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Multielectron-Ion Coincidence Spectroscopy of Xe in Extreme Ultraviolet Laser Fields:
Nonlinear Multiple Ionization via Double Core-Hole States
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Ultrafast multiphoton ionization of Xe in strong extreme ultraviolet free-electron laser (FEL) fields
(91 eV, 30 fs, 1.6 x 10'> W/cm?) has been investigated by multielectron-ion coincidence spectroscopy.
The electron spectra recorded in coincidence with Xe*+ show characteristic features associated with two-
photon absorption to the 4d~> double core-hole (DCH) states and subsequent Auger decay. It is found that
the pathway via the DCH states, which has eluded clear identification in previous studies, makes a large
contribution to the multiple ionization, despite the long FEL pulse duration compared with the lifetime of

the 4d core-hole states.
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Nonlinear responses of matter to extreme ultraviolet
(EUV) and x-ray laser fields have attracted increasing
attention in recent years, for their importance in various
applications of free-electron lasers (FELs), ranging from
single particle diffraction imaging to creation of matter in
extreme conditions (see, for example, Refs. [1,2]). Isolated
atoms and molecules have served as fundamental refer-
ences to clarify the underlying processes involving ioniza-
tion and excitation of core electrons in the high frequency
laser fields [3—6]. Because of short lifetimes of core-hole
states, nonlinear multiphoton absorption proceeds in the
presence of Auger (or Coster-Kronig) decay [7-16], which
leads to competitions between pathways consisting of
different sequences of photoabsorption and Auger decay.
Moreover, vacancies created in valence and core orbitals
pave additional pathways for photoabsorption, known as
“hidden” resonance, which enhances multiple ionization by
many orders of magnitude [15-20]. Understanding of
nonlinear processes in EUV and x-ray laser fields is still
challenging due to the complicated nature.

Photoelectron spectroscopy is powerful in resolving the
contributions from different ionization pathways, as inter-
mediate states populated in the multiple ionization can be
determined from the kinetic energies of ejected electrons
[10,13,18,21-25]. It has been successfully applied to
identify characteristic nonlinear pathways via doubly
excited states [22] for He and double core-hole (DCH)
states for Ne [13,24], CO [26], CO,, N,O, N, [27], C,H,,
and C,Hg [28]. Recently, covariance techniques [24,25]
have been introduced to identify correlations between
ejected electrons, which enables secure assignments of
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ionization pathways. However, in some cases, careful
subtraction of strong contributions from single-photon
processes is necessary to discriminate nonlinear responses
in the spectra [26,27]. Such data analysis could become
particularly difficult for heavy element atoms, as the Auger
electrons are often distributed in a wide spectral range to
mask weak high-order signals.

Here we introduce an alternative approach, coincidence
spectroscopy with counterpart ions, which allows direct
characterization of electrons emitted in a specific ionization
pathway. We revisit multiphoton ionization of Xe in EUV
(~90 eV), which served as a benchmark for elucidating
atomic nonlinear responses to EUV FEL fields [7-12].
Because of the large photoabsorption cross sections due to
the giant resonance, the ionization is governed by the 4d
electrons in the initial stages [7—12]. Since the lifetime of
the 4d single core-hole (SCH) states (~6 fs) is shorter than
a typical FEL pulse duration (> 10 fs), the multiple
ionization is expected to proceed mainly by alternation
of the 4d ionization and the subsequent decay [11,12].
Using multielectron-ion coincidence spectroscopy, we
present electron spectra for the two-photon multiple ion-
ization to Xe** in EUV FEL fields (1.6 x 10'2 W/cm?).
An ionization pathway via the 4d~> DCH states, which
have eluded identification in previous studies, is clearly
observed. It is shown that two-photon ionization to the
DCH states makes a major contribution to the multiple
ionization to Xe**, despite the long FEL pulse duration.

The experiment was performed at the soft x-ray beam
line (BL1) of SACLA [29], which delivers ultrashort EUV
pulses at iv = 91 eV (bandwidth, ~2 eV; pulse duration,
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FIG. 1. (a) Time-of-flight spectrum of electrons and ions of Xe
in strong EUV-FEL fields (91 eV, 1.6 x 10'> W/cm?). The
vertical axis represents the number of counts in a time bin
(0.5 ns). (b) Energy diagram of electronic states of Xe*"
(z = 0-4). Arrows represent processes included in numerical
simulations. Vertical arrows represent photoabsorption. Photo-
electron emission and Auger decay are shown with dotted and
solid arrows, respectively. Corresponding photoabsorption cross
sections [33-35] are also shown.

30 fs [30]) with a 60 Hz repetition rate. Electron-ion
coincidence spectroscopy was carried out by using a
magnetic bottle-type electron spectrometer with ion detec-
tion capability [31]. Electrons produced from gaseous Xe at
the focal spot of EUV pulses were guided by magnetic
fields to a microchannel plate (MCP) detector placed at the
end of the flight tube. After the arrival of electrons (~2 us),
high voltages were applied to ion-extraction electrodes to
detect ions by the same MCP detector. The net gas pressure
of Xe was controlled to ~5 x 1078 Pa, to achieve a low
average event rate (0.25 events/pulse). To reduce remain-
ing contributions from accidental coincidences, covariance
analysis [24,32] was employed.

Figure 1(a) shows the time-of-flight spectrum obtained at
a field intensity of 1.6 x 10'> W/cm?. The data accumu-
lation time is about 60 h. Electron signals are observed in
the time range <2 us. Ion signals appear later in the
spectrum, showing Xe*" ions up to z = 4 are produced.
The energy diagram in Fig. 1(b) shows that the lower
charged ions (z = 1-3) can be produced by single photon
absorption at the present photon energy (91 eV) [33]. On
the other hand, absorption of two EUV photons is needed to
form Xe**, which can proceed either by photoionization
after the Auger decay of Xe™ 4d~! states or by photoioni-
zation to 4d~> DCH states prior to the Auger decay.
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FIG. 2. (a) Coincidence photoelectron spectrum recorded with

Xe?* in strong EUV-FEL fields (91 eV, 1.6 x 102 W/cm?)
(dashed line) and the corresponding covariance spectrum (solid
line). The vertical axis represents the number of electron counts in
an energy bin (0.18 eV). Sticks represent the energies of the 4d
photoelectron (P;) and the Auger peaks (A;, A}) [36,37].
(b) Same as (a) but for Xe**. Sticks represent the major peaks
of the Auger processes (A,, A}, A;, Ay, and A%) [38] and the 4d
photoelectrons (P, and P3) involved in the two-photon ionization
to Xe**. The scaled Xe?" covariance spectrum is shown in the
bottom (o = 5.1 x 1073).

The electron spectrum recorded in coincidence with
Xe”* is shown in Fig. 2(a). Prominent peaks are observed
at 21.3 and 23.3 eV, which are attributed to photoelectrons
by single-photon ionization of the 4ds,, and 4ds,, inner-
shell electrons (P;). Sharp peaks seen in the 8-20 and
28-35 eV region are Ny 500 Auger electrons emitted by
the decay of the 4d core hole (A; and A}) to the Xe** final
states [36,37]. These features are clearly seen in the total
electron spectrum (not shown), as the Xe?* is the most
abundant species in the mass spectra [Fig. 1(a)].

For more quantitative discussion, we carried out covari-
ance analysis [24,32] of the observed spectra. Covariance
of two correlated variables is defined as, Cov(X,Y) =
(XY) — (X)(Y), where (X) and (Y) represent the average of
variables X and Y per laser shot, respectively. The first term
(XY) represents the average number of the coincidence
events, while the second term (X)(Y) corresponds to the
accidental coincidence. Figure 2(a) plots the one-dimen-
sional covariance electron spectrum for Xe?*, obtained by
projection of the two-dimensional covariance map. The
features observed in the coincidence spectra are clearly
seen in the covariance spectrum. The suppressed low
energy components are attributed to secondary electrons
from electrode surfaces.

The electron spectrum correlated with Xe** is shown in
Fig. 2(b). In contrast to the Xe’* spectrum, the A, and Al
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Auger electron peaks are only barely seen, though the 4d
photoelectron doublet peaks are present in the spectra.
Instead, strong distributions appear below 10 eV, together
with a structured hump around 16 eV and weak features
extending from 25.5 to 38 eV. This indicates that the
sequential SCH (seq-SCH) pathway associated with the
photoionization after the A; and A} Auger decay has only a
minor contribution.

The decay pathways of the Xe 4d-> DCH states have
been investigated by soft x-ray single-photon absorption
study [38,39]. As shown in Fig. 1(b), the DCH states of
Xe** mainly decay to the Xe’* (4d~'5p~?%) states by
emitting Auger electrons (A4,) in the 25.5-38 eV energy
region. The Xe3* states decay further to the 5s'5p~3 states
or to the 5p~ states of Xe**, with Auger electrons of 0—
12 eV (A%) and 10-24 eV (A;), respectively. The features
observed in the electron spectrum of Xe*t appear in the
same energy region of these Auger electrons, though the
individual peaks are not fully resolved due to the limited
resolution of the spectrometer (E/AE ~ 40). Photoelectron
energies expected for the second photon absorption from
the 4d~' SCH states (P,) are calculated from the energies of
the two spin-orbit levels of Xe™ 4d~! state and the nine
states in the Xe?* 4d~? configuration [40]. The obtained
results are plotted in Fig. 2(b), showing that the photo-
electrons fall in the strong broad feature in the energy
region < 9 eV.

The proposed multiple ionization pathways can be verified
by the correlation between the ejected electrons. Figure 3
shows the electron-electron correlation maps for Xe?* and
Xe*t, obtained as the triple covariance of two electrons and
one ion, Cov(X,Y,Z) = (X —(X))(Y —(V))(Z-(2))) =
Cov(XY,Z)— (X)Cov(Y,Z) — (Y)Cov(X,Z) [32]. For
Xe?*, clear correlations between the spin-orbit states popu-
lated by the 4d photoionization (P;) and the Auger electrons
(A; and A)) are observed [41,42].

As for Xe*", the correlation is barely visible in Fig. 3(b).
Instead, the photoelectron peaks show clear correlations
with the low energy component containing the second
photoelectron peaks (P,), as expected for the ionization to
the DCH states. Correlations between the photoelectron (P4
or P,) and the Auger electron (4,, A; or A}) are also clearly
seen in the map, together with those between the A, Auger
electron and the A3 or A} Auger electron.

It is worth noting that clear diagonal ridges are visible in
the map at a total energy of ~34 eV. The ridges can be
attributed to the energy sharing between the photoelectron
(P,) and the Auger electron (A,) emitted via the inter-
mediate 4d-> DCH states. For the lowest states in the
corresponding  configurations, E(4d~'?Ds),) = 67.5 eV
and E(4d™'5p™2%Fy)) = 1224 eV [38], the surplus
energy shared by the two electrons is estimated to be
E(4d7") + hv — E(4d~'5p™%) =36 eV. The obtained
energy is in good agreement with the observed total energy,
confirming the multiple ionization pathway via the 4d—>
DCH states.
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FIG. 3. Electron-electron correlation map for (a) Xe** and

(b) Xe** obtained by the triple covariance analysis. The color
scale represents the counts per shot. Corresponding photoelectron
spectra are shown along the horizontal and vertical axes. The
position of the diagonal ridges observed at a total energy of 34 eV
is also shown in the bottom right half of the map (dotted line).

In the correlation map, diagonal-line distributions
expected for the double Auger decay to Xe’t [43] are
essentially absent (see Supplemental Material [44]). This
shows that the sequential ionization via Xe3* has a
negligible contribution to the two-photon ionization to
Xe**. Therefore the competing process (seq-SCH) is likely
to proceed through photoionization from 5p~2 to 4d~'5p~2
because of the large cross section, which is followed by the
A; and A} decay [see Fig. 1(b)]. The corresponding
photoelectron (P3) is expected to appear with £ <5 eV,
which falls in the low energy feature in Figs. 2 and 3.

The branching fraction of these pathways is estimated
from the relative yields of the corresponding Auger
electrons, A, A’1 and A,, in Fig. 2(b). Details are given
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in Supplemental Material [44]. Briefly, the Xe?* spectrum
is scaled by least squares fitting to selected A; Auger peaks
(at 32 and 34 eV) in the Xe*" spectrum. Two cases are
considered, with and without background contributions,
which provides the lower and upper boundary of the scaling
factor @ = 5.1(7) x 1073 and 9.1(7) x 10, The bottom
trace in Fig. 2(b) is the Xe>* spectrum obtained with the
former scaling factor. The relative yield S(A’) and S(A,) is
then obtained by integration of the scaled Xe** spectrum in
the corresponding energy ranges to derive the total yields
for the seq-SCH pathway, S..qscu- The net yield S(A,) for
A, is obtained from the Xe** spectrum after subtraction of
the scaled Xe?" spectrum. The decay pathway via Xe**
4d~'55715p~"! states (A}) is also taken into account to
derive the total yield of the DCH pathway, Spcy. The
branching fractions for the DCH pathway are then calcu-
lated to be (I) = SDCH/(SDCH + SseqSCH) = 060(4) and
0.40(3) for the two scaling factors, respectively, which
shows that the contribution from the DCH pathway is
comparable with or even larger than the seq-SCH pathway.

Since the photoabsorption to the DCH states competes
with the ultrafast Auger decay of the 4d~' SCH states
(~6 fs [45]), the long duration of the FEL pulse (30 fs) does
not favor the DCH pathway [11,12]. To understand the two-
photon ionization to Xe*t, we carried out numerical
simulations solving coupled rate equations. The included
processes are shown in Fig. 1(b) with the relevant photo-
absorption cross sections [33—-35]. The lifetime of the 4d
core-hole states is set to 6 fs irrespective of the charged
states. Variation of the FEL field intensity around the focus
(volume effect) is taken into account [21]. The unknown
photoabsoption cross section opcy from Xet (4d~') to
Xe?t (4d7?) is treated as an adjustable parameter.
Figure 4(a) shows calculated branching fractions @, plotted
as a function of opcy. The observed upper boundary @ =
0.60(4) corresponds to opcy = 6411 Mb, while opcy =
277} Mb is obtained at the lower boundary ® = 0.40(3)
[44]. Experimental ion yields in Fig. 4(b) are well repro-
duced with opcy in the range between these values.

The obtained results suggest that opcy 1S considerably
larger than the normal 4d cross sections (~20 Mb). The
enhancement could be attributed to the resonance excitation
from the 4d~" to 4p~! states in Xe™ [40]. Because of strong
interactions with the 4d>mf states and 4d~¢f continuum
[46], the 4p~! states spread over 30 eV near the 4d2
ionization threshold (~160 eV). The interactions transfer
about 90% of the 4pl‘/'2 intensity and about 50% of the
4p3), intensity into the 4d~* continuum. The broad
spectrum, associated with the breakdown of the quasipar-
ticle picture for the 4p~! core hole, fully covers the spectral
bandwidth of the FEL (~2 eV). Thus, the core-to-core
resonance 4d~! — 4p~! can efficiently occur and enhance
the ionization to the DCH states by “virtual” super Coster-
Kronig transition [39,46].
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FIG. 4. (a) Branching fraction @ for the DCH pathway plotted

against the photoabsorption cross section to the DCH states,
opcH, obtained by numerical simulations solving coupled rate
equation (solid line). The upper and lower bound values ® =
0.60(4) and 0.40(3) at 1.6 x 10> W/cm? is shown with the
estimated uncertainties, which corresponds to opcy = 64 and
27 Mb, respectively. (b) FEL intensity dependence of the Xe ion
yields (circle). The results of the simulation are also shown (solid
line). The upper and lower bounds of the shaded area for Xe**
correspond to those of opcy, respectively.

In summary, we employed multielectron-ion coincidence
spectroscopy to study two-photon ionization pathways of
Xe in EUV FEL fields. It is shown that the 4d=> DCH
pathway, which has eluded clear identification, has an
unexpectedly large contribution in the two-photon ioniza-
tion to Xe**. The Auger decay from DCH states is known
to sensitively reflect a local chemical environment around
atomic sites within a molecule [47,48]. The present
technique, powerful in elucidating nonlinear processes of
atoms and molecules in strong EUV and x-ray FEL fields,
would provide an indispensable approach to further explore
this unique property for chemical analysis.
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