.32 eV and A, =
0.27 eV for Auger electrons emitted into a 45° solid angle around
the polarization direction of the incoming light [see Eq. (21)]. The
projection of the RA yield on the photon energy axis is plotted
together with bars denoting the calculated DESs absorption oscil-
lator strengths (gf). (b) Map of effective asymmetry parameter Bes
defined by Eq. (22). The two annotated frames on the calculated map
approximately correspond to frames 1 and 2 in Fig. 2(a).

calculated RA maps and compare them to the experimental
data.

Figure 4(a) presents the calculated K—L3; RA spectral
map J(wo, €) together with its projection on the photon en-
ergy axis in the full energy range. The calculated projection is
proportional to the calculated DES absorption spectrum and
in principle should be close to the experimental projection
unless the effects under points 1 and 2 of the Introduction are
important. Calculations indicate that the majority of the RA
signal overlaps with the signal of the K —L3, diagram Auger
emission. In fact, frames 1 and 2 contain a relatively small
amount of the RA signal but were selected for the comparison
because in these spectral regions the diagram Auger signal can
be reliably subtracted from the experimental data. The map of
the calculated effective asymmetry parameter (22) in the full
spectral range is reported in Fig. 4(b). Although the angular
parameter values are limited to the —0.7 < B. < 0.5 range, in
most places Begr is close to zero meaning that mostly isotropic
RA signal is expected. This is also evident from the data
calculated at the maximum of the RA signal (w = 3225.0 eV)
where Ber varies in the £0.2 range [Fig. 5(a)]. We see that
switching off the path interferences does not have a strong
effect on the effective asymmetry parameter. However, sev-
eral significant changes appear regarding the spectral shape
itself and the comparison with the experimental spectrum in
Fig. 5(b) shows that the RA spectrum calculated with path
interferences agrees better with the measured data than the
one with skipped interference terms. In Fig. 6 the theoretical
results are compared with the experimental data in spectral
frame 1 which contains the strongest RA emission line from
the 15~ '3p~'4s? resonance. Evidently, the calculated RA map
with an angular effect included [Fig. 6(d)] agrees better with
the experimental data [Fig. 6(a)] than the angle-integrated
RA yield with [Fig. 6(c)] and without considering the inter-
ferences [Fig. 6(b)]. Indeed, for such an isolated resonance,
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FIG. 5. (a) Calculated K —L3, RA spectrum at photon energy
with the maximum calculated KM,; satellite photoexcitation (v =
3225.0 eV) and the effective asymmetry parameter calculated with
and without the path interference terms. The vertical bars denote
probabilities to populate different Ar™2p~23p~'nin'l’ final states.
(b) Comparison with the experimental data after subtraction of the
(shake-up) contribution, estimated from the measurements at 3.3 keV
photon energy (blue line; see also [42]). Note that only the low-
energy part of the experimental spectrum (2635-2650 eV) has the
nonresonant Auger signal subtracted and that all electron spectra in
the high-energy region (2650-2677 eV) are scaled by 0.25. The cal-
culated spectrum is shifted for 4-0.5 eV on the experimental electron
energy axis.

the difference in angular emission pattern related to different
final states may have an effect on the observed RA yield but
not the path interference. In fact, we see in Fig. 4(b) that
Bere approaches —0.7 in the lower part of spectral frame 1.
This results in the reduced Auger emission in the direction
towards the electron spectrometer, in agreement with the ob-
served disappearance of the corresponding peak. The strong
asymmetry of the predominant peak in frame 1 cannot be ex-
plained within the presented theoretical frame and is discussed
separately [27]. For spectral frame 2, the similar comparison
is made in Fig. 7. As in the case of the RA spectrum in
Fig. 5(a), angular effects are not important [compare Fig. 7(c)
to Fig. 7(d)] but the inclusion of path interferences brings the

(a) Experiment (b) No interference, angle-integrated
RA yield ] ¥
—~ 2668 —_ (arb. units)
s ¥ . e
u ‘ = 26641 f
= 2666 = 4 - 180
o = b -
£ o= 100
% I 2 2662
2664 .-"1 50
0
i 0
T T T T 2660
3221 3222 3223 3224 3220 3221 3222 3223
(c) Interference, angle-integrated (d) Interference, calc. B
2666 T 2666
RA yield
— (arb. units)
3
~ 2664 - 2664 8
¢
150
= 6
g
3 2662 100 2662 4
w 50 2
i 0
2660 : 0 2660
3200 3221 3222 3223 3220 3221 3222 3223

Photon energy (eV) Photon energy (eV)

FIG. 6. Comparison of the measured (a) KM,3 —L%3M23 RA map
in the spectral frame 1 with the calculated RA map (b)—(d). In
(d) sticks indicate calculated DES positions and relative oscillator
strengths.

calculated spectral map in closer agreement with the experi-
mental one [see also Fig. 5(b)].

V. CONCLUSIONS

We have measured the K — L3, Auger spectra in the re-
gion of photoexcited 1s~'3p~'nln’l’ resonances situated 15—
21 eV above the Ar K-ionization threshold. Due to the strong
overlap of the resonant Auger signal with the intense K — L3,
signal from Ar" 1s~! ions we could reliably isolate RA signal
in two specific spectral frames only. The analysis of the CIS
spectra extracted from spectral frame 2 enabled the identifi-
cation of excitation energies for ten (groups) of resonances.

(a) Experiment (b) No interference, calc. B
5 2650 1
2648 RA yield |
= (arb. units) 2648
26461
il"/ 2.5 3
26461
£ 2644 20 )
£ 15 2644
|3
© 2642+ 1.0
I = 1
= 05 2642
2640
0.0 2640 0

T T T
32225 3225.0 32275
Interference, calc. B

T T T
3222 3224 3226

(©) Interference, angle-integrated  (d)
2650 : 2

| RA yield

2648 (arb. units) 5g40 |
S
)
11 2646 ] 100 e46 4
X 80
c 3
S 2644 60 2644
g 2
Q
] 40

26424 2642 1

20
2640-— T T 0 2640- 0
32225 3225.0 3227.5 32225 3225.0 3227.5

Photon energy (eV) Photon energy (eV)

FIG. 7. Comparison of the measured (a) and calculated KM,; —
L§3M23 RA maps (b)—(d) in spectral frame 2 [see Figs. 2(a) and 4]
showing the relative importance of interference and angular effect
on the RA electron emission. In (d), sticks indicate calculated DES
positions and relative oscillator strengths.
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This is significantly more than four, identified previously from
the K—M>3; RIXS measurements on the same target, and
illustrates higher spectral sensitivity of the RA process at
comparable experimental resolution. The RA signal in spec-
tral frames 1 and 2 is quite well reproduced by our model
calculations which account for the angular distribution of the
resonant Auger emission and deal also with path interferences.
Both effects improve reliability of model predictions and
are necessary to consider when dealing with angle-selective
detection of electrons emitted by strongly overlapping reso-
nances. The remaining discrepancies with the experimental
data are understood to originate from the omission of highly
excited DESs, converging to the Art1s~!'3p~'nl shake-up
threshold. Moreover, except for the case of the 1s~13p~14s?
resonance described in Ref. [27], the discrete-continuum cou-
pling in not considered. Such a coupling is promoted by
the participator Auger decay of DESs and may prevent the

reconstruction of photoabsorption in the resonance region by
projection of the spectator RA yield on the photon energy axis.
The features presented in this paper are rather general and are
likely to play the role in any future studies of the resonant
Auger decay of DESs with an inner-shell vacancy.
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