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Time-resolved shot-by-shot photoelectron spectroscopy of autoionizing Xe+ states by
EUV–free-electron-laser and near-IR laser pulses
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Ultrafast dynamics of highly excited Rydberg states of Xe+ is investigated by time-resolved shot-by-shot
photoelectron spectroscopy with EUV–free-electron-laser pump (40.8 eV) and near-infrared probe (1.56 eV)
pulses. Sorting the single-shot spectra in the order of relative delay between the two pulses allows for investigat-
ing ultrafast decays of intermediate states participating in the double ionization of Xe. Observed photoelectron
spectra show a biexponential decay within ∼100 fs and ∼300 ps in addition to constant signals lasting longer
than 1 ns. These ultrafast decays reflect the lifetimes of autoionizing Rydberg states converging to electroni-
cally excited states of Xe2+. The results demonstrate that time-resolved shot-by-shot EUV–free-electron-laser
photoelectron spectroscopywith a synchronized optical laser provides a powerful tool for investigating ultrafast
electron emission processes.
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I. INTRODUCTION

Double ionization is one of the fundamental physical
processes that can occur when isolated atomic as well as
molecular systems acquire energies larger than the second
ionization threshold by interactions with photons [1,2] or
high-energy particles [3,4]. Among others, single-photon dou-
ble ionization of neutral atoms and molecules has attracted
considerable attention since photoemission of two electrons
is forbidden under single-active-electron approximation so
that electronic correlations play a key role in two-electron
processes [5]. Two emitted electrons show characteristic
correlations, depending on whether the double ionization pro-
ceeds in the direct or indirect pathways. In the direct pathway
where two electrons are simultaneously emitted, the extra
energy in double ionization is shared by the electrons, lead-
ing to a broad structureless photoelectron spectrum, while
the angular distribution of photoelectrons provides detailed
information on how they correlate to form an electron-pair
wave function in continuum states [6,7].

When double ionization of atoms and molecules takes
place indirectly, i.e., via an intermediate state, each electron
is ejected with a specific kinetic energy; one electron has
a kinetic energy determined by the difference between the
photon energy and the energy of the intermediate state while
the other electron is emitted with an energy corresponding to
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the difference between the intermediate and final states. As the
intermediate state is located within the ionization continuum
of singly charged ions, the second photoemission takes place
through a coupling between the discrete intermediate state
and the electronic continuum (autoionization), and competes
with other processes such as radiative and dissociative decays,
depending on the timescale of these processes.

The timescale of these electron emission processes can
be obtained from spectral widths of the corresponding pho-
toelectron peaks. When the electron emission occurs on a
timescale of a few femtoseconds, the spectral width appears
on the order of several hundreds of a meV, which is large
enough to be precisely determined by conventional photoelec-
tron spectrometers, as demonstrated for Auger decays of Ar,
Kr, and Xe [8,9]. However, such a precise measurement of the
natural line width is often limited when a target quantum state
undergoes slow relaxation processes with a lifetime larger
than 1 picosecond, whose spectral width becomes as narrow
as 1 meV or below.

Double ionization of Xe atoms has been investigated by
various spectroscopic techniques as in the simple two-electron
systems such as He [4,10] and H2 [11,12]. High-resolution
photoelectron studies [13–18] have identified sharp peaks
reflecting autoionizing states above the lowest threshold of
Xe2+(3P2). Strong peak progressions are assigned to the
(1D)nd (2S1/2) Rydberg series (n stands for the principal quan-
tum number) converging to the Xe2+(1D2) state [17] although
other weak peaks remain unassigned. Eland et al. studied
double ionization of Xe by electron-electron coincidence
measurements with a He II light source and revealed signifi-
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cant contributions of autoionizing states to the single-photon
double ionization processes [19]. Angular distribution mea-
surements revealed the preference of two electron emissions
in opposite directions to each other for the direct pathway
[20,21]. Time-resolved electron momentum imaging spec-
troscopy was applied to Xe to clarify angular correlations for
the direct and indirect pathways of multiphoton double ion-
ization [22,23]. The timescale of the direct double ionization
of Xe was also interrogated by using attosecond photoelectron
spectroscopy [24], which showed that two-electron emission
to the 1D2 state of Xe2+ occurs with a delay of 55 as,
compared to photoemission by single ionization to the 2P
state of Xe+. On the other hand, much less information is
available on the dynamics of the indirect pathway via au-
toionizing states. In Refs. [22,23], time-resolved studies of
the Xe2+ ion yield were also carried out, which showed a
step-function-like increase with the timescale reflecting tem-
poral widths of pump and probe pulses. One may discuss
the decay of autoionizing states from the associated spec-
tral widths [19], but precise estimation was difficult to make
due to the limitation of instrumental resolution. As in other
atoms and molecules, autoionization states have various decay
times depending on how they are coupled to the electron
continuum.

Pump and probe experiments using synchrotron radiation
and optical lasers have been carried out to study decay pro-
cesses of autoionizing states [25–27]. A single autoionizing
state can be selectively excited in such experiments, but the
time resolution is limited to the picosecond or nanosecond
range by the pulse duration of the synchrotron radiation. Free-
electron lasers (FELs) in the extreme ultraviolet (EUV) and
x-ray regions have been recognized as an ideal light source
for studies on excitation and deexcitation processes of highly
excited atomic and molecular states for their ultrashort pulse
duration in the femtosecond range [28–31]. In spite of the
pulse shortening, the time resolution is often limited to 1 ps
due to the timing jitter between FEL and optical laser pulses,
unless postcorrection methods [32–35] are employed.

Here, we carry out time-resolved photoelectron spec-
troscopy of the double ionization process of Xe occurring
via indirect pathways by using EUV FEL and ultrashort
near-infrared (NIR) laser pulses. By scanning the time de-
lay between the two pulses on timescales from femtosecond
to nanosecond, we have identified transient photoelectron
signals characterized by two different time-decay compo-
nents (∼100 fs and ∼300 ps), associated with highly excited
Rydberg states of Xe+ ions located above the second ion-
ization threshold. In particular, in the measurements on the
femtosecond timescale, we incorporate a timing monitor sys-
tem [35] in shot-by-shot photoelectron spectroscopy [36]
to improve the time resolution that is otherwise limited on
the ps timescale due to the timing jitter [29,37]. The time
resolution thus obtained can be less than 100 fs [35,38], de-
pending on the pulse durations of the FEL and NIR lasers.
The present time-resolved photoelectron measurements with
the timing monitor system allow for investigating ultra-
fast dynamics of various materials occurring on the 100 fs
timescale, as achieved by other jitter-free measurements
with seeded FELs [39,40] and tabletop high-order harmonics
pulses [22,23,41,42].

FIG. 1. Relevant energy levels of Xe, Xe+ (green), and Xe2+

(blue) and schematics of EUV-pump (40.8 eV) and NIR-probe (1.56
eV) photoelectron spectroscopy of indirect double ionization of Xe.
Among the 3P manifolds of Xe2+, the NIR-probe process is indicated
only for the 3P2 level.

II. EXPERIMENT

The pump and probe scheme in the present study is de-
picted in Fig. 1. EUV-FEL pulses at 40.8 eV ionize Xe into
Xe+ in the ground and excited states. Excited states located at
31–38 eV are known to be 5s correlation satellites, and some
of them are assigned to Rydberg series converging to the 3P,
1D, and 1S electronic states of Xe2+ [14,17]. Among others,
the nd (2S1/2) Rydberg series converging to the Xe2+(1D) state
have dominant line intensities due to strong interactions of the
electronic states in the 5s−1 configuration [17]. Time-delayed
ultrashort NIR laser pulses promote those Rydberg states to
the corresponding states of Xe2+ and thereby the relaxation
processes of the Rydberg states of Xe+ can be investigated.

Figure 2(a) illustrates a schematic of the experimental
setup. Ultrashort EUV pulses (40.8 eV, ∼30 fs, 60 Hz) from
the soft x-ray beamline (BL1) at SACLA of RIKEN Harima
institute in Japan were focused by a set of Kirkpatrick-Baez
(KB) mirrors onto the sample gas (Xe or He) being introduced
through a copper nozzle into an ultrahigh-vacuum chamber
(∼10–10 Torr). Ultrashort NIR laser pulses (1.56 eV, ∼50 fs)
which were synchronized with the FEL were focused on the
same target by a planoconvex lens ( f = 1000 mm) at an angle
of ∼2◦ with respect to the FEL. Beam diameters (FWHM: full
width at half maximum) of EUV and NIR laser pulses were
estimated to be ∼6 and ∼80 μm at the focus, respectively, and
both pulses are horizontally polarized. Electrons produced by
the laser irradiation were detected by using a magnetic bottle
type photoelectron spectrometer [36] equipped with a retard-
ing unit. Electron kinetic energies E were calibrated with Xe
4d Auger electron peaks [43] and autoionization peaks of
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FIG. 2. (a) A schematic of the present experimental setup for time-resolved single-shot photoelectron spectroscopy using a magnetic
bottle electron spectrometer. Timing monitor system provides information on relative delays between EUV-FEL and NIR laser pulses on the
shot-by-shot basis, allowing us to improve the time resolution influenced by timing jitter. (b) Photoelectron spectra of He with [red (gray)] and
without (black) NIR laser pulses. He 1s photoelectron peak and its sideband (SB) are indicated as sticks. (c) Integrated intensities of He 1s
photoelectron sideband in (b) as a function of pump-probe delay without using a timing monitor system. Full width at half maximum (FWHM)
corresponds to the intrinsic time resolution under the influence of the timing jitter. (d) Same as (c), but using the timing monitor system at
�t = 0 ps. Single-shot photoelectron spectra (9 × 103) are sorted in the order of delay and averaged in each time bin (10 fs) before the SB
integration.

Xe+∗ [19]. A typical energy resolution �E was E/�E ∼ 20
for E < 200 eV while the uncertainty of E is estimated to be
0.1 eV for E < 1 eV in the current study.

The optical path length for the NIR laser line was con-
trolled by using an optical stage, by which the time delay
between the FEL and NIR laser pulses was introduced. Al-
though the optical stage allows for the minimum delay of 6.7
fs, the time resolution is limited by fluctuations in synchro-
nization (timing jitter). To evaluate the time resolution in the
presence of the timing jitter, photoelectron sideband measure-
ments of He were carried out as the photoelectron sideband
can be formed only when the FEL and NIR laser pulses are
overlapped in space and time [35]. Figure 2(b) shows the
photoelectron spectrum of He atoms by using EUV-FEL and
NIR laser pulses at the time delay of 0 ps with a retardation
voltage of Vret = −15.5 eV. The peak at 16.2 eV is attributed
to He 1s photoelectron formed by single-photon ionization by
EUV FEL while a sideband peak appears on the higher-energy
side by an amount of photon energy (1.56 eV) of the NIR laser
pulse. The integrated intensity of the sideband as a function of
the time delay is plotted in Fig. 2(c). The least-squares fitting
with a Gaussian function provides the FWHM of 0.81(8) ps,
which corresponds to the time resolution in the presence of
the timing jitter. The time zero was set to the maximum posi-

tion of the Gaussian envelope. The jitter-limited photoelectron
measurements were carried out for relaxation dynamics of
Xe+ occurring on the subnanosecond timescale.

To monitor faster relaxation on the subpicosecond
timescale, we utilized the timing monitor system recently
developed for the BL1 beamline [35]. The system was
equipped with a visible charge-coupled device (CCD) cam-
era to image a spatial profile of the reflectivity of NIR
laser pulses from a gallium arsenide (GaAs) surface. An
arrival timing between FEL and NIR laser pulses can be
extracted for each shot from a position of a sudden drop of
the NIR reflectivity due to FEL irradiation on GaAs. With
this time information, single-shot photoelectron spectra were
sorted in the order of relative delay times between FEL
and NIR laser pulses. Figure 2(d) shows the time depen-
dence of the sideband intensity of the He 1s photoelectron
peak after sorting (10-fs binning). This time broadening
provides the overall time resolution in the present measure-
ment, which results from pulse durations of FEL and NIR
as well as an uncertainty of the timing monitor system. The
FWHM in Fig. 2(d) was obtained as 58(5) fs, thereby al-
lowing us to investigate the target process with an order
of magnitude better time resolution than that limited by
jitter.
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FIG. 3. (a) Photoelectron spectra of Xe with EUV-FEL pump
(4 × 1013 W/cm2) and NIR probe (8 × 1012 W/cm2) pulses at
pump-probe delay of �t = 0 ps [red (gray)] and �t = −5 ps (black).
Sticks α, β, and γ are for electrons formed by autoionization in-
dicated by Fig. 1. (b) The difference spectrum between them is
displayed in the upper part. Stick spectra are calculated by using
Eq. (1) with δl = 0. Inset: NIR intensity dependence of the net
photoelectron signals (0.3–1.6 eV) at �t = 0 ps.

III. RESULTS AND DISCUSSION

Figure 3(a) shows photoelectron spectra of Xe by us-
ing EUV-FEL pump (4 × 1013 W/cm2) and NIR probe (8 ×
1012 W/cm2) pulses. These photoelectron spectra were col-
lected for 9 × 103 laser shots. The spectrum in black is
obtained by averaging at the pump-probe time delay of �t =
−5 ps where NIR pulses precede FEL pulses. It exhibits clear
peaks at 0.45, 0.79, and 0.93 eV, which can be attributed
to electrons produced by autoionization of Rydberg states of
Xe+∗ [19] excited by FEL pulses (see Fig. 1). These autoion-
izing Rydberg states, α, β, and γ , were dominantly populated
among the autoionizing states and assigned to Rydberg states,
(Xe2+ 1D) 8d , 9d , and (Xe2+ 1S) 7d , in the previous study
using a He II light source [19], while the observed energies
imply lower Rydberg states in the same manifold.

The pump-probe spectrum at �t = 0 ps exhibits a sub-
stantial increase in intensity in the range of 0.3–3 eV. The
distribution of the net increased signals can be clearly seen in
the difference spectrum [Fig. 3(b)], obtained after subtraction
of the spectrum at �t = −5 ps. Several photoelectron peaks
are identified in the range of 0.3–1.6 eV with a distribution

where signal intensities become weaker for higher-energy
peaks.

The integrated intensities of the band between 0.3 and
1.6 eV at �t = 0 ps as a function of the NIR intensity are
plotted in the inset of Fig. 3(b). The electron signal lin-
early increases as the NIR intensity increases in the range
of 2–8 × 1012 W/cm2. This NIR intensity dependence shows
that ionization by the NIR laser pulse essentially occurs by
single-photon process and that the photoelectron signal is
related to the NIR single-photon ionization of Rydberg states
near the ionization thresholds.

It should be noted that peaks seen in the range of 1.6–3 eV
in Fig. 3(b) can be attributed to the above threshold ionization
(ATI) from the same intermediate states related to the peaks of
0.3–1.6 eV. Although the ATI peaks are not spectrally resolved
due the limited instrumental resolution, the energy positions
appear to be shifted by the amount of NIR photon energy (1.56
eV) and the intensity distribution shows a similar tendency as
those of peaks of 0.3–1.6 eV.

Assuming the single-photon ionization of the Rydberg se-
ries of Xe+, one can calculate photoelectron energy E by using
the Rydberg formula for the effective core charge (Z = 2),

E = hν − Z2R∞/(n − δl )
2, (1)

where hν is the NIR photon energy, R∞ is the Rydberg con-
stant, and δl is a quantum defect for series having an orbital
angular momentum l . The photoelectron energies calculated
with a quantum defect δl = 0 show a good agreement with
observed photoelectron peak energies [Fig. 3(b)]. This agree-
ment suggests that the present Rydberg states are mainly
associated with high l (�3) series whose quantum defects are
almost zero [44].

Figure 4(a) shows the difference photoelectron spectra as
a function of time delay ranging from 0 to 1 ns, obtained
by subtraction of the spectrum at �t = −5 ps. As the time
delay increases, photoelectron signals decrease in intensity,
resulting in different peak distributions at �t > 600 ps. To
quantitatively discuss the decrease of the electron signals in
Fig. 4(a), integrated intensities of selected peaks at 0.45, 0.71,
0.88, and 1.02 eV are plotted as a function of �t in Fig. 4(b).
Each curve shows a monotonic decay with a constant offset
reflecting an additional lifetime contribution longer than 1 ns.
By fitting a single exponential function to the data points,
the decay constant (τ1) is determined to be 190(30), 330(40),
210(50), and 260(60) ps for peaks at 0.45, 0.71, 0.88, and
1.02 eV, respectively. These curves clearly indicate that Ry-
dberg states having subnanosecond lifetimes and those with
much longer lifetimes are simultaneously promoted by EUV
FEL.

Photoelectron signals lasting more than 1 ns have to be
related to Rydberg states of Xe+ lying below the lowest
ionization threshold of Xe2+(3P2), as such Rydberg states
tend to relax through radiative processes where the lifetime
is typically on the order of several nanoseconds as is ob-
served for the 6d , 6d ′, and 7s states of Xe+ [45]. The peak
energies at �t = 1 ns are reasonably reproduced by those
calculated by using Eq. (1) with δl = 0, suggesting that the
longer lifetime components are associated with Rydberg states
belonging to the nl series such as the ng Rydberg series of Xe+

which are identified up to n = 22 by threshold photoelectron
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FIG. 4. (a) Pump-probe photoelectron spectra of Xe as a func-
tion of time delay between 0 and 1000 ps. Intensities of FEL and
NIR pulses are the same as those in Fig. 3. (b) Time evolution of
photoelectron peaks at 0.45 eV (blue), 0.71 eV (light blue), 0.88
eV (green), and 1.02 eV (orange). Solid curves represent single
exponential functions (lifetime τ1) fitted to the experimental data.

spectroscopy [18]. On the other hand, the subnanosecond de-
cay components should be related to autoionization although
ultrafast radiative decays of Rydberg states lying below the
Xe2+(3P2) state cannot be ruled out. It should be noted that
peaks at 0.88 and 1.02 eV are overlapped with autoionization
peaks [β and γ in Fig. 3(a)] observed at the negative delays.
In this case, the signal increase of these peaks is partially can-
celed by the decrease of the overlapping autoionization peaks
due to ionization by NIR laser pulses, which may explain the
smaller decay constants for the peaks at 0.88 and 1.02 eV than
that for the peak at 0.71 eV.

To interrogate ultrafast decay for the sub-ps timescale, the
timing monitor was employed at �t = 0 ps. In this measure-
ment, about 1.8 × 105 single-shot photoelectron spectra were
collected with laser field intensities of 1.8 × 1014 W/cm2 for
EUV FEL and 4 × 1012 W/cm2 for NIR. They were sorted in
the order of the relative delay. Photoelectron signals below 0.5
eV were not detected in this measurement. Figures 5(a)–5(c)
depict time evolution of the net photoelectron intensities at
0.71, 0.88, and 1.02 eV, respectively, obtained after subtrac-
tion of the background signals in the negative delay range
between �t = −150 fs and −50 fs. The time zero was set
to the delay when the sideband of the Xe 5p photoelectron
peak becomes the maximum (gray curve). Peaks at 0.71 and
0.88 eV clearly exhibit a transient signal reflecting ultrafast
decay within ∼100 fs while no clear decay is identified for
the peak at 1.02 eV in the present time range. The decay
component for the peak at 0.88 eV is smaller than that for
0.71 eV could be attributed to underestimation of the net
signals discussed above.

We carried out numerical simulation based on coupled rate
equations [36,46] for four-level model describing an indirect
double ionization; state 1 is the ground state of Xe, state 2 is an
autoionizing Rydberg state of Xe+ with a lifetime (τ2), state 3
is a Rydberg state of Xe+ having no decay in this time range,
and state 4 is a terminated state in Xe2+ [inset of Fig. 5(c)]. For
simplicity, we assume that the probe process can be separated

FIG. 5. Integrated intensities (circles) of photoelectron peak at (a) 0.71 eV, (b) 0.88 eV, and (c) 1.02 eV, as a function of time delay between
EUV-FEL (1.8 × 1014 W/cm2) pump and NIR (4 × 1012 W/cm2) probe pulses. Pump-probe time delays were postcorrected using a timing
monitor system. The time zero was determined by the maximum position of the transient signals of the Xe 5p photoelectron sideband (gray
curve). Curves in (a,b) are obtained by fitting the integrated intensity data to simulated results based on coupled-rate equations for a four-level
system depicted in the inset of (c). Dotted curve represents time dependence of a Rydberg state without decay while solid curve [red (gray)]
depicts time evolution of an autoionizing state with a lifetime (τ2). Solid curve (black) is the sum of these contributions.
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from the pump process. Then the rate equations for the pump
process could be expressed as

(i) dn1(t )/dt = –σ12IFEL(t )n1(t )–σ13IFEL(t )n1(t ),
(ii) dn2(t )/dt = σ12IFEL(t )n1(t )–(1/τ2)n2(t ),
(iii) dn3(t )/dt = σ13IFEL(t )n1(t ),

where ni(t ) stands for population of the ith state at time t , σi j

for the ionization cross section from the ith state to the jth
state, and IFEL(t ) for the photon flux of the FEL pulse at time
t . For the probe process, the ionization cross sections from
state 3 and state 4 were assumed to be the same (σ24 = σ34),
so that the population of the terminated state [n4(t )] is pro-
portional to the sum of n2(t ) and n3(t ). The time-dependent
population ni(t ) is convoluted with the intensity profile of
the NIR pulse. The FEL pump and NIR probe pulses were
assumed to have Gaussian envelopes with a FWHM of 28
and 50 fs, respectively. To reproduce the observed time de-
pendence in Fig. 5, the lifetime τ2 and the cross-section ratio
A(= σ12/σ13) were used as fitting parameters. The simulation
was applied to the peaks at 0.71 and 0.88 eV. The experimental
data were fitted with simulation curves by using a nonlinear
least-squares method, and the optimized parameters were de-
termined to be τ2 = 43(20) fs, and A = 0.9(2) for 0.71 eV and
τ2 = 45(40) fs, and A = 0.5(3) for 0.88 eV. Simulated results
for the Xe2+ state, autoionizing state, and the Xe+ Rydberg
state are depicted as solid black, solid red (gray), and dotted
black curves, respectively.

The (Xe2+ 1D) nd and (Xe2+ 1S) nd Rydberg series of Xe+

are known to undergo autoionization to the lower electronic
states of Xe2+ [19] as is also observed in Fig. 3(a). In the
present photon energy at 40.8 eV, the (Xe2+ 1D)nd series
are dominantly populated compared to the (Xe2+ 1S)nd series
while spectral widths of the (Xe2+ 1D)nd series are narrower
than those of the (Xe2+ 1S)nd series [19]. These autoionizing
states should be responsible for the present ultrafast decays
with two different timescales of ∼100 fs and ∼300 ps. In ad-
dition to these two Rydberg series, Rydberg series converging
to the excited Xe2+(3P0) and Xe2+(3P1) states could have some
contribution for the decay components in the present study
although autoionization from these states was not clearly iden-
tified in the previous study [19].

The lifetime of autoionizing levels varies by several or-
ders of magnitude, depending on how they are coupled
to the continuum state. Although less information on au-
toionization dynamics is available for singly charged ions,
various relaxation processes for autoionizing states of neu-
tral species have been reported. For instance, 5s correlation
satellites of Xe in the 5s15p6(2S1/2)np (n = 14–21) and
5p4(3P)6p(4D3/2)nd (n = 10–13) configurations resonantly
excited by high-harmonic pulses are determined to be ∼200 fs
[47]. Longer lifetimes are reported for autoionizing Rydberg
states (n = 33–53) lying between the lowest spin-orbit 2P3/2

and 2P1/2 levels of Xe [48], where wave-packet oscillations
in the ps range are observed. Similarly, in the case of Ar
atoms, lifetimes of the 3s3p6np (n = 4 and 5) 1P states are es-
timated to be 8.2 and 23.3 fs [49] while those of the np′[1/2]0

(n = 11–16) and n f ′[5/2]2 (n = 9–11) series converging to
the Ar+(2P1/2) state fall in the ranges of 1–4 ps and 16–40 ps,
respectively, according to the observed spectral widths [50].
Ultrashort lifetimes of Kr atoms are also identified as 140 fs

for the 4s4p66p state [51] as well as 22, 33, and 49 fs for the
(2P1/2) 6d/8s, (2P1/2) 7d/9s, and (2P1/2) 8d/10s states [52],
respectively. In either case above, spin-orbit interactions play
a key role in the autoionization process.

In the present autoionization of Xe+∗, the
(Xe2+ 1D)nd (n > 8) Rydberg states decay into the 3P
manifolds of Xe2+ with almost its statistical ratio while
(Xe2+ 1S)nd (n > 9) Rydberg states lying above the
Xe2+(1D2) ionization threshold autoionize preferentially
to the 1D2 state rather than to the 3P manifolds [19]. The
transition from the singlet to triplet states in the ion core
indicates also the importance of taking into account the
spin-orbit interaction in the description of autoionization
processes of the (Xe2+ 1D)nd (n > 8) Rydberg states in
contrast to those of (Xe2+ 1S)nd (n > 9) Rydberg states.
The two distinct decay constants of ∼100 fs and ∼300 ps
observed in the present study suggest that the corresponding
autoionizing states have different coupling schemes to the
continuum. Identification of the detailed mechanism is beyond
of the scope of the current study and requires a theoretical
calculation taking into account appropriate configuration
interactions for heavy atoms.

IV. SUMMARY

We have employed ultrafast photoelectron spectroscopy
of the Rydberg states of Xe+ lying above the double-
ionization threshold by using EUV-FEL and NIR laser pulses.
Time-resolved photoelectron spectra in the fs and ps time
resolutions revealed a slight decay with a lifetime of ∼100 fs
followed by a subsequent decay within several hundreds ps.
The ultrafast decays are attributed to autoionizing states be-
longing to the (Xe2+ 1D)nd and (Xe2+ 1S)nd Rydberg series.
Photoelectron peaks lasting 1 ns are associated with Rydberg
series having negligible quantum defects of Xe+ converging
to the lowest Xe2+(3P2) threshold. Although these Rydberg
series exhibit almost the same photoelectron spectral width
due to the limited instrumental resolution, Rydberg series
having different lifetimes can be distinguished by inspecting
the time evolution of the photoelectron signals. The present
work demonstrates that the time resolution beyond the jitter
limitation allows for investigating ultrafast electron dynam-
ics associated with indirect double ionization which provides
complementary information against the high-resolution spec-
troscopy in the frequency domain.
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