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The time-dependent multiphoton ionization of xenon atoms is studied with femtosecond pulses in the
excitation range of the 4d giant resonance at the photon energy of 93 eV. Benefiting from a new operation
mode of the free electron laser FLASH, the measurements are performed with varying pulse durations. A
strong dependence of the ion charge distribution on the pulse duration allows the different multiphoton
mechanisms behind the multiple photoionization of xenon to be disentangled up to a charge state of Xe10þ.
The results up to Xe8þ are well explained by sequences of single photon, multiphoton, and Auger
processes, but higher charge state generation suggests the need for collective electron multiphoton
excitations.
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The highly intense and ultrashort radiation pulses of the
new free electron laser (FEL) facilities in Europe [1,2], the
United States [3], and Japan [4,5] can significantly extend
the study of interaction of x rays with matter to the
nonlinear regime of multiphoton processes. A number of
fascinating FEL experiments of multiphoton ionization
have already been carried out on solids, clusters, molecules,
and on free atoms [[6,7,8,9], and references therein].
Whereas in the regime of optical femtosecond lasers,
simultaneous multiphoton, above-threshold, and strong-
field ionization are the mechanisms of relevance [10,11],
the nonlinear interaction of soft and hard x rays with atoms
at photon energies above the first ionization threshold has
been shown to be dominated by sequential processes in
which an excited atom or ion created in a preceding step
represents the target for a subsequent step [12–20]. For
higher ionization charges and ionization thresholds which
exceed the photon energy, the mechanisms may be rather
complex because simultaneous multiphoton ionization
processes come into play for the higher steps of an
ionization sequence [12,21].
A prime example is the multiphoton multiple ionization

of Xe in the vicinity of the so-called 4d giant resonance in
the extreme ultraviolet (EUV) between 90 eV and 110 eV
photon energy where charge states up to Xe21þ were
observed at irradiance levels in the order of 1016 W=cm2

[22]. A sequential scheme requires 19 steps and almost 60
EUV photons to generate Xe21þ from atomic Xe, and more
than a single photon is required for each step from Xe7þ on.
The role of the 4d giant resonance and the impact of
collective electron excitation on this particular behavior are
still-open scientific questions of fundamental importance
[22–26]. Since the different multiphoton schemes depend
in different ways on the FEL pulse duration, as has recently

been summarized [27], photoionization experiments at
varying pulse duration may help to disentangle the under-
lying mechanisms. Experiments at the Linac Coherent
Light Source (LCLS) have demonstrated that sequences
of inner-shell excitation in the harder x-ray regime and
successive refilling via Auger decay is the dominating
mechanism for the complete stripping of the electrons on
Ne atoms [16]. In the present work, we have investigated
the much more complex multiphoton multiple ionization of
Xe at lower photon energy in the EUV by time-dependent
measurements at the free electron laser FLASH, benefiting
from a new operation mode with varying pulse duration
within a FEL bunch train in the range from 150 fs to 250 fs.
The data were compared to the already-reported results
obtained at much shorter pulse duration in the order of 10 fs
to 20 fs [22]. This first time-dependent multiphoton
ionization study in the EUV demonstrates that the gen-
eration of the Xe charge states is explained by a complex
scheme of different multiphoton mechanisms which can be
distinguished.
The experiments were performed at a target pressure of

around 10−7 mbar using the BL2 beam line of FLASHwith
a FWHM focal diameter of ð20� 5Þ μm [28,29]. The
photon energy of 93 eV was chosen to compare current data
with the former results of the Xe multiphoton ionization
obtained at ð2.6� 0.5Þ μm focal diameter [22]. The FEL
beam was arranged in 300 μs long bunch trains at a 10 Hz
repetition rate, with each train consisting of 30 individual
FEL pulses. The individual pulses were separated by 10 μs
and had statistically fluctuating pulse intensities and
shapes. The pulse duration was estimated to be at least
150 fs and at most 250 fs with a mean pulse duration of
about 200 fs. This estimation is based on the following
three different independent measurement methods: (1) an
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autocorrelation method using two movable mirrors [30,31],
(2) measurement of the spectral distribution of the FEL
radiation and estimation of the pulse duration from the
number of modes [32], and (3) estimation of the pulse
duration of the FEL radiation from the length of the
electron bunches [33]. The pulse energy of the FEL was
monitored by a gas monitor detector [34]. Ion time-of-flight
(iToF) spectra were taken individually using a transient
recorder to be able to sort the data with respect to pulse
position within the bunch train and to pulse energy.
Figure 1 shows the iToF spectra of Xe atoms obtained at

different pulse duration τ, pulse energy W, and beam cross
section A. The spectrum in Fig. 1(a) is measured at short
pulse duration of ð15� 5Þ fs taken from [22], whereas the
spectrum sketched in (b) was obtained at much longer
pulses in the order of 200 fs. For a distinct comparison, the
plots were taken at selected pulse energies so that the
radiant exposure H ¼ W=A had almost the same value of
1.45 J=cm2 for both of them. Dividing the radiant exposure
of a radiation pulse by the pulse duration yields the peak
irradiance E ¼ H=τ ¼ W=ðAτÞ, which represents the key
quantity of the radiation field to describe the rate of a
simultaneous n-photon process according to the general
power law of low-order perturbation theory [27,35],
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with the number of targets within the interaction volume
N0, the respective generalized n-photon ionization cross
section σðnÞ, and the photon energy ℏω. At constant
exposure H, simultaneous multiphoton processes rise with

shorter pulse duration τ, which generally leads to higher
charge states. However, in Fig. 1 the opposite behavior is
demonstrated. At constant exposure, the mean charge is
lower at shorter pulses, indicating that straight simulta-
neous multiphoton ionization may not be the underlying
mechanism. This is not surprising because the multiphoton
ionization at 93 eV photon energy and radiant exposure
levels in the order of a few J=cm2 have recently been
well described in the case of Ne atoms by a sequential
multiphoton scheme [20].
In contrast to simultaneous multiphoton ionization, the

number of pure sequential multiphoton processes per pulse
does not explicitly depend on the pulse duration in cases
where relaxation processes do not play a significant role
[27]. Hence, spectra taken at the same radiant exposure
should be identical. For the two spectra in Fig. 1, this is not
the case. Thus, the multiphoton ionization of Xe at 93 eV
seems to have more than just simple sequential multiphoton
processes. The reason might be the 4d inner-shell giant
resonance which dominates the photoionization of Xe at
93 eV and leads to excited states with lifetimes of a few
femtoseconds, decaying via Auger effect to higher charge
states [36–38]. Similar mechanisms hold for the photo-
ionization of Xeþ to Xe6þ as the first steps of a sequential
ionization scheme [39,40]. As a consequence, the 4d
vacancy is frequently refilled for further excitation. In
the case of short photon pulses in the femtosecond regime,
this sequence of inner-shell excitation and occupation via
Auger relaxation may be interrupted (‘frustrated’) leading
to a lower mean charge than at longer pulses. This idea has
already been applied to explain the time-dependent multi-
photon ionization of Ne in the harder x-ray regime, where
the inner 1s shell is addressed [16] and is confirmed by our
ion yields in Fig. 2. For the higher charges (≥4þ), the
values obtained at long pulses (a) are significantly higher
and saturate at lower radiant exposure than at short pulses
(b). The lower charges, on the other hand, may be reached
without a second photon. Here, the ion yields at long and
short pulses are much more similar.
The observed dependencies of the Xe ion yields on the

pulse duration were further investigated by means of a
bunch-resolved evaluation of our long-pulse data. While
the comparison with the former results [22] in Fig. 1 and
Fig. 2 was performed on a basis of averaging over FEL
pulses of the same intensity but arbitrary bunch number,
Fig. 3 shows the integrated charge state yields of Xe3þ,
Xe5þ, Xe8þ, and Xe10þ plotted against the radiant exposure
and restricted to positions of the bunches at the beginning
and at the end of a bunch train. At FLASH, the FEL pulse
duration is affected by a not fully compensated beam-
loading effect due to a low-level radio frequency regulation.
This leads to an amplitude and phase slope along the bunch
train and, hence, to a corresponding change of the bunch
compression, which results in increasing pulse duration
from about 150 fs to 250 fs depending on the position of the
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FIG. 1 (color online). Ion time-of-flight (iToF) spectra of
ionized Xe atoms at high pulse intensity for different pulse
durations at the same radiant exposure of 1.45 J=cm2: (a) for
short pulses of ð15� 5Þ fs measured at the irradiance of 1.4 ×
1014 W=cm2 [22] and (b) for long pulses in the order of 200 fs
measured at 7.4 × 1012 W=cm2.
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bunch within a bunch train [41]. A former pump-probe
study foreshadows this effect [42] but it is clearly reflected
in Fig. 3 by the diverging ion yields of Xe5þ and Xe8þ for
different bunch positions at high exposure.
The generation of Xe3þ states at 93 eV photon energy is

dominated by the resonant emission of an inner shell 4d
electron, starting from the Xe: [Kr] 4d105s25p6 ground
state, followed by two subsequent Auger decays [36–38]. It
does not depend on the pulse duration (and bunch position)
because just one photon is involved. With increasing
exposure, the Xe3þ states are depleted due to subsequent
ionization steps which cause the decrease of the Xe3þ
signal in Fig. 3. Starting from Xe3þ, resonant 4d → 4f
excitation is expected to be the main ionization channel
[40] leading with some tens of femtoseconds lifetime via
autoionization to Xe4þ and then, by absorption of a further
photon, to Xe5þ. The latter steps may be constrained in the
case of shorter pulses approaching the lifetime of the
preceding Auger and autoionization decays as previously
discussed. This nicely explains the lower Xe5þ yield in
Fig. 3 at shorter pulse duration of the early bunches
compared to the longer pulses of the late bunches. The
depletion of Xe5þ ions is less pronounced compared to
Xe3þ, as it is the relevance of subsequent ionization steps in
the exposure range investigated. The yield of Xe8þ starts at
almost zero below 1 J=cm2 and increases highly non-
linearly with radiant exposure. The Xe8þ yields are higher
for the shorter instead for the longer pulses. The most likely
reason is that simultaneous multiphoton transitions are
involved whose rates increase, according to Eq. (1), with
shorter pulse duration τ at constant radiant exposureH. The
transition energy from Xe7þ to Xe8þ amounts to more than
100 eV [43] and, thus, exceeds our photon energy of 93 eV
so that at least two simultaneous photoabsorptions are
required.

In Fig. 4, the time dependencies for the generation of
Xe2þ to Xe9þ are summarized by three-dimensional con-
tour plots of the yields, normalized to their mean values at
the respective exposure and depicted with the bunch
number on the horizontal axis and the radiant exposure
on the vertical axis. For Xe2þ and Xe3þ, the plots are almost
flat, which means that the yields do not vary significantly
with the bunch number or pulse duration at any radiant
exposure and therefore indicates the underlying single
photon processes. The yields generally increase with longer
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FIG. 2 (color online). Relative Xe2þ to Xe10þ ion yields (normalized to the sum of all charge state yields) as a function of radiant
exposure: (a) current experiment and (b) data from [22].
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FIG. 3 (color online). Relative Xe3þ, Xe5þ, Xe8þ, and Xe10þ
ion yields (normalized to the sum of all charge state yields) as a
function of the radiant exposure as observed from the early
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from the late bunches (bunches 23 and 24, at slightly longer FEL
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pulse duration at higher bunch number for Xe4þ and for
Xe5þ, which is explained by the gradual frustration, at
shorter pulse lengths, of the previously discussed sequences
of inner-shell excitation and occupation via Auger decay.
The impact of simultaneous multiphoton processes con-
nected with higher yields at shorter pulses according to
Eq. (1) and lower yields at longer pulses and higher bunch
numbers can already be observed at Xe6þ for the lower
exposure values. This effect seems to be damped at higher
exposure levels, probably due to saturation of the Xe6þ
yield (see Fig. 2a). This observation is also valid for Xe7þ.
For Xe8þ, the decrease of the yield at high bunch numbers
is most distinct. Here, as for all charges greater than 6þ, the
yields rise only at higher exposure levels [see Fig. 2(a)], so
that their strongly varying low-exposure data are dominated
by noise and omitted in Fig. 4.
Of particular interest is the behavior of Xe9þ: its three-

dimensional contour plot in Fig. 4 is rather flat. Also for
Xe10þ, the yields in Fig. 3 obtained at the shorter and
the longer pulses are equal within the statistical uncertain-
ties. This might point to collective 4d electron excitations
for these higher charges because the strength of such a
mechanismdoes not explicitly depend on the pulse duration.
The scheme was already proposed for the particular multi-
photon ionization of Xe [23,26] in the vicinity of the 4d
giant resonance [44–47] to explain the very high charge
states in comparison to other rare gases and was subject
of a substantial and controversial discussion [22–27].
Complementary to the perturbative approach of many indi-
vidual photons interacting with many individual electrons
within a complex sequential scheme, here the radiation field
creates a sort of inner-atomic plasma oscillation and heating
that leads to the emission of electrons. In the simplest
approximation of a damped harmonic plasma oscillation,

theenergy transfer fromahigh-intensityEUVfield toasingle
Xe atom is proportional to the radiant exposure H without
dependence on the pulse duration [26,27]. Naturally, this
semiclassical approach applies only for higher inten-
sities (and charges) on Xe in the vicinity of the 4d giant
resonance and is not in conflict with models based on
perturbation theory for lower intensities and charges and
other rare gases without a collective giant resonance. The
higher rises of the Xe9þ andXe10þ ion yields above 3 J=cm2

inFig.2(a)alsosuggest theexistenceof twointensity regimes
with obviously different mechanisms for the generation
of the higher charges.
In conclusion, we were able to disentangle the main

routes of multiphoton multiple ionization of Xe in the
vicinity of the 4d giant resonance up to a charge state of
Xe10þ with our time-resolved iToF data. Xe2þ and Xe3þ
were confirmed to be mainly generated by one-photon 4d
inner-shell ionization with subsequent Auger decay. Xe4þ
and Xe5þ are due to further 4d excitations followed by
autoionization. The next steps of the ionization sequence
seem to be concentrated in the outer shell of the respective
ion with simultaneous multiphoton ionization playing a
role for Xe6þ to Xe8þ. Finally, the detected independence
of Xe9þ and Xe10þ on the FEL pulse duration requires the
collective 4d electron excitations in the vicinity of the 4d
giant resonance of the Xe atom to explain the higher
charges. This conclusion might be confirmed by future
studies at different photon energies also outside of the 4d
giant resonance.

We thank the FLASH team for a very successful FEL
operation. This work was supported by the Deutsche
Forschungsgemeinschaft (DFG) under MA 2561/4-1, RI
804/5-1, TI 280/3-1, and SFB925/A3.

FIG. 4 (color online). Ionization yields for Xe2þ to Xe9þ as a function of radiant exposure and FEL bunch number, normalized to their
mean values at the respective exposure level.
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