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We introduce time-resolved multielectron coincidence spectroscopy and apply it to the double Auger-
Meitner (AM) emission process following xenon 4d photoionization. The photoelectron and AM
electron(s) are measured in coincidence by using a magnetic-bottle time-of-flight spectrometer, enabling
an unambiguous assignment of the complete cascade pathways involving two AM electron emissions. In
the presence of a near-infrared (NIR) laser pulse, the intermediate Xe>™* state embedded in the Xe3*

continuum is probed through single NIR photon absorption and the lifetime of this intermediate Xe

is directly obtained as (109 + 22) fs.
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The creation of an inner-shell vacancy by high-energy
photons initiates relaxation processes which can be either
radiative or nonradiative. Electron correlation plays an
essential role in the latter case, in which the unstable
vacancy is filled by a valence electron and the released
energy liberates another valence electron, the so-called
Auger-Meitner (AM) electron [1]. It is well known that
deep inner-shell vacancies prefer to decay by emission of
two or more AM electrons, as demonstrated for various rare
gases [2—-10] and molecules [11-13]. In such cases, the
unstable intermediate dication further decays into a triply
charged ion. The interest in and significance of studying
multiple AM emissions originate from the prominent role
that electron correlation plays in the process.

As a consequence of the overlapping structures associated
with different inner-shell states and the involvement of
multiple AM decay pathways, accurately assigning individual
decay pathways remains challenging. Therefore, the coinci-
dent detection of the photo- and AM electron(s) would be of
great value to uniquely identify the inner-shell state, the
intermediate dicationic state, as well as the final state, and
thereby reveal the complete decay pathways. By utilizing a
synchrotron light source, Penent et al. [8] exploited photo-
AM-electrons coincidence spectroscopy to reveal that the
cascade AM pathway dominates over the direct double AM
emission upon Xe 4d photoionization. This study estimated a
lower limit of 23 fs for the lifetime of the intermediate Xe>**
state from the linewidth of its AM electron spectra.

Generally, such steady-state spectroscopic measurements
can be limited by the instrumental resolution and influenced
by the spectral asymmetries caused by postcollision inter-
action (PCI) [5,6,14-19]. Alternatively, studies of the
cascade AM decay dynamics can be explicitly achieved
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via time-resolved spectroscopic measurements [20-27],
where the unstable inner-shell vacancy states are prepared
through extreme-ultraviolet (XUV) photoionization and the
electron emission is then dressed by an optical laser field,
encoding information about the XUV pulse duration as well
as the underlying relaxation dynamics. By measuring the
time-dependent ion yields [23], the effective lifetime of the
intermediate Xe?" doubly excited states (Sp~*nln'l') was
found to be about 31 fs, which is in agreement with the result
of energy-resolved measurements [8]. Nevertheless, the
time-resolved ion-yield approach does not enable one to
identify the intermediate levels thus delivering information
that is averaged over all possible pathways. Therefore, the
lifetimes of the individual intermediate states remained
inaccessible.

In this Letter, we introduce time-resolved multielectron
coincidence spectroscopy and demonstrate its potential
through a direct time-resolved measurement of double
AM emissions following Xe 4d photoionization. First,
the photoelectron created by an XUV pulse (~91.5 eV)
from a monochromatized high-harmonic source and two
slow AM electrons were measured in coincidence and
resolved in energy, providing the fingerprints of the various
AM decay pathways. In the presence of a weak near-
infrared (NIR) field, time-resolved multielectron coinci-
dence spectroscopy was performed to further reveal the
possible decay pathways of the intermediate Xe>** states,
which enables us to draw a complete picture of the
energetics of the double AM decay pathways, and espe-
cially to obtain the lifetime of the transiently populated
Xe?** state. The energy diagrams associated with two AM
emissions are presented in Fig. 1.
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FIG. 1. Energy-level scheme for two AM emission pathways

following Xe 4d photoionization. The Xe?** states lying above
and below the Xe* (%S5 ,) ground state are denoted by the purple
and blue areas, respectively (see details in the text).

The main features of the experimental setup have been
described previously [28,29]. A fundamental NIR pulse
(800 nm, 30 fs, 5 kHz) was divided by a beam splitter
(70:30). The major portion (~1.2 mJ) was used for high-
harmonic generation in a metallic tube (diameter ~4 mm)
filled with ~30 mbar of neon gas, providing the XUV-
pump pulse (H59, 91.5 eV). The minor portion, serving as
the probe pulse, was independently focused on the gas jet in
the second arm of the interferometer. The electrons were
recorded by a magnetic-bottle photoelectron spectrometer
equipped with a pair of microchannel plates (MCPs) in
chevron configuration. In order to enhance the detection
efficiency of the slow electrons (< 0.3 eV), a bias potential
(+0.3 V) was applied on the skimmer. The raw MCP
waveforms were collected under extremely low count-rate
conditions (~0.11-0.13 counts/laser pulse) to minimize
false coincidences. The individual signal waveforms were
sorted into single, double, and multihit (> 3) events. The
triple-hit events (e;, e,, e3) were selected and further
analyzed to illustrate the dynamics.

Figure 2 shows the coincidence spectra of the detected
electron triples using an XUV photon energy of 91.5 eV. In
the absence of the NIR field, the two-dimensional (2D)
energy map is shown in Fig. 2(a) under the constraint of
photoelectrons ionized from the 4d3,, (N,) shell. The
color-coded histogram represents the number of the elec-
tron triples as a function of the faster AM electron energy
(E,) on the horizontal axis and the slower AM electron
energy (E3) on the vertical axis. Two characters are clearly
observed in the 2D map. On the one hand, the diagonal
stripe corresponding to a constant energy summation
verifies the energy interval between the Xet hole state
and the Xe3* final states. The one-dimensional energy sum
of the two AM electrons emitted in the presence of
the XUV pulse only (“XUYV only”) is shown in Fig. 2(c)
as the solid black line, the peak positions are consistent
with the energy levels of the Xe3* final state [30]. On the
other hand, all the diagonal stripes are dominated by
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FIG. 2. Electron-electron-coincidence maps of double AM
emission recorded following Xe 4d photoionization. The photo-
electron (E,), and two AM electrons (E,, E3) are measured in
coincidence. The two-dimensional (2D) plots of the two AM
electrons are presented according to the associated photoelectron.
(a) and (b) show coincidence maps of two AM electrons from
4d; /12 with XUV only and a time delay of 50 fs, respectively.
Positive delay represents that the NIR pulse follows the XUV
pulse. (c) Summation of the two AM electron energies in panel
(a) (black) and (b) (red), respectively. (d),(e),(f) Same as (a), (b),
and (c) but from 4dg/12. The number of detected electron triples in
the 2D map is indicated by the color scale. The horizontal stripe at
about 0.2 eV is caused by false coincidences.

discrete islands with rather weak continuous intensity
distributions. This emphasizes the fact that the AM cascade
decay dominates over the double AM process [31] and
these islands suggest the necessity of considering inter-
mediate Xe?** states during the decay. For convenience, we
label the individual islands by X/, as suggested by Penent
et al. [8], where i = 1-3 represents the energy level of the
final Xe3* state, J = 3/2 or 5/2 denotes the total angular
momentum quantum number (J) of the Xe™ 4d~! hole
state, and A, B, C denote the intermediate states. The AM
electron pairs associated with different intermediate Xe>**
states are listed in Table I. One needs to note that the AM
electron energies are sorted such that £, > Ej.
Interestingly, in the presence of a weak NIR field, two
distinct features emerge in the 2D energy map, i.e., a
stripelike region indicated by the red-dashed rectangle
and an island denoted by the red-dashed circle, shown in
Fig. 2(b) with a XUV-NIR time delay of 50 fs. The
appearance of these coincidence events suggests that
additional channels open up in the presence of the NIR
field. Surprisingly, the energy sum of this NIR-induced

083201-2



PHYSICAL REVIEW LETTERS 132, 083201 (2024)

TABLE 1

AM electron pairs of cascade decay from Xe 4d holes (first column) with different final Xe>* states (first row). The

intermediate states associated with two AM electrons le (E,, E3) are shown in the middle. (Energies are given in eV).

Xe3+

Xet 1S3 (i =1) (64.09)

Dy )y (i =2) (65.73) D5y (i = 3) (66.26)

N4(3/2) (69.53) A, (3.58, 1.88) C, (3.95, 1.48)
N5(5/2) (67.55) A, (1.88, 1.58) C, (1.95,1.48)

A, (3.58, 0.22) B, (2.31, 1.48)
A, (1.58,0.22) B, (1.48,0.31)

B3 (2.31, 0.98)
B3 (0.98,0.31)

stripe is larger than the energy interval between the Xe™
(N,) state and Xe* ground state (*S3,), which will be
explained below. The energy sum distribution is shown in
Fig. 2(c) as the solid red line, which exhibits an enhanced
peak around 6.92 eV corresponding to these two features
marked in Fig. 2(b). Additionally, a new peak around
4.83 eV is showing up, which is not easily visible in the 2D
map. Comparing with the N, state, fewer pathways are
observed during the decay of the 4d5_/12 (Ns) hole, which
can be attributed to its smaller ionization potential. The
multielectron spectra are shown in Figs. 2(d)-2(f), sim-
ilarly, the NIR-induced coincidence events are also
observed and show up both in the 2D map and in the
1D spectra. Importantly, the energy difference between the
NIR-induced peak in Figs. 2(c) and 2(f) is consistent with
the spin-orbit splitting between the N, and N5 holes [32].

In order to assign the NIR-induced decay pathways, we
performed a detailed analysis of the triple-coincidence
events. In the case of the N, state, i.e, E; = Exyy —
IP(4d3‘/12), the faster and slower AM electron spectra are

presented separately in Figs. 3(a) and 3(b), respectively.
Ensuring full coverage of the NIR-induced events [see

Fig. 2(b)], the energy-sum condition (EEX;A) is chosen as

E12v4 + E§v4 = [6.67.4] eV. The corresponding spectra are
plotted for XUV only and XUV + NIR at a time delay of
50 fs. Comparing with the XUV-only spectra (in gray) in
Fig. 3(a), it is clearly observed that the peak around 6.7 eV
in the spectrum of the faster AM electron is enhanced and a
new peak around 3.43 eV shows up in the same spectrum.
In Fig. 3(b), a series of new peaks appears in the very low
kinetic-energy region, which corresponds to the intensity
increase in the region of FE, >6¢eV in Fig. 3(a).
A new peak around 3.43 eV is also observed which
originates from the absorption of one NIR photon by the
A state (which creates the 1.88 eV AM electron by decaying
to Xe’* ground state), thereby depleting the peak at
1.88 eV and creating an additional peak at 3.43 eV in
Fig. 3(b). Specifically, under the energy-sum condition,

E)* + EY* = [5.06.0] eV, the spectra of the faster AM
electron are largely identical with and without NIR field
[see Fig. 3(c)]. However a new peak appears around
1.78 eV in the spectrum of the slower AM electron
[Fig. 3(d)], which originates from the absorption of one
NIR photon by the A state, followed by a decay to the Xe**

D, /2 cationic state. Because the two new peaks exclusively
appear in the spectrum of the slower AM electron with
respect to two different energy-sum conditions (see
Table I), and the added energies perfectly match with
one NIR photon energy (~1.55 eV); we believe that the
NIR pulse probes the decay of the intermediate Xe’>™* A
state, which decays to either Xe’* %S5/, or °D;), state,
leading to the increase of the second AM electron energy.
This is further confirmed by the AM electron spectra from
the N5 state, shown in Figs. 3(e)-3(h). Two new peaks are
observed in the faster AM spectra and highlighted as insets
of Figs. 3(e) and 3(g), and the energies of these peaks are
identical to the ones from the N, state.

Now, we discuss the origin of the series of new peaks in
Figs. 3(b) and 3(f). As mentioned above, it is noticed that
the energy sum associated with this series is larger than the
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FIG. 3. One-dimensional double AM spectra under different
energy-sum conditions. (a),(b) The spectra of the faster
and slower AM electrons under the energy-sum condition:

E)* + EY* = [6.67.4] eV. The black solid line denotes XUV
photoionization only, the red and blue solid lines represent the
results with the time delay at 50 fs. (c),(d) Same as (a),(b) under

the condition: EQ’ ‘ 4+ EQ“ = [5.06.0] eV. (e),(f) Same as (a),(b)
but from 4d5_/12 (Ns) state under the condition E12V5 + Egv S =
[4.65.5] eV. (g),(h) Same as (e),(f) but with the condition
EY + EY° =[3.23.6] eV.
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energy interval between its initial hole state and the
threshold for the Xe**(%S;/,) state, which suggests that
the intermediate Xe?* states populated by the first AM
emission might be energetically below the Xe'(%S;),)
state, thus leading to the “first” AM electron with larger
kinetic energy. Nevertheless, in the presence of the NIR
field, a slow photoelectron is directly ionized from the
intermediate Xe>™* state to the Xe** ground state via single
NIR absorption. Apparently, those Xe>** states manifest a
Rydberg character, which should have a longer lifetime,
compared to the typical AM lifetimes. These two aspects
are actually further verified by the coincidence spectrum at
larger time delays (see Sec. 1 in the Supplemental
Material [33]).

The complete decay pathways with two sequential AM
emissions are illustrated in Fig. 1. In the absence of the NIR
field, the energy relaxation of Xe™ 4d holes leads to either
intermediate Xe>** states lying above (purple) or below
(blue) the threshold of Xe** state by AM emission. In the
former case, these Xe’** states sequentially decay to
different Xe’* states with a second AM emission.
However, the AM decay channel is energetically closed
in the latter case. In the presence of the NIR field, the decay
of the Xe?** states embedded in the Xe*" continuum can
be assisted or dressed by single NIR absorption, resulting in
a laser-assisted Auger-Meitner decay into different Xe**
states, whereas the Xe?'* Rydberg states lying below
Xe¥(%83,,) state are directly ionized to the continuum.

Having verified the decay pathways, we performed a
systematic time-resolved measurement to obtain the life-
times of the intermediate Xe>** states. Taking into account
the branching ratio for the formation of Xe* states [8], we
choose the dominating AM decay pathway through the
intermediate Xe?** A state to Xe*" S5 5. Specifically, the
absorption of an NIR photon from the A state leads to a new
peak observed in the second AM spectrum around 3.43 eV
[see Fig. 2(b)]. Under the fixed XUV-NIR time delay (50 fs),
its yield is first measured with respect to different polar-
izations between the XUV-pump and NIR-probe pulses,
which is shown in Fig. 4(a). The observed polarization-
dependent yield implies the existence of orbital alignment in
the A state produced by AM emission [34-36].

The time-dependent yield of the new peak originating
from the A state is obtained and shown in Fig. 4(b). In
principle, its time evolution includes two contributions, one
is the exponential rise from the decay of Xe™ 4d hole states,
the other one is the exponential decay to the Xe*™ %S5/,
state. Considering this sequential relaxation process
[37,38], the decay profile can be fitted with the model
function (see the details in the Supplemental Material [33]):

P(1) = [(pre™/o + pa(1 = /%) /%) x H(1)] ® G(1)
(1)
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FIG. 4. (a) The NIR-induced peak intensity [see Fig. 3(b)]
versus the polarization angle between the NIR and XUV pulses.
The time delay is fixed at 50 fs. (b) The decay profile of the
intermediate Xe?** A state. The inset shows the cross-correlation
between the XUV (H59) and NIR pulses (see details in the text).

where p; and p, are the amplitude factors of the 4d hole
states and intermediate Xe>** A state, 7; and 7, are their
lifetimes, respectively. The lifetime 7 is the same as the rise
time of the Xe?** A state. H(t) is the Heaviside step
function and the cross-correlation function between the
XUV and NIR pulses is given by G(z), which was
determined by the laser-assisted photoelectric effect [39]
(LAPE) of 4d hole states ionized by a (1 + 1’) XUV/NIR
scheme [see the inset in Fig. 4(b)]. During the fitting
procedure, the lifetime of the 4d hole state was fixed to
6.1 fs [40], whereas p;, p,, and 7, are fitting parameters.
The fit of the data shown in Fig. 4(b) yields a lifetime of
7, = 109 £ 22 fs. Comparing with the ~31 fs lifetime of
the Xe?* doubly excited states (5p~*nin'l') [23] lying
above the threshold of the Xe®* 2P; , state, the lifetime of
the A state is much longer, which is consistent with the
availability of additional decay channels for the higher-
lying excited states.

Before concluding, we discuss the configuration assign-
ment of the A state. Because of the strong configuration
interaction, the exact assignment of the A state has been a
subject of debate for an extended period of time.
A comparison between single- and multiconfiguration
Dirac-Fock calculations [41] suggests that the intermediate
Xe?** states slightly below the threshold of Xe** have a
mixed character of 5s°5p°, 5s5p*5d, and 5s25p?5d>.
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While for the A state, Penent et al. [8] proposed that it
could be the last member of the correlation AM satellites of
5595p°, leaving the exact configuration unassigned.
Nevertheless, Uiberacker ef al. [23] suggested that the A
state is presumably 555 p*7 p, and the Rydberg series below
the threshold of the Xe** state could have either 555p*6p
or 5s%5p°nl configurations. Recently, taking into account
the dynamic dipole polarization of electron shells, Petrov
et al. [42] predicted that the configuration 5525 p?5d? is the
most likely one leading to the slow AM electron (< 5 eV).
Owing to the excellent energy agreement between
this work and the calculation [42], we believe that the
dominant configuration of the Xe*™* A state should
be 5s25p*5d2(1S,).

In summary, we have introduced time-resolved multi-
electron coincidence spectroscopy and have applied it to
study the cascaded double AM emission of Xe following
4d photoionization. The multiple-coincidence spectra allow
us to unambiguously disentangle the complete AM decay
pathways. The lifetimes of the intermediate Xe®** states
embedded in the Xe** continuum are directly obtained for
the first time. This knowledge will be crucial for modeling
electron correlation, in particular for three-electron inter-
actions, leading to ultrafast AM decay. Our multielectron
coincidence measurement in the time-domain develops a
promising methodology to study the dynamics of multiple
cascaded radiationless decay processes in atoms, mole-
cules, and any system embedded in an environment, such as
aqueous solutions. This technique will be particularly
useful to temporally resolve the AM, intermolecular
Coulombic decay (ICD) and electron-transfer-mediated
decay (ETMD) processes that generally follow core-level
or inner-shell ionization [43]. Our demonstration of time-
resolved multielectron coincidence spectroscopy, coupled
with emerging few-femtosecond to attosecond soft-x-ray
sources, will provide time-domain access to these funda-
mental electron-correlation-driven decay processes that
generally take place on timescales well below 10 fs [44].
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