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Photoelectron recapture and reemission process associated with double Auger decay in Ar
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Multielectron coincidence spectroscopy has been performed for Ar at a photon energy of only 0.2 eV above the
2p\» threshold. Itis revealed that a postcollision interaction induced by double Auger decay leads to photoelectron
recapture, followed by reemission of the captured electron, where the recapture of the slow photoelectron forms
the Ar?* Rydberg-excited states which subsequently undergo autoionization. The energy correlation of the emitted
electrons discloses that both direct and cascade paths in the double Auger decay contribute to the photoelectron

recapture.
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I. INTRODUCTION

Inner-shell photoionization of an atom in the ionization
threshold region results in the emission of a slow photoelec-
tron, and a subsequent Auger decay of the formed core-hole
state can thus occur when the photoelectron is still in the atomic
field. Here, a postcollision interaction (PCI), the Coulomb
interaction among the photoelectron, the Auger electron(s),
and the atomic field changing during Auger decay, plays a
significantrole, and leads to an energy loss of the photoelectron
and the corresponding energy gain of the Auger electron(s).
When the photon energy approaches close to the ionization
threshold and accordingly the photoelectron escapes initially
with a low kinetic energy, the energy loss of the photoelectron
due to PCI can be larger than the initial kinetic energy
in the photoionization process. In this case, the outgoing
photoelectron is recaptured into a high-n Rydberg orbital [1].

For the dominant Auger decay pathway emitting a sin-
gle Auger electron, the associated photoelectron recapture
produces a singly charged ion in a high-n Rydberg state. If
the high-n Rydberg state lies above the double-ionization
threshold, the recaptured photoelectron can be reemitted
through autoionization [2]. The autoionization lines corre-
sponding to such photoelectron reemission processes have
been identified generally in electron spectra measured around
atomic inner-shell thresholds [3—6]. Moreover, related pro-
cesses are observed for molecules, where singly charged
molecular ions formed by the photoelectron recapture undergo
dissociation and a subsequent electron emission occurs from
the dissociation fragments [7,8].

Besides single Auger electron emission, double Auger
decay in which two Auger electrons are emitted contributes
also for a significant fraction in the total Auger intensity. For
example, the Auger decay of the Ar 2p holes includes a 10%
contribution of double Auger decay [9]. The PCI associated
with double Auger decay may also induce photoelectron
recapture followed by reemission, where autoionizing doubly
charged ion states are produced intermediately. No direct
evidence of such a process, however, has been obtained so far
for atoms. Meanwhile, recently a multielectron coincidence
investigation on the inner-shell photoionization of H,O clar-
ified a related process in which autoionizing fragments are
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produced by the dissociation of high-lying H,O>* states [10].
The H,O%* states are populated by photoelectron recapture
associated with double Auger decay.

In this article, we have performed a multielectron co-
incidence measurement for Ar at a photon energy of only
0.2 eV above the Ar 2p;/, threshold. An energy correlation
analysis of triple coincidence events enables us to identify
the photoelectron recapture and reemission process associated
with double Auger decay. It is revealed that, as well as a
direct double Auger path in which the two Auger electrons are
emitted simultaneously, a cascade double Auger path through
the creation and decay of intermediate Ar>* states contributes
to the photoelectron recapture.

II. EXPERIMENT

The experiment was performed at the undulator beamline
BL-16A of the Photon Factory. The storage ring was operated
at the hybrid-fill mode [11] with the bunch filling pattern
comprising a train of low-current bunches (350 mA for
156 bunches) and a single high-current bunch (50 mA)
diametrically opposite to the bunch train. The single bunch
is isolated from the bunch train by symmetrical 156-ns gaps.
The stored current was kept constant by top-up injection.

Synchrotron radiation from twin APPLE-II type undulators
whose magnetic field conditions were set to be identical
was monochromatized by a grazing incidence monochromator
using a varied-line-spacing plane grating [12]. A mechanical
chopper [13], synchronized to the master clock of the storage
ring operation, was used to select the light from the isolated
single bunch. The chopper is based on a spinning disk (a
diameter of 200 mm) with the rotational axis parallel to the
photon beam. At the periphery of the disk, 360 slits of 50 um
(tangential) x 1.5 mm (radial) are engraved at equal intervals.
The achieved repetition rate of the light pulses from the single
bunch is 144 kHz. A simple geometrical estimation assuming
alight focal size of 20 pm results in an opening time of 280 ns,
which is enough to block fully the light from the bunch train
part; at the present measurement setting, however, a leak of the
bunch-train light was found to be about 4% in total intensity
of the light passing through the chopper.
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Multielectron coincidence spectroscopy was performed
using a magnetic bottle electron spectrometer [14]. The
description of the spectrometer and the data accumulation
scheme is given elsewhere [15]. Electrons formed in the
ionization region are captured over a 4w solid angle by the
magnetic field lines and are guided towards the microchannel
plate (MCP) detector terminating a 2.5-m flight path. An
acceleration of 100 eV is finally given to electrons before
hitting the MCP detector. The flight time of a 0 eV electron
is around 4 pus due to a weak electric field applied in the
ionization region, and electrons in the whole energy range are
detected before the next light pulse. Conversion of the electron
time of flight to the kinetic energy was achieved by measuring
Ar photoelectron spectral lines at different photon energies.
The energy-resolving power of the spectrometer, E/AE, was
estimated to be nearly constant at 60 for electrons of £ > 3 eV,
though AE was limited to around 20 meV [full width at half
maximum (FWHM)] for E <1 eV. The electron detection
efficiency of the spectrometer was measured as decreasing
slowly with electron kinetic energy from 55% (E = 0eV) to
35% (E = 200¢eV). Electrons produced by the leak of the
bunch-train light can be effectively filtered out in the data
analysis, since their flight times with respect to the isolated
single bunch have offsets and thus their calculated energies
are out of the expected energy range.

III. RESULTS AND DISCUSSION

A multielectron coincidence data set for Ar was accumu-
lated at a photon energy of hAv = 250.95eV for 6 h with
a count rate around 4 kHz. The photon bandwidth of the
monochromator was set to around 40 meV, and the uncertainty
in the photon energy calibration was around +30 meV. Figure 1
shows an electron energy spectrum in the kinetic energy range
of 0-30 eV, derived from the total events in the coincidence
data set. The photon energy is only 2.3 and 0.2 eV above
the 2p3;, and 2p;,, thresholds (248.628 and 250.776 eV
[16]), respectively, and thus the photoelectrons are subject
to a remarkable PCI effect. In fact, one finds in Fig. 1 that the
shape of the 2p3,, photoelectron peak is asymmetric with a
long tail at its lower kinetic energy side and the maximum
is shifted to —0.2 eV from the nominal energy. For the
2p12 photoionization, though only a small fraction of the
photoelectron peak can be identified above the kinetic energy
of 0 eV, most of the photoelectron intensity has disappeared. In
this case, the energy loss due to PCI is principally larger than
the kinetic energy gained at the initial photoionization, and
the photoelectron is predominantly recaptured into a high-n
Rydberg orbital.

For the single Auger decay of the 2p;/, core-hole state, the
sequential process leading to the photoelectron recapture can
be represented as

Ar+hv — Arf2pi) + €pno (la)
— Ar?t3172 =+ €photo + €Auger (1b)
— Art3I72 Ry + eauger- (Io)

When the Art state finally populated by process (1c) is
highly excited and lies above the Ar** threshold, the recap-
tured photoelectron can be reemitted through autoionization
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FIG. 1. Kinetic energy spectrum (solid black) of all electrons
emitted from Ar ionized at a photon energy of 250.95 eV, which is
only 2.3 and 0.2 eV above the 2p3,, and 2 p, , thresholds, respectively.
The nominal kinetic energies of the 2p3/, and 2p;, photoelectrons,
expected in the absence of PCI, are indicated. The assignments of the
photoelectron reemission structures (labeled as S1-S9) associated
with the single Auger decay are summarized in Table I of Ref. [6].
Note that structure S2 overlaps the 2p3;; photoelectron peak. The
dashed red spectrum delineates the contribution from the normal
double Auger decay after the 2p photoelectron emission, which was
obtained in coincidence with the 2p photoelectrons in the kinetic
energy range of 0-2.5 eV.

of the Ar™ state:
Art3172Ry — Ar*t3I72 +e. )

Figure 1 exhibits peak structures resulting from the pho-
toelectron reemission [process (2)], confirming the previous
investigation [6]. Here, the same labels (S1-S9) as in Ref. [6]
are adopted to present the structures. Each peak shows an
asymmetric shape with a tail toward the lower kinetic energy
side, resulting from the overlap of the autoionization lines from
the Art Rydberg series.

Similar to the single Auger decay, the double Auger
decay of the 2p;/, core-hole state may induce photoelectron
recapture followed by reemission:

Ar+hv — Arf2pi) + epno (3a)
— ArPT317 + epnoto + €auger + €anger  (3b)
— Ar*t3I7 Ry + eauger + €Augers (3¢)
and then
ArPT3I3 Ry — APT3I73 +e. 4)

The energy of the electron emitted in process (4) is defined
by the energy difference between the high-n Rydberg Ar’*
and final A’ levels, and is expected to fall mostly within the
kinetic energy range shown in Fig. 1; however, any tangible
structures associated with the minor Auger pathway are hardly
identified in this ordinary electron energy spectrum. Note that
this spectrum includes the contribution from the double Auger
decay from the 2p~! core-hole states formed by the complete
ejection of the photoelectron. The contribution, estimated from
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the coincidence events including the 2 p photoelectrons in the
kinetic energy range of 0-2.5 eV, is shown by the dashed red
curve in this figure, which exhibits the continuous distribution
due to the direct path and some sharp peaks due to the cascade
processes [17].

The sequence of processes (3) and (4) results finally in
emission of three electrons in total (two Auger electrons and
an autoionization electron), and thus this sequential process
can be isolated by inspecting the triple coincidence events
in the coincidence data set. Practically, the triple coincidences
include a dominant contribution from the normal double Auger
decay of the 2p~! core-hole states (triple coincidences of a
2 p photoelectron and two Auger electrons) [17]; however, its
contribution can be effectively excluded by masking the events
including an electron in the kinetic energy range of 0-2.5 eV,
considering that the photoelectron has a kinetic energy of less
than 2.5 eV.

The triple coincidences in which the contribution from
the normal double Auger decay of 2p~! is thus excluded
are displayed in the two-dimensional map in Fig. 2. Here,
the coincidence yields are plotted as a function of the sum
of the kinetic energies of the two faster electrons (horizontal
axis) and of the kinetic energy of the slowest electron (vertical
axis). In this way of plotting, the formation of a given Ar’*
final state should appear on the diagonal line defined by the
equation

(Binding energy of Ar’™ state)
= hv — (sum of kinetic energies of two faster electrons)

— (kinetic energy of slowest electron). (@)

In practice, several diagonal stripes comprising island struc-
tures are identified as the final formations of the Ar’* 3p—3
and 3s~'3p~2 states. The island structures are attributed to
the photoelectron recapture and reemission process associated
with the double Auger decay.

The top panel in Fig. 2 shows the projection of the
coincidence yields on the two-dimensional map toward the
horizontal axis. Assuming that the two Auger electrons emitted
in the double Auger decay are faster than the autoionization
electron, this projection delineates the populations of the
Ar?* 3] 73Ry states produced in process (3¢), and is thus plotted
as a function of the binding energy of Ar?*, converted by the
relation of

(Binding energy of Ar*" state)

= hv — (sum of kinetic energies of two Auger electrons).
(6)

In the projection curve, peaks are observed just below
the binding energies of the Ar’* levels. These peaks can be
allocated to the high-n Rydberg-excited Ar>* states populated
by photoelectron recapture [process (3c)]. This observation
justifies the assumption that the electrons emitted by the
autoionization [process (4)] are often slowest in the three
emitted electrons. Accordingly, the island structures on the
two-dimensional map are observed at the vertical locations
corresponding to the energies of the autoionization electrons
emitted from the high-n Rydberg Ar** states.
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FIG. 2. Energy correlation map plotting triple coincidence yields
due to the photoelectron recapture and reemission process associated
with the double Auger decay. The top panel shows the projection
of the coincidence yields onto the horizontal axis, delineating the
Ar** Rydberg states populated after the photoelectron recapture.
The binding energies of Ar** levels [18] which correspond to the
converging limits of these Ar’* Rydberg states are indicated with
dotted lines. Note that the Ar’* states with the main configuration
of 3p™3d, lying densely in 105-115 eV, are not located, in order to
avoid congestion.

For a clear display of the autoionization structures, intensity
distributions are extracted along the diagonal lines for the
formation of the individual Ar’t 3 p’3 states, and are plotted
in Fig. 3. It is found that the autoionization peak profiles
are asymmetric with sharp edges at their higher kinetic
energy sides and long tails towards lower-energy sides. The
asymmetric profiles result from the overlaps of autoionization
lines of Ar’* Rydberg states converging to excited Ar** levels,
and thus reflect the populations of the Ar’t Rydberg states
due to the photoelectron recapture. The vertical bars in Fig. 3
indicate the energies [18] of higher-lying Ar’* levels with
respect to the individual final Ar** states, and their locations
agree with the edges at the higher kinetic energy sides of the
major peak structures. Accordingly, assignments of the peak
structures are straightforward: Most of the peaks are assigned
to the Rydberg states converging to the Ar’* 35713 p~2 levels,
while the large peak structure around 4 eV in the formation
of Ar**3p—34§ is allocated to the autoionization from the
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FIG. 3. Energy distributions of the slowest electrons emitted for
the final formation of the three components of Ar** 3p~3, which
correspond to the intensity distributions along the diagonal lines in
Fig. 2 for the formation of the individual Ar** states. The spectra
delineate the energies of reemission electrons due to autoionization of
the Ar>* Rydberg states populated after the photoelectron recapture.
The energies [18] of higher-lying Ar’* levels with respect to the
individual final Ar** states are indicated.

Rydberg states converging to Ar** 3p~32P. The peaks seen
between the Rydberg states converging to the 2D and 2 S levels
of Ar** 3s713p~2 are ascribable to the Rydberg states con-
verging to Ar** 3p~*(3 P)3d 2 P. 1t is likely that autoionization
from some Ar’* Rydberg states shows strong preferences
for the final Ar’* states: For example, autoionization of the
Rydberg states converging to 3s~'3p~22D forms preferably
3p~32D, moderately 3p~32P, and weakly 3p—34S, while
the formation of 3p~—3 2D is predominant in the autoionization
from the Rydberg states converging to 3s~'3p~22P.

Next, the pathway of the double Auger decay in process
(3b) is considered in detail. The emission of the two Auger
electrons occurs simultaneously (direct double Auger decay)
or in a stepwise manner through the creation and the decay of
an intermediate Ar>* state (cascade double Auger decay) [17].
Both the two Auger electrons emitted in the direct path have
continuous energy distributions, while those in the cascade
path have discrete energies. These two paths are therefore
distinguishable from each other in the inspection of the energy
sharing of the Auger electrons.

Figure 4(a) shows the energy distribution of the two Auger
electrons emitted for the formation of the Ar>* Rydberg
states converging to Ar>* 3p=32P_ This plot is derived from
the triple coincidences for the formation of Ar**3p=34S on
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FIG. 4. (a) Energy distribution of the two Auger electrons for
the photoelectron recapture into the Rydberg states converging
to Ar’*3p~32P. The first 2.5-eV width spectral range and the
corresponding last range are lost by masking the contribution from
the double Auger decay of 2p~! (see text). The blind range around
the middle, where two Auger electrons have almost equal kinetic
energies, arise from the detection dead time of 40 ns. (b) Enlargement
of the low kinetic energy part of the distribution in (a).

condition that the two Auger electrons of higher energies
are observed in coincidence with an electron of 3—4.5 eV
(corresponding to autoionization from the Rydberg states
converging to Ar’* 3p~32P). Here, the contribution from
the double Auger decay of 2p~! is excluded, as mentioned
before, by masking the triple coincidence events including an
electron in the kinetic energy range of 0-2.5 eV. The energy
distribution in Fig. 4(a) generally shows a U-shaped profile,
which is commonly observed for the direct path in double
Auger decay.

An enlargement of the low kinetic energy part of Fig. 4(a)
is shown in Fig. 4(b), where at least two sharp peaks
ascribed to the cascade path are visible. Their kinetic energies
and the relative intensities agree well with those of the
peaks seen in the cascade path of the normal double Auger
decay from the Ar*2p~! core-hole states into the final
Ar’t3p=32P state [17]. The Ar’t states formed interme-
diately in the normal double Auger decay are assigned to
3p~*3d* [17]. Consequently, the cascade path observed in
Fig. 4 is explained as follows. Immediately after the 2p;,»
photoionization, the cascade double Auger decay proceeds into
Ar** 3p~32 P via intermediate Ar’* 3p~*34? states, and the
PCl leads to the photoelectron recapture into the Ar>* Rydberg
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FIG. 5. Two-dimensional map of energy correlation between
second faster and slowest electrons emitted for the final formation of
Ar*t3p=34S, through the photoelectron recapture into the Rydberg
states converging to Ar’* 3p~32P. The second faster and slowest
electrons correspond practically to the second-step Auger electron
in the cascade double Auger decay and the reemission electron,
respectively. The top and right panels show the replots of the
corresponding ranges of the spectra in Figs. 4(b) and 3 (bottom),
respectively.

states converging to Ar’* 3p~32P. Subsequently, the Ar**
Rydberg states formed undergo autoionization into
Ar3t3p=34S, resulting in the reemission of the recaptured
photoelectron. The observation of this sequential process
manifests that the lifetimes of the Ar’t3p~*3d> states
intermediately formed in the cascade double Auger decay are
not long enough to allow the photoelectron to escape fully
outside the atomic field.

It is estimated from the intensities of the U-shaped con-
tinuum and the peak structures in Fig. 4(a) that the cascade
path shares ~30% in the formation of the Ar’* Rydberg
states converging to Ar’* 3p~3 2 P_ For the formations of Ar**+
Rydberg states converging to the Ar’* 3s13p~2 states, the
energy distributions of the two Auger electrons (not shown)

PHYSICAL REVIEW A 93, 063412 (2016)

display similar U-shaped profiles, but no remarkable peak
structures assignable to the cascade path are identified in the
distributions. This observation is consistent with the fact that
the direct path is dominant in the normal double Auger decay
of the Ar* 2p~! core-hole states into Ar’* 3s~13p~2 [17].

Figure 5 displays the energy correlations between the
second-step Auger electron in the cascade double Auger decay
(horizontal) and the reemission electron (vertical), for the
photoelectron recapture into the Rydberg states converging to
Ar** 3p~32 P Structures corresponding to the cascade double
Auger path via the Ar’>* 3p~*3d? states can be identified
on the energy correlation map. The tilted ridges of these
structures imply that the energy of the reemission electron
decreases as increasing the energy of the second-step Auger
electron. In other words, lower-n Rydberg states converging
to Ar** 3p32P are produced by a larger energy gain of the
second-step Auger electron; this observation is reasonable in
terms of the PCI effect. On the energy correlation map, the
slopes of the structure ridges are around —3, implying that the
energy loss of the photoelectron is about three times larger
than the energy gain of the second-step Auger electron. The
energy gain of the first-step Auger electron, which cannot be
directly detected with the limited energy resolution for such a
high-energy range, should balance the excessive energy loss of
the photoelectron, and is about two times larger than that of the
second-step Auger electron. The energy sharing between the
two Auger electrons results from the PCI dynamics reflecting
the lifetime of the intermediate Ar>* states.

In conclusion, multielectron coincidence spectroscopy has
been performed for Ar at a photon energy close to the 2p;/»
threshold. The energy correlation information enabled us to
isolate the photoelectron recapture and reemission process
associated with the double Auger decay, and to reveal that both
cascade and direct paths in the double Auger decay contribute
to the photoelectron recapture.
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