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The presence of doubly excited states (DESs) above the core-hole ionization threshold nontrivially
modulates the x-ray absorption because the participator Auger decay couples DESs to the underlying low-
energy core-hole continuum. We show that coupling also affects the high-energy continuum populated by
the spectator Auger decay of DESs. For the K − L2

23 Auger decay of the 1s
−13p−14s21P state in argon, the

competing nonresonant path is assigned to the recapture of the 1s photoelectron caused by emission of the
fast electron from the shake-up K − L2

23 decay of the 1s−1 ion.

DOI: 10.1103/PhysRevLett.131.203001

When atoms (A) are exposed to x-ray light and the
resulting charge distribution is measured, one sees a drastic
change of the signal when photon energy ω crosses the
inner-shell ionization threshold. For example, if a peak in
the Aþ ion detection channel is observed when the light is
tuned to singly excited core-hole state below the ionization
threshold, it is the yield of A2þ ions that increases instead
above the threshold because an extra (photo)electron is
emitted. A closer inspection reveals that the conversion to
the A2þ ionic species does not occur immediately above the
ionization threshold [1–3]. The experiments show that the
Aþ yield persists at least a couple of eVabove the ionization
threshold and that final electronic states of Aþ are the
same as those populated by the Auger decay of singly
excited states (SESs) converging to the threshold [4–6].
The observed trend is explained by a recapture of the slow
photoelectron [4,7,8]: if overtaken soon enough by a faster
Auger electron emitted at later times, the photoelectron
experiences a rapid change of the potential and loses more
than its asymptotic kinetic energy against the Auger
electron to become bound again. The recapture is an
extreme case of the postcollision interaction (PCI) where,
in the simplest and most probable case, the kinetic energy
transfer occurs between two electrons in the continuum and

causes opposite energy shifts and line asymmetries in the
Auger and photoelectron spectra [6,9,10].
We report on a yet unnoticed consequence of PCI, related

to atomic doubly excited states (DESs). These resonances
are situated tens of eV above the ionization threshold and
mostly decay by the core-hole Auger emission. It turns out
that due to the PCI, there is a small probability to reach
exactly the same final states by the shake-up Auger decay of
the underlying core-hole continuum. The same effect is
expected to be at work for neutral core-hole resonances in
molecules and structures featuring an extra vacancy in the
valence shell. It is well-known that DES spectral overlap
with the core-hole continuum limits accuracy of the struc-
tural information extracted from the photoelectron scattering
off the neighboring nuclei [11]. Because of the specific shifts
of resonant lines, the spectra of decay products offer the
possibility to isolate the scattering part of the absorption
spectra [12]. It is thus of a general importance to see how this
interesting new decay dynamics imprints on the Auger
emission spectra.
The photoelectron recapture can be considered as

an extension of the resonant Auger (RA) process
Að0Þ þ γðωÞ → Ai → AþðEfÞ þ e−ðϵfÞ above the ioniza-
tion threshold where the intermediate atomic state Ai
features one electron in the continuum [13]. The final state
of RA is characterized by the kinetic energy ϵf of the
escaped electron and energy Ef of the residual ion. Most of
the experimental RA studies were performed in the near
threshold region, and the results were interpreted in the
frame of perturbation theory. In these calculations, a
number of interfering paths is considered that start by
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absorption of a single photon and proceed through one or
more bound and/or continuum intermediate atomic states to
the Aþ final states as dictated by the Coulomb interaction.
The presence of competing paths to the same final states
leads to interferences that modulate the spectral features.
The number and weights of dominant terms in the
expansion of RA amplitude depend on the photon energy:
the most direct path with a single intermediate state often
prevails when the photon probe is tuned to an isolated
atomic resonance. If separately optimized nonorthogonal
wave functions are used for description of quantum states,
the theory can also explain the observed presence of
additional shake-up or shake-down paths where an extra
transition of the valence electron is triggered by the Auger
decay of the core hole [14]. Approaching the threshold, the
density and spectral overlap of resonant states increase and
more and more paths contribute to the RA yield. When
photon energy is above the threshold, energy detuning of
resonances becomes large and intermediate states with
photoelectron in the continuum give the largest contribu-
tion to the RA amplitude, pointing to the photoelectron
recapture as a main source of the signal.
These processes are best studied experimentally by

measuring the RA spectral map where the Auger yield
is reported as a function of photon energy ω and electron
kinetic energy ϵ. Because of the energy conservation, the
signal of the Aþ final state occupies a diagonal stripe with
ϵf ¼ ω − Ef on the map and largely avoids the signal of
diagram Auger transitions resulting in emission of Auger
electrons with characteristic kinetic energies ϵA and A2þ

ions (Fig. 1). In the recent high resolution K − L2
23 study of

Ar involving 1s−1np SESs, the populations of the 2p−2np
final states up to n ¼ 7 were reported by following the RA
signal along the corresponding diagonal stripes [15]. The
theoretical reconstruction of these constant ionic state (CIS)
profiles clearly shows the recapture contribution to the
2p−25p final state, even at photon energies several eV
below the ionization threshold.
In this Letter, we study the role of the photoelectron

recapture quite far above the 1s ionization threshold of
argon, in the spectral region of 1s−13p−1nln0l0 doubly
excited states (DESs). The recapture in this photon
energy range starts with the 1sϵp continuum and leads
most probably to the Arþ2p−2nl states that are visible
in the electron spectrum as weak blue-shifted resonant
Raman lines associated with the above mentioned
SESs [16]. However, if the photoelectron recapture is
accompanied by the shake-up of the 3p electron, the same
Arþ2p−23p−1nln0l0 final states are populated as by the
K − L2

23 Auger decay of DESs. Although such a second-
order recapture process may be too weak to be directly
observed, it can still have a notable effect on the RA
spectrum if it interferes with the resonant process [17].
The simplest case occurs when the recapture competes

with the Auger emission from a single resonance.

To approach this condition, the photon energy was scanned
across an isolated DES in Ar, the so-called conjugate
shake-up resonance R with excitation energy ER ¼
3222.4 eV [18] (Fig. 1). This weak 1P1 state is described
by the 9∶1 mixture of 1s−13p−14s2 and 1s−13p−14p2

configurations, and lies 16.5 eV above the K-shell ioniza-
tion threshold and 6.2 eV below the first 1s−13p−14p
shake-up threshold [12]. The neighboring DESs with a
significant oscillator strength have at least 2.7 eV higher
excitation energy. Resonance R features 1-fs lifetime
corresponding to the natural broadening Γ ¼ 0.68 eV,
and predominantly decays by the K − L2 Auger (77%)
and K − L x-ray emission (12%) [19–21].
When the interference is absent, an isolated character

of resonance R suggests a simple ½ðω − ERÞ2 þ Γ2�−1
Lorentzian dependence of the yield of decay products
before the convolution with the photon probe profile.
Indeed, our previous resonant inelastic x-ray scattering
(RIXS) study has verified a symmetric Voigt profile of the
K −M23 x-ray yield emitted by this resonance [12]. Similar
to RIXS, the shift of the kinetic energy of RA electrons
allows one to separate the RA signal from an intense Auger
emission of Arþ1s−1 ions. In Fig. 2, the nonresonant
K − L2

23 Auger spectrum at 3219.4 eV photon energy is
compared to the Auger spectrum recorded at ω ¼ ER. An

FIG. 1. The electronic transition scheme following photon
absorption in the region of 1s−13p−14s2 DESs in argon.
VRc denotes amplitude of the R → 1s−1ϵp participator Auger
decay to the low-energy continuum. The spectator Auger decay
(red arrow) couples R to the high-energy 2p−23p−1nln0l0ϵðs; dÞ
continuum, which is populated also by the Auger shake-up
assisted photoelectron recapture from the low-energy continuum
(dotted red arrow, cfg amplitude). The dashed (blue) arrows and
the black arrow mark the K −M x-ray decay and the diagram
K − L2

23 Auger decay, respectively. The kinetic energies of the 1s
photoelectron and of the resonant and nonresonant K − L2

23

electrons are denoted by ϵp, ϵf , and ϵA, respectively. For clarity,
the K − L decay is omitted.
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additional line at ϵ ¼ 2665.8 eV clearly pops up on the
high energy tail of the 1D diagram line under the resonant
condition, showing that the RA paths mediated by reso-
nance R populate the group F of Arþ2p−23p−1nln0l0 final
states with the binding energies Ef ≈ 556.5 eV. A magni-
fied view of the spectral region also shows the presence of
weak 3P2 and 3P0 diagram Auger lines positioned at 2669.1
and 2667.1 eV, respectively [19].
We have built up the RA map in the region of resonance

R by stacking a sequence of well-resolved KðM23Þ −
L2
23ðM23Þ electron spectra covering the 3220.2–3224.4 eV

photon energy range with a 0.2-eV step [see Fig. 3(b)]. The
experiment was performed at the GALAXIES beamline at
the SOLEIL synchrotron in France (see Ref. [22] for
details). The RA yield mediated by resonance R and
associated with the occupation of final states F shows
the expected linear Raman dispersion and an unexpected
asymmetry with respect to the photon energy. The CIS
spectrum of F in Fig. 4(b) is obtained by integrating the
corresponding RA line over the Auger electron kinetic
energy ϵf and subtracting the constant contribution of
2p−2 3P0 diagram line. The corresponding CIS profile is
different from the symmetric CIS profile extracted from the
RIXS spectral map [Fig. 4(a)] and encourages an explan-
ation in terms of a single resonance R interfering with the
continuum—the Fano resonance [23]. We claim that the
continuum amplitude comes from the combined action of
K − L2

23 shake-up Auger decay and photoelectron recap-
ture from the 1s−1ϵp continuum. Note that for singly
excited intermediate states, the CIS asymmetry may be

also caused by the interference of the RA amplitude
with the nonresonant photoionization amplitude populating
the same final ionic states directly from the atomic
ground state [24,25]. However, such a direct photoioniza-
tion process is of a minor importance for Auger spectros-
copy of DESs.
Indeed, the recent state-of-the-art spectroscopic study of

argon with 3216 eV photons has shown that ð4.8� 1.0Þ%
of the nonresonant K − L2

23 transitions are accompanied by
the 3p electron jump to the higher orbital populating
primarily the Ar2þ2p−23p−14p final states [26]. The
corresponding Auger electrons are thus observed at lower
kinetic energies than the characteristic K − L2

23 electrons.
On the other hand, for the short-lived K-hole states
emitting 2.6 keVAuger electrons, the semiclassical model
estimates 2.4% probability to recapture the 16.5-eV photo-
electron [4]. It may be that some of the Auger electrons are
involved in both the energy losing shake-up and energy
gaining photoelectron recapture. Neglecting the angular

FIG. 2. The KðMÞ − L2
23ðMÞ electron yield of Ar measured at

3219.4 eV (red dotted curve) and 3222.4 eV (black curve) photon
energy. The inset shows the RA line emitted by the 1s−13p−14s2

atomic resonance and two weak 3P2;0 nonresonant Auger lines
emitted in decay of the 1s−1 state. The corresponding theoretical
RA spectrum (gray curve) is shifted and scaled to match the
observed position and intensity of the observed RA line,
respectively. The bars show relative contributions of final states
to an angle-integrated RA spectrum. Label F denotes a group of
final states giving rise to the RA line. FIG. 3. (a) The measured absorption spectrum (black dots) in

the region of the 1s−13p−1nln0l0 DES in Ar [12]. According to the
semiclassical estimate [see Eq. (9) in Ref. [4] ], the recapture
more likely occurs due to emission of faster K − L2 Auger
electrons (black curve) than slower L −M2 Auger electrons
(black dotted curve) at the same asymptotic kinetic energy of
photoelectron. (b) The KðMÞ − L2

23ðMÞ electron yield in the
vicinity of resonance R leading to final states F after subtracting
the tail of the 2p−21D2 diagram Auger line. The RA line shows a
linear dispersion (black line), while the position of the weak
2p−2 3P0 diagram line is independent of photon energy
(dashed line).
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momentum exchange between the slow photoelectron
and fast Auger electron, the shake-up recapture interferes
with the spectator RA because both paths populate the
same final continuum states f. Without resorting to
extended quantum many-body calculations, the best esti-
mate for the conversion probability of the 1s−1ϵp to the
2p−23p−1nln0l0ϵðs; dÞ continuum is ð11.5� 2.4Þ × 10−4 at
ω ¼ ER and is given by the product of 1s−1 shake-up Auger
decay probability (4.8%) and photoelectron recapture
probability (2.4%).
We need to see whether this estimate is consistent with

the observed CIS profile in Fig. 4(b). Since the photon
energy dependence of the nonresonant amplitude is dic-
tated by the shake-up Auger emission and photoelectron
recapture probability, the corresponding cfg amplitudes are
practically constant in the region of resonance R. This
assumption would remain valid even when cfg comprises
some contribution of the shake-up RA paths mediated by

spectrally distant SESs. However, our calculations show
that at 19 eV detuning, the shake-up RA amplitudes
mediated by the dominant 1s4p−1 resonance are too small
to explain the profile’s asymmetry. The calculations also
show that RA paths through much closer higher-lying
DESs cannot explain the observed CIS deviation from the
Lorentz profile because their interference with the RA paths
involving R is too weak [Fig. 4(b)]. Note that the atomic
and ionic states with several open (valence) shells are
highly correlated. To interpret our measurements, we have
performed a multiconfiguration Dirac-Fock calculation
showing that in the selected spectral frame, the whole
group of final states F is populated by the Auger decay of
resonance R (see Fig. 2 inset) and that the corresponding
Auger emission is practically isotropic [22].
The nonresonant amplitudes cfg of all paths to final

states f in the F group except the paths through resonance
R are thus approximately independent of photon energy
in the resonance region. To interpret the observed CIS
spectrum, we need to sum the photoionization cross
sections for all final states f in the range of peak F (see
Fig. 2 inset). The individual cross sections are parametrized
as explained in the past [27,28], only that now the dipole
photoionization amplitude from the ground state g to the
single-electron continuum f is replaced by cfg amplitude
that describes the transition as a combined effect of
photoionization, shake-up Auger emission, and photoelec-
tron recapture. In summary, the CIS profile

FðxÞ ∝ 1þ 2xAF þ BF

1þ x2
ð1Þ

depends on the dimensionless photon energy detuning
x ¼ 2ðω − ERÞ=Γ and on parameters AF and BF obtained
by averaging over the final continuum channels f (see
Appendix). The form (1) matches the observed CIS profile
very well when AF ¼ −2.1� 0.5 and BF ¼ 14.0� 0.9
[Fig. 4(b)]. While AF describes the observed CIS asym-
metry, BF gives the probability ratio for an electron to
originate in the resonant or the nonresonant path at zero
photon energy detuning.
The knowledge of BF offers an independent way to

estimate the relative probability to reach final statesF by the
nonresonant process if PR, the photoexcitation probability
of the selectedDESwith respect to the 1s−1ϵp continuum, is
known. Unfortunately, the photoabsorption profile of R is
not far from the Fano window resonance [ [23]; see
Fig. 3(a)]. This prevents a reliable determination of PR
because the photoabsorption amplitude to the unperturbed
state is almost canceled by the amplitudemodification due to
the interacting continuum, which is activated by the par-
ticipator Auger decay R → Arþ1s−1 þ e−. When the same
resonance is observed in the RIXS decay channel, such
interference effects are absent and the signal of the weak
atomic K −M23 x-ray satellite line is separable from the

FIG. 4. The three faces of the 1s−13p−14s2 resonance in Ar.
(a) The resonance profile constructed from x-ray yield of the
K −M23 satellite line (black points), fitted by the Lorentzian
(blue curve) [12]. (b) The profile constructed from the electron
yield of the K − L2

23 satellite line F (black points), fitted by
Eq. (1) (red curve). The comparison is made with the calculated
CIS, considering (black curve) and not considering (black dashed
curve) the interferences with DES neighbors. The dotted black
curve presents the calculated contribution of resonance R. (c) The
absorption spectrum (black points) fitted by the sum (green
curve) of the Fano profile and the noninteracting continuum
background [see Eq. (A5) in the Appendix]. The extrapolated
background of the unperturbed 1sϵp photoionization without
(black curve) and with added contribution of the higher-lying
resonances (black dotted curve) are also plotted.
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K −M23 diagram line emitted by Arþ1s−1 ions. Taking the
ratio of the two measured x-ray yields at ω ¼ ER, one finds
PR ¼ ð1.5� 0.2Þ%, after accounting for a small difference
between the calculated atomic and ionic K −M23 emission
oscillator strengths (see Fig. 1 in Ref. [12]). Based on a
known K − L2

23 branching ratio for Ar [19] and using the
calculated K − L2

23 RA spectrum, we estimate that reso-
nance R decays to the group of final states F with 24%
probability. Finally, multiplying this probability by PR=BF

one obtains ð2.6� 0.6Þ × 10−4 for the probability to pop-
ulate final states F from the 1s−1ϵp continuum. Although
this is about 4 times smaller than our previous estimate of the
shake-up Auger assisted photoelectron recapture probabil-
ity, the two probabilities are still consistent because the
simple product estimate is not limited to the group of final
statesF. These results suggest that in about 77% of cases the
photoelectron recapture ends in the Arþ2p−23p−1nln0l0
final states outside the group F. It is quite hopeless to detect
the corresponding spectral effects because at photon energy
ER these states are weakly populated from the resonance R
and/or their signal is masked by the diagram Auger lines
(see Fig. 2).
In conclusion, we have presented a new general inter-

ference scheme that can significantly disturb the separation
of DES absorption signal from the underlying electron
continuum even if the corresponding features are clearly
separated in the resonant Auger spectra. The resonant
K − L2

23 Auger decay of DESs was found to interfere with
a weak nonresonant process that converts the 1s−1ϵp low-
energy electron continuum to the 2p−23p−1nln0l0ϵðs; dÞ
high-energy continuum. The nonresonant process involves
three active electrons and is driven by a combination of the
shake-up K − L2

23 Auger decay of the Arþ1s−1 ion and
recapture of the 1s photoelectron. At 16.5 eV above the 1s
ionization threshold of argon, one per thousand of K − L2

23

decays is redirected from Ar2þ to Arþ decay channel by the
Auger shake-up assisted photoelectron recapture. The same
mechanism is expected to be at work in other atomic and
molecular systems, too, with a relative probability depend-
ing on the core-hole lifetime, shake-up Auger probability,
and initial kinetic energies of photoelectron and Auger
electron. In general, the attempts to separate resonant part
of the absorption from the continuum have limited accuracy
as soon as these two components interfere in at least one of
the decay channels.
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Appendix: On parametrization.—Resonant Auger
emission in the presence of shake-up Auger assisted
photoelectron recapture: The CIS spectrum in Fig. 4(b)
is described by a sum of photoionization cross sections
σf to final states f in the F group (see the inset of
Fig. 2). Each of the cross sections is proportional to the
yield of electrons with kinetic energy ϵf emitted at
photon energy ω and can be written as

σfðxÞ ∝ jcfgj2
�
x2 þ 2Afxþ Bf

x2 þ 1

�
: ðA1Þ

The above form assumes that the final state is populated
either by the K − L2

23 Auger decay of resonance R or
nonresonantly, as described by the amplitude cfg [27,28]
and depends on the dimensionless photon energy detuning
x ¼ 2ðω − ERÞ=Γ. The real parameters Af and Bf are
defined by Eq. (26) of Ref. [27] in terms of the Fano
parameter and the complex parameter αf [29]. The formal
expressions for these two quantities are found in Ref. [27]
provided that the dipole amplitudes for a direct transition
from the ground state (g) to the final continuum states (f)
in Eqs. (22) and (24) are replaced by the corresponding
amplitudes cfg describing the nonresonant transition
as a combined effect of photoionization, shake-up Auger
emission, and photoelectron recapture from the atomic
ground state. Parameter αf thus represents the fraction of
cfg, which passes through a single eigenchannel inter-
acting with a discrete state that is embedded in several
continua (see Ref. [23]). Performing summation of (A1)
over the group F of final states, the fitting form (1)
emerges where

AF ¼
XF
f

Afjcfgj2=
XF
f

jcfgj2; ðA2Þ

BF ¼
XF
f

ðBf − 1Þjcfgj2=
XF
f

jcfgj2; ðA3Þ

are the averages of Af and Bf − 1 over the selected
continuum channels.
Absorption in the presence of resonance coupled to low-

energy and high-energy continua: When a discrete state is
coupled to several continua that are orthogonal themselves,
the problem can be reduced by transforming the continua to
a new basis in which the state interacts with one continuum
only and the rest of the continua are noninteracting. For two
orthogonal continua, the transformation has been worked
out in the paper of Fano [23] and Eqs. (40)–(44) are directly
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applicable for parametrization of the Ar 1s photoionization
cross section in the region of an isolated DES.
In our case, a DES is coupled to one low-energy

continuum and several high-energy continua. When photon
energy is set to the resonance energy ER ¼ 3222.4 eV, the
low-energy continuum coincides with the 1s−1ϵp con-
tinuum where the 1s photoelectron features 16.5 eV kinetic
energy. In addition to the direct ground state photoioniza-
tion, the low-energy continuum is populated by the
1s-hole-preserving participator Auger decay of DESs
characterized by Γv rate. The high-energy continua are
populated by the spectator Auger decay of DESs where the
1s vacancy is filled by K − L2, K − LM, and K −M2

Auger transitions with the total decay rate ΓA and an
electron with at least 2.5 keV kinetic energy is emitted.
These high-energy continua can be treated as one because
none of them can be reached by a direct single-photon
ionization of atoms in the ground state. In effect, when
Γv ≪ ΓA, the interacting continuum contains only a small
part of the low-energy continuum and its major part resides
in the noninteracting continuum. Thus, the photoionization
cross section is described by the sum of two terms weighted
in proportion to ν ¼ Γv=ΓA: a well-known but small
contribution of the one discrete state-one continuum
Fano term characterized by Fano parameter q0 and a large
quasiconstant contribution due to photoexcitation of the
low-energy continuum component of the noninteracting
continuum. Denoting direct photoionization amplitude to
the low-energy continuum by Dvg and introducing x0 ¼
2ðω − ERÞ=ðΓv þ ΓAÞ, the cross section is expressed by

σ0ion ∝ jDvgj2
�

ν

1þ ν

ðx0 þ q0Þ2
x02 þ 1

þ 1

1þ ν

�
: ðA4Þ

Since DESs also emit x-rays with decay rate Γr, Eq. (A4)
must be modified to describe photoionization cross section
in the presence of radiative dumping [30]. Denoting by
Γ ¼ Γv þ ΓA þ Γr the total decay rate of DESs, the Fano
parameter q0 is replaced by q ¼ q0ðΓv þ ΓAÞ=Γ, energy
detuning x ¼ 2ðω − ERÞ=Γ replaces x0 and the Lorentzian,
proportional to μ2 ¼ Γ2

r=Γ2, must be added to (A4):

σion ∝ jDvgj2
�

ν

1þ ν

ðxþ qÞ2 þ μ2

x2 þ 1
þ 1

1þ ν

�
: ðA5Þ

Equation (A5) with q ¼ −0.44� 0.05 and ν ¼ 0.018�
0.002 fits well the experimental absorption spectrum in
Fig. 4(c). The presence of the Lorentzian with μ ¼ 0.12
does not significantly affect the fitting result. Prior to the
fitting, a smooth jDvgj2 ionization background was esti-
mated by extrapolation of the measured absorption signal
from below the resonance region and most of the con-
tribution of higher-lying resonances was subtracted. In
principle, to construct the absorption cross section,
μPRjDvgj2=ðx2 þ 1Þ must be added to (A5) to account

for x-ray decay of DESs. However, the contribution of this
term is small and does not affect parameter values beyond
the assigned error bars.
We have nearly reproduced the ν value from the fit

by calculations: the ratio of the participator Auger rate
Γv ¼ 7.7 meV versus ΓA (estimated from the calculated
K − L2

23 Auger decay rate of DESs [19,22]) is 0.016. The
calculation of q parameter is out of the scope of this work
because, for the windowlike resonances, the coupling of a
discrete state with the continuum has to be carefully
evaluated over a large range of photoelectron energies.
Note that shake-up Auger assisted photoelectron recap-

ture, the main subject of this Letter, does not affect the
above analysis. The recapture couples only weakly the low-
energy and high-energy continua and can be safely
neglected to model the absorption profile. On the other
hand, a relatively weak participator Auger coupling does
not affect significantly the nonresonant recapture paths to
the high-energy continua because it generates only a small
modification of the low-energy continuum.
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