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Abstract

We report on an experimental and theoretical study of post-collision interaction (PCI) effects on
Ly — My 5N2 3 Auger electrons measured above the Kr K-edge in which Ly vacancies are primarily
generated by K Lo x-ray emission. Such cascade processes, in which a deep inner-shell vacancy
decays first by x-ray emission followed by Auger electron emission, is a strong decay mode in heavy
atoms. The Ly — My 5N2 3 Auger electron peak is observed to become increasingly asymmetric with
a shifting peak maximum as the absorbed x-ray energy approaches the K-shell ionization thresh-
old. This is attributed to PCI energy exchanges of the Auger electron with the 1s photoelectron.
To model the PCI effects, we have applied a semiclassical approach modified to account for the
combined lifetimes of the K and Lo hole states. In addition, our analysis treats several closely

spaced Auger transitions with final ionic states having different terms and angular momenta.
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I. INTRODUCTION

Post-collision interaction (PCI) in atomic inner-shell photoionization has been extensively
investigated during the last several decades (see e.g. Refs. [1-3] and references therein).
Interest in this subject is motivated by the need for understanding the complicated dynamics
of deep shell vacancy decay. PCI is associated with the Coulomb interaction between the
emitted electrons and the receding ion and strongly influences the energy distributions of the
photoelectrons and the Auger electrons. PCI effects have largely been studied in processes
where the initially created vacancy decays by means of single Auger decay [4-6] or double
Auger decay [4, 7-10].

An alternative decay pathway is by radiative decay of the initial core hole, a process
of increasing importance for K-shell vacancies of heavy atoms since the fluorescence yields
increase rapidly with the atomic number Z [11]. In this case an electron from an intermediate
shell fills the deep vacancy and a high energy photon is emitted. Such a radiation process
can be followed by Auger decay of the intermediate vacancy. PCI effects are also revealed in
these “consequent radiation-Auger decay” (CRAD) processes and lead to distortions of the
photoelectron spectra and the Auger electron spectra. These effects were first observed in
the slow (2-4 eV) photoelectron spectra recorded in coincidence with selected charge states
of the receding ion for the case of Ar 1s photoionization [8]. The PCI distortion of the
emitted LM M Auger electron spectra for the same case of Ar 1s photoionization followed
by CRAD processes has been studied in noncoincidence measurements [12]. The CRAD
process was also investigated in PCI distortion of the Ls — MysM, 5 Auger line following
Kr 1s photoionization for a few values of excess photon energy above the threshold [13].
However no systematic study of the PCI effects in CRAD processes following deep shell
photoionization over a wide range of photon energies has yet been carried out.

Here we present results of PCI distortion of the Kr Ly — M, 5N 35 Auger electron line
emitted in the CRAD process following 1s photoionization. The Auger decay considered
demonstrates effects with the following distinguishing features.

(1) The PCI distortion of the energy distribution of the emitted electrons, i.e., the shift
and asymmetry of the line shape, depends strongly on the widths of the initially created K-
vacancy and the Ly vacancy which decays with Auger electron emission. Such a distortion

increases with the widths of the vacancy states. The widths of the vacancies involved in the



case considered here in Kr are large (I'(1s) = 2.75¢eV, I'(Ls) = 1.31 eV [14]). Hence one can
expect a significant PCI effect.

(2) The electron spectrum of the Ly — My 5 N5 3 Auger transition includes several lines with
different total angular momenta [15]. In Ref. [15], the Kr L-shell Auger electron spectra have
been investigated in detail experimentally and the calculated Auger transition energies and
decay rates tabulated in the Supplemental Material. The energies of these lines overlap and
span a rather narrow interval ~3 eV. Hence all these lines can contribute to the measured
yield of the Auger electrons if the exact final state of the Auger transition is not resolved in
the experiment. Each line is essentially affected by PCI. So the measured electron yield is
formed by the combined contributions of the individual lines. Hence the measured line shape
differs from the traditional line shape distorted by PCI effects and requires an additional
analysis.

(3) The Ly — M, 5N 3 transition was chosen for investigation of PCI effects since it is
relatively well isolated from other transitions which makes its line shape analysis more clear.

Using tunable x rays and electron spectroscopy, we have measured the energy position
and line shape of the Kr Ly — M, 5 N2 3 Auger transition over a wide range of incident photon
energies, from the 1s threshold to several hundred eV excess energy. In the near threshold
region, strong PCI distortion has been observed. Namely we have observed a significant
energy shift of the line and a remarkable asymmetrical line shape. The PCI effects have also
been calculated within the modified quasi-classical approach [8]. The PCI shift calculations
agree rather well with the measurements. Also, an analysis and calculation of the PCI
distorted line shapes shows that the measured line shapes are formed from contributions of
several individual PCI distorted Auger transitions.

Our paper is organized as follows: in Section II, we give a short description of the CRAD
process and the theoretical approach used in this study; in Section III, we describe the
experimental setup used to measure the Auger spectra presented in the paper; in Section
IV, we compare and discuss the results of measurements and calculations of the PCI influence
on the shapes and energy positions of the Auger lines. The atomic system of units, |e| =

me = h =1, is used throughout unless otherwise indicated.



II. CRAD PROCESS OF INNER VACANCY

We will consider the process of Krypton 1s? photoionization followed by CRAD of the

inner vacancy. The scheme of the process is
Y+ Kr — Krt(1s ) +en — Krt(2p D4y +epn — Kr*t(3d p ™)+ +epn+eaug - (1)

In the first step of the process (1) an incident photon is absorbed by the Kr atom with
emission of a slow electron e,, from the deep 1s? shell. Then the created 1s~! vacancy
decays with emission of a high energy photon 7; and the creation of a 2p~! vacancy in the
intermediate 2p%-shell. In the next step, the 2p~!-vacancy decays by emission of the fast
Auger electron e4,, leaving the doubly-charged Kr?* ion with two vacancies 3d~* and 4p~*
in the outer shells.

We will study the process of the decay of the Lo-vacancy (the last step of reaction (1)),
occurring via the Auger transition Ly—My 5N 3; the energy of such transitions is located near
EE,O) ~ 1610 eV [15]. The energy of the photoelectron E}E?l) at the moment of its generation
is determined by the excess of photon energy above the 1s~! threshold, EI()?L) = AFE. In
our study the excess photon energies are limited to 140 eV, hence the Auger electron is
considerably faster than the photoelectron. The emitted fast Auger electron quickly passes
the slower photoelectron and leaves the interaction region. The Coulomb repulsion between
the electrons in the course of their relative motion additionally speeds up the Auger electron
and slows down the photoelectron. This energy exchange leads to the PCI related distortion
of the electron energy distributions. As a result, the maximum of the Auger energy spectrum
E'%* is blue shifted with respect to the Auger transition energy ES)) by ea = EQ’M—ES)) > 0,
while the maximum of the photoelectron energy spectrum is red shifted with respect to the
excess photon energy AFE by g,, = E;* — AE < 0. The target ion is too heavy to
participate in this PCI energy exchange. Hence, due to energy conservation, e4 = —¢&pp,.

In the limit of a very large ratio of electron velocities we can consider that the photoelec-
tron position ry, is essentially unchanged during the PCI with the fast Auger electron. In
this case the photoelectron undergoes shake-off at the moment of Auger decay due to the
sudden change of its potential energy [1]. Before the Auger decay the photoelectron moved
in the field of a singly charged ion. After the Auger decay, when the Auger electron has

left the interaction region, the photoelectron moves in the field of the doubly charged ion.



The PCI energy shift in this classical picture equals the sudden change of the photoelectron
potential energy, e,, = —1/rp.

For the theoretical description we will use the semiclassical approach modified for CRAD
processes [8]. This approach, based on the WKB approximation, treats quantum mechan-
ically the coherent dynamics of all charged particles involved in the PCI. Among its ad-
vantages are applicability to a wide range of incident photon energies, including the near
threshold region, and flexibility that allows for descriptions of a wide variety of possible
ionization channels. This approach was first developed [16-18] for the simplest ionization
process when a deep inner-shell vacancy decays via a single Auger transition. It has then
been extended to more complicated cascade channels of the primary vacancy decay including
multi-Auger processes [19] and the CRAD processes [8].

In the simplest case of single Auger decay, the amplitude of the ionization process is
proportional to the overlap integral of the wave function of the intermediate state of the
photoelectron propagating, prior to the Auger decay, in the field of the singly charged ion
and the final wave function of the photoelectron moving in the field of the doubly charged
residual ion and outgoing Auger electron [1]. Since the state of the ionized atom with an
inner-shell vacancy is metastable, the emitted photoelectron in the intermediate state has
the complex energy EZS?L) = AFE +il'/2, where I' is the inner-shell vacancy decay width.
Consequently, the photoelectron wave function exponentially decreases o exp(—I'r,,/v),
where v denotes the photoelectron velocity. Therefore the main contribution to the overlap
integral comes from the electron distances about r,, ~ v/I" which is quite natural because
v/T" = vT is the free electron path prior to the Auger decay, and 7 = 1/I" is the Auger decay
time. One can expect that the PCI energy shift should be given by the sudden change of
the ionic potential at such electronic distances. Indeed, at high Auger electron velocity and
rather large photon excess energies, where the semi-classical approximation is equivalent to
the eikonal approximation [20], there is a simple analytical expression for the PCI energy
shift ,,, = —I'/2v which confirms the physical picture of the PCI effect outlined above. The
energy shift of the Auger electron line €4 is opposite to the photoelectron shift.

Now, considering the CRAD processes, the model needs to take into account that the
emission of the photon ~; in (1) does not change the charge state of the ion. So the primary
emitted photoelectron propagates in the field of the singly charged ion before the Auger

decay during the time 7y, + 7o, where 7, = 1/I';, and 7y, = 1/I'y, are the lifetimes of the



1s7! and 2p~! vacancies. The PCI energy exchange occurs at the moment of the Auger
decay with 715 + 72, delay after the 1s? shell ionization. On these grounds, a model for the
CRAD process has been proposed in Ref. [8] where its amplitude is given by the WKB
amplitude for the single Auger decay [18] with an effective decay width corresponding to

T1s + Top lifetime: , -
1s "1 2p

= ) 2
Tls+T2p) F15+F2p ( )

This model has been proven valid in cases [8, 12] where it provided good agreement with

Lepp = (
experimental observations.

III. EXPERIMENT

The experiment was conducted at beamline 7-ID of Argonne’s Advanced Photon Source
[21] using a Scienta EW4000 hemispherical electron analyzer. The analyzer has a 200 mm
mean radius and a multi-element entrance lens for high collection efficiency and resolution
over a broad range of electron energies. The analyzer was operated with a 1.5 mm entrance
slit and 200 eV pass energy that gave an estimated electron energy resolution of 0.75 eV.
The beamline’s Si(111) double-crystal monochromator was used with the undulator’s 3rd
harmonic. Horizontal and vertical slits defined the x-ray beam size to <1 mm?, and the
estimated bandwidth was ~1.6 eV. A preliminary calibration of the x-ray energies was
obtained by measuring the Kr K-shell x-ray absorption spectrum near 14.3 keV [22].

The x rays passed through a gas cell positioned at the source point of the electron analyzer
with its entrance lens parallel to the linear polarization plane of the x-ray beam. Krypton
flowed through the gas cell at constant density, and electrons exited through a slit facing the
analyzer’s entrance lens. A comprehensive experimental and theoretical study of Kr L-shell
Auger transitions is given in Ref. [15]. The Ly — M, 5N2 3 Auger transition near ~1610 eV
was chosen for investigation of PCI effects because it is relatively well isolated from other
transitions and its multi-line substructure is calculated (see the Supplemental Material of
Ref. [15].)

Below the K-edge, the Auger line is generated by direct L, photoionization. Above
the K-edge, the yield of the Ly — M, 5N, 3 Auger line was observed to increase by x10.
This is due to Ly vacancies generated by K-shell photoionization followed by K Lo x-ray

emission. Fluorescence yields of K-vacancies increase rapidly with atomic number 7, and



the fluorescence yield of Kr is 0.643 [11]. X-ray emission transfers the K vacancies to L- and
M-subshells, and approximately 30% of the radiative transfers are to the Lo-subshell [23].
Since the Ly vacancy state has a total angular momentum J = 1/2 and equally populated
magnetic substates, it cannot be aligned [2]. The Ly — M, 5N 3 Auger electrons are therefore
ejected isotropically.

To investigate PCI effects, which strongly depend on the 1s photoelectron excess energy,
the Auger electron spectrum was measured from the 1s ionization threshold to several-
hundred-eV excess energy. The position of the Kr 1s ionization threshold is obscured in
the x-ray absorption spectrum by lifetime broadening of the 1s — np Rydberg series and
the arctangent shape of the ionization edge [22]. We determined the ionization threshold
accurately by recording the Ly — My 5N5 3 Auger electron spectrum while stepping the x-ray
energy through the pre-edge resonances. This produced resonant Auger transitions that
are shifted in electron energy from the diagram transition. A full report on the analysis
of the resonant Auger transitions is in preparation [25]. One of the results is an accurate
determination of the 1s ionization threshold. Briefly, KL, x-ray emission at the 1s — 5p
resonance produces the 2p~15p intermediate state that decays to the 3d~14p~15p final state.
The integrated peak intensity of this final state displays a maximum at the position of the
1s — bp resonance. Using the Z+1 approximation to link the 1s — np Rydberg series of
Kr to the corresponding optical spectrum of Rb [26], the 1s ionization energy is 2.61(1) eV
above the 5p resonance. The Z+1 term value is consistent with the analysis of the Kr x-ray
absorption spectrum [22] and with the Kr 3d~'np Rydberg series recorded in high-resolution
electron impact measurements [27]. With this procedure, we located the position of the Kr
1s ionization threshold (14327.19(13) eV [24]), and therefore the excess energies, with an

accuracy of better than 50 meV.

IV. RESULTS OF MEASUREMENTS AND CALCULATIONS

The results of our experimental measurements and theoretical calculations on the Ly —
M, 5N 35 Auger electron emission are presented in Figures 1 - 3. In Fig. 1 we show the
detailed analysis of the Auger spectrum formation at AE = 4 eV excess of photon energy
above the 1s ionization threshold. In Fig. 2 we compare the measured Auger line shapes

with two kinds of theoretical spectra calculated for three values of AE = 2, 10, 95 eV. One



theoretical line shape is calculated taking into account the most intense partial contributions
of Ly — M, 5N5 3 Auger transitions, and another shows the partial contribution of the main
Auger transition only. In Fig. 3 we compare the experimental and theoretical results for the
PCI energy shift of the Auger spectra within the wide range of photon excess energies 2 eV
< AFE < 140 eV. All of the Auger spectra presented demonstrate the presence of PCI energy
distortion which manifests itself in prominent asymmetry of the line shape and energy shift
of its maximum. The PCI effects are most prominent at small excess energies and diminish
at large AFE values.

The Ly — My5N23 Auger spectrum is formed by the contributions of 12 closely spaced
Auger transitions to the final ionic states with two vacancies, 3d~! and 4p~!, having different
terms and total angular momenta [15] (see Supplemental Material to [15]). The energies and
relative intensities of the most intense transitions, which carry more than 90% of the total
Ly — M, 5N5 3 Auger intensity are shown in Fig. 1 by thick vertical color lines marked with
numbers. The intensity of the strongest Auger line 1 we take as one unit. The energy of this
Auger transition has been taken equal to ES)) = 1609.576 eV to match the maximum E77**
of the measured Ly — My 5N2 3 Auger transition line shape at the excess of photon energy
of 1696 eV where the PCI shift becomes negligible. The relative intensities and the energy
spacings of the other strong individual Auger transitions have been taken according to Ref.
[15]. The second Auger line 2 is shifted by -0.8 eV from line 1 and has the relative intensity
equal to 0.472. Two very close transitions with the energy difference of 0.1 eV, which we
will consider for the sake of simplicity as one transition number 3, have the summed relative
intensity equal to 0.146. This line is shifted by +0.65 eV from the main line 1. The transition
number 4 is shifted by +1.2 eV from line 1 and has the relative intensity equal to 0.228.

The spectra of Auger emission have been calculated according to the following scheme.
First the PCl-distorted line shapes have been calculated for all four individual Auger transi-
tions within the modified quasi classical approach [8], i.e. using the Auger decay amplitude
of Ref. [18] with the effective width I'.s; in Eq. (2). For the values of the inner shell
vacancies widths, I'(1s™) = 2.75¢eV, F(Qpl_/lz) = 1.31eV [11], Eq. (2) gives the value of
Iepp = 0.89eV. The intensities of the partial Auger lines have been calculated in arbitrary
units and are proportional to the relative intensities of the corresponding Auger transitions.

Then the obtained partial Auger spectrum contributions have been broadened in order

to take into account that the final ionic states of the Auger transitions Ly — My 5N3 3 have



a finite lifetime 7 leading to a spread in energy following a Lorentzian distribution with
width I'y = 1/74. Hence, the energies of the emitted Auger electrons, in addition to the
PCI effect, must also be affected by this energy distribution, and the correct description
of the Auger spectrum requires an additional convolution of the calculated PCI distorted
Auger spectrum with a Lorentzian of width I'y [2, 28, 29]. In this study, the value of I';
was chosen to be 88 meV, which is equal to the width of the 3d~! single core-hole state [30].
Hence the theoretical partial line shapes were convoluted with a Lorentzian of full width at
half maximum (FWHM) = 88 meV that simulates the spread of the Kr?*(3d '4p~!) state
energy. Calculated by this procedure, the four partial contributions are shown in Fig. 1 by
thin colored solid lines marked with corresponding numbers.

We note a strong blue energy shift of €4 = 0.65 eV for all calculated partial Auger
spectra from the corresponding unshifted Auger transition energies and their remarkable
asymmetrical line shapes, namely the right wing of the Auger line shape decreases more
slowly than the left one. As expected, the observed strong PCI distortion is connected with
the large values of the K and L, vacancy widths.

The total contribution of all four partial Auger lines is shown in Fig. 1 by the thick
solid red line. It also demonstrates the PCI related asymmetry, similar to each individual
partial contribution, but its line shape is much more complicated than the partial spectra as
a result of their combined contributions. The FWHM of the total Auger spectrum is much
larger than the widths of the component lines, but its maximum almost coincides with the
maximum of line 1 because it provides the largest contribution to the total spectrum.

Finally, in order to compare with the measurements, the line shapes obtained were convo-
luted with a Gaussian of FWHM = 750 meV that simulates the total experimental resolution
function of the electron analyzer. The spectral profile calculated in this way is presented in
Fig. 1 by the black dashed line. Since the intensities of the Auger emission are measured
and calculated in arbitrary units, we chose arbitrary units to adjust their maximum values.
There is some discrepancy between the positions of the maxima of the experimental and
theoretical spectra, as shown in Fig. 3, and this complicates the comparison of the observed
and calculated line shapes. For the sake of visual convenience, we shift in Fig. 1 the calcu-
lated spectrum (black dashed line) by -0.14 eV to match the position of the maximum of the
experimental spectrum. The observed agreement between the experimental and theoretical

line shapes supports the validity of the theoretical model. There is a small disagreement

10



between the measured and calculated line shape at the left profile wing in the energy region
below 1609 eV. In this energy region the measurements and calculations from Ref. [15]
predict small contributions from the L; — M; Ny 3 Auger transitions. This can explain the
higher background and the slight misfit between experiment and theory. Small contribu-
tions from the L; — M; Ny 3 and the LoMy 5 — My 5 My 5N2 3 Auger transitions can also explain
discrepancies between the measured and calculated line shapes presented in Fig. 2 for the
other excess photon energies (see below).

In Fig. 2, we compare the experimental and calculated Auger spectra for three excess
photon energies, AE = 2, 10, 95 eV. There we plot two theoretical curves for each excess
photon energy. The first curves, shown by the solid red lines, are calculated as described
above that combine the contributions of four Auger lines. The second curves, shown by
the dashed blue lines, result from the same calculations but account for the contribution
of the main Auger line 1 only. Thus the difference between these two theoretical curves
demonstrates the need to include the contributions of the secondary Auger lines. Similar to
the curves in Fig. 1, all Auger profiles have been normalized for the same maximal intensity.
Also, the calculated curves in Fig. 2 have been shifted by values ranging from 30 to 180
meV to match the energy positions of the experimental curves for visual comparisons of the
line shapes. The observed discrepancies in the positions of the experimental and theoretical
maxima of Auger profiles as a function of the excess photon energy can be seen in Fig. 3 and
are discussed below. The discrepancies between the measured and calculated line shapes
can be attributed to uncertainties in the experimental calibration of the energy scale, as
well as to some uncertainties in the calculated positions of the individual lines. Note that
similar disagreement between the measured and calculated line shapes was observed earlier
in Ar 1s photoionization followed by single Auger decay [3].

The PCI distortion of the Auger spectra presented in Fig. 2 is clearly seen in the line
shape asymmetry and in the energy shift of the maximum compared with the unshifted
position of the main Auger transition indicated by the vertical black line. The line shape
distortion increases as the excess photon energy AFE decreases towards the threshold. The
maxima positions of the two calculated curves almost coincide because the main Auger
transition gives the leading contribution to the spectra (see Fig. 1). Hence the PCI energy
shift of the Ly — M, 5N5 3 Auger spectrum can be well described by taking into account the

main Auger line only (see Fig. 3). However the single line profiles do not agree satisfactorily
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with the measured Auger line shapes, neither for small AE nor for the region of large AF.
That is, the calculated line shapes of the main Auger transition are significantly narrower
than the measured profiles. On the other hand, the calculated line shapes of the total
Auger spectrum shows rather reasonable agreement with the measured profiles. For small
AFE they reflect the PCI distortion, whereas for large AFE the calculated profiles are rather
symmetrical; their widths are also in reasonable agreement with the widths of the measured
line shapes. Hence both the PCI distortion and the contributions from several overlapping
Auger lines form the observed line shape in the case of the Ly — M, 5N, 3 Auger transition.

In Fig. 3, the measured and calculated energies E7}'%*

g of the maximum of the Ly — M, 5N 3

line are presented as a function of the excess photon energy region 0 < AE < 140 eV. The
shift £4 of the E/" from its unshifted value, Egj) = 1609.576 eV, is mainly associated
with the PCI distortion. The smaller the excess photon energy AFE is above threshold, the
larger is the PCI shift €4 of the Auger line. Both the measured and calculated dependencies
of the line shift €4 on the excess energy AFE show similar behaviour. For small values of
excess photon energy 1 eV < AFE < 4 eV the shift is in the range 0.8 eV < g4 < 1.1
eV. Such rather large values of the PCI energy shift are caused by the large widths of the
K and L, vacancies. The shifts calculated for Auger line 1 alone and for the total Auger
spectrum almost coincide. For the entire region, a reasonable agreement of the measured
and calculated values is found, although at small excess photon energies AE < 5eV the
measured shift is slightly smaller than the calculated one.

It should be noted that inner-shell photoionization of the Kr atom followed by the CRAD
process similar to Eq. (1) has recently been studied in Ref. [13]. In this work the Auger
transition Ls — M, 5 M, 5 has been investigated instead of the Ly — My 5 N2 3 Auger transition
considered in the present paper. One of the goals of Ref. [13] was to compare PCI effects
recorded above the Lz-edge but below the K-edge, where one-step Auger decay from the
Ls-vacancy state occurs, to PCI effects recorded above the K-edge where a time delay due to
K L3 fluorescence plays a role. Differences in the line shapes for the two cases were observed,
and a theoretical model was proposed that explains the measured PCI-distorted line shapes.
However, Ref. [13] also reported deviations from the effective lifetime model in Eq. 2 that
explains the PCl-distorted Ly — M, 5N 3 Auger line shapes and peak shifts measured in the
present work fairly well.

We have analyzed the discrepancies of our work with Ref. [13] by comparing PCI energy

12



shifts at similar excess energies. We find that the discrepancies are caused by the difference
of detector resolutions and by the effects of photoelectron recapture discussed in Ref. [3]. In
Ref. [13], measured Auger electron spectra were reported at three excess energies above the
Ls ionization threshold, 0.6 eV, 5.6 eV, and 95.6 eV. In Ref. [13] the measured line shapes
of the electron spectra are compared with theory in Fig. 2 and the PCI shifts are compared
with theory in Fig. 5. The excess energy of 5.6 eV is high enough so that photoelectron
recapture is not involved, and our model based on the semiclassical (WKB) amplitude of
Ref. [18] works pretty well. For comparison of the calculated Auger spectrum with the
experimental one, the calculated spectrum should be convoluted with a Gaussian function
that accounts for the detector resolution. For the detector resolution of 0.75 eV FWHM
used in the present work and 0.4 eV FWHM used in Ref. [13], we obtain PCI energy shifts
of 0.735 eV and 0.6 eV, respectively, at 5.6 eV excess energy. These shifts agree well with
the measurements of 0.73 eV and 0.58 eV, respectively. The effective decay width of 0.9
eV for Ly — M, 5M, 5 Auger transitions used in Ref. [13] almost coincides with our effective
width of 0.89 eV used for the Ly — My 5Ny 3 Auger transition. The two studies are therefore
consistent and the apparent difference is caused by the different detector resolutions.

The situation at 0.6 eV excess energy is quite different, because here the PCI energy
shift is larger than the photon excess energy. Photoelectron recapture by the ion takes place
and the WKB approach does not work properly. While the WKB amplitude [18] accounts
for the localized electron states, it does not account for the discrete nature of the electron
spectrum but treats it as continuous. Hence the fine structure of the electron spectrum
is described as a rough average. Therefore the agreement with experimental data strongly
depends on the detector resolution. In the present work, with a detector resolution of 0.75
eV, the calculated PCI energy shift systematically overestimates the experimental shift at
low excess energies as shown in Fig. 3 and discussed earlier. Nevertheless, at 0.6 eV excess
energy our calculated PCI energy shift is 1.15 eV while the experimental shift is 1.1 eV.

We note that with a detector resolution of 0.4 eV, the 0.6 eV excess-energy spectrum in
Fig. 2 of Ref. [13] shows a distinct structure that could result from photoelectron recapture.
We suggest that this can explain apparent disagreement with the predictions of the effective
width model. In Fig. 5 of Ref. [13] the PCI energy shift measured at the detector resolution
of 0.4 eV is 0.76 eV while the effective width model predicts 1.07 eV shift. This discrepancy

is six times larger than the discrepancy between the effective width model and experiment
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observed at the detector resolution of 0.75 eV and at the same excess photon energy of 0.6 eV
reported in the present work. Note that the theoretical approach developed for the CRAD
process in Ref. [13] also does not account for the discrete spectrum of localized photoelectron
states and therefore does not reproduce the structure of the 0.6 eV excess-energy spectrum
and overestimates its PCI energy shift.

Photoelectron recapture and experimental resolution are factors that complicate com-
parisons of models of PCl-distorted Auger electron line shapes at low excess energies and
more theoretical efforts are needed to reproduce details in the measured spectra near the

photoionization threshold.

V. CONCLUSION

We have reported on PCI effects for the case of Kr K-shell photoionization in which the
initially created K-vacancies are transferred to the Lo—subshell by x-ray emission and the Lo
holes decay by an Ly—M, 5N 3 Auger process. Electron spectroscopy with tunable x rays was
used to record the Auger electron spectra from the K-shell ionization threshold to several-
hundred eV excess energy. The Auger-electron peaks were observed to increasingly shift in
energy and become increasingly asymmetric as the excess energy approaches the threshold
due to energy exchanges with the 1s photoelectrons. The PCI effects were modeled using a
semiclassical approach modified to account for the lifetimes of the K- and L, - hole states.
By including several closely-spaced Ly — My 5N5 3 Auger transitions with different final-state
terms and angular momenta, the experimental line shapes were well reproduced. The energy
shifts of the Auger electrons as a function of excess energy matched the experimental shifts
fairly well. We conclude that the theoretical approach contains the essential elements to
model this class of deep inner-shell decays that begin with an x-ray emission step. Such

processes are particularly strong in the K-shell vacancy decays of heavy atoms.
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FIG. 1: (Color online) Calculated line shape of the Ly — My 5Na 3 Auger transition at AE = 4
eV photon excess energy above the 1s ionization threshold. Thin colored lines marked as 1-4 show
contributions of individual transitions (see text). Thick vertical lines show the locations of these
lines and their relative strengths. The thick red line shows the summed calculated line shape and
the dash line presents this intensity convolved with the electron detector resolution function. The

black open circles present the measured spectrum at the same energy.
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FIG. 2: (Color online) Line shapes of the Ly — My 5N2 3 Auger transition at different photon excess
energies above the 1s ionization threshold: a) AE = 2 eV, b)AE = 10 eV, ¢) AE = 95 V.
The red solid lines show the calculated spectra accounting for contributions from four individual
lines (see text) and the blue dashed lines present the calculated line shapes accounting for the
contribution of the main line 1 only. The black circles show the measured spectra. The black

vertical lines show the positions of the unshifted individual lines.
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FIG. 3: (Color online) Energies By of the maximum of the Ly — My 5N 3 Auger line versus the
photon excess energy AFE above the 1s ionization threshold. The black line presents the calculated

values and red open circles show the measured energies. The inset graph shows the results close

to threshold.
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