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Nonlinear light–matter interactions in the extreme ultraviolet (XUV) are a prerequisite to perform XUV-pump/XUV-
probe spectroscopy of core electrons. Such interactions are now routinely investigated at free-electron laser (FEL)
facilities. Yet, electron dynamics are often too fast to be captured with the femtosecond resolution of state-of-the-
art FELs. Attosecond pulses from laser-driven XUV-sources offer the necessary temporal resolution. However, intense
attosecond pulses supporting nonlinear processes have only been available for photon energy below 50 eV, precluding
XUV-pump/XUV-probe investigation of typical inner-shell processes. Here, we surpass this limitation by demonstrat-
ing two-photon absorption from inner electronic shells of xenon at photon energies around 93 eV and 115 eV. This
advance opens the door for attosecond real-time observation of nonlinear electrondynamics deep inside atoms. ©2018

Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (020.4180) Multiphoton processes; (340.7480) X-rays, soft x-rays, extreme ultraviolet (EUV); (140.7240) UV, EUV, and X-ray
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1. INTRODUCTION

Nonlinear photoionization triggered by high-intensity free-
electron laser (FEL) pulses has opened new horizons for the in-
vestigation of inner-shell electron dynamics in atomic and
molecular systems [1]. The pioneering studies on multi-photon
ionization (MPI) of xenon atoms at 93 eV provided a particularly
impressive example of the richness of MPI dynamics [2,3]. In
these studies, ionic charge states up to Xe21� were observed,
involving the absorption of at least 57 photons. Xenon is a model
system for collective inner-shell electron dynamics involving a
giant dipole resonance [4]. These dynamics in xenon turned
out to be much richer than expected and have been the subject
of numerous studies [5,6]. In particular, recent studies revealed
that the giant 4d-εf dipole resonance in xenon is in fact composed
of two short-lived resonances [7,8]. Apart from xenon, a number
of other systems such as the elements Ba and La exhibit a giant
resonance around 100 eV [9,10]. Since the latter is preserved in
molecules containing them, the range of applications extends to
molecules, clusters, fullerenes, or quantum dots [11].

The availability of attosecond pulses with a photon energy
around 100 eV with sufficient intensity to support multi-
photon interactions, would allow time resolving of such collective
inner-shell dynamics [12,13]. When the duration of the extreme
ultraviolet (XUV) pulses is significantly shorter than the time scale
of the autoionization process that follows the absorption of the
first photon, the second photon interacts with a non-relaxed
system. As a consequence, sequential ionization via a relaxed in-
termediate state is expected to be strongly inhibited in the atto-
second regime. This contrasts with the femtosecond regime of
FEL pulses for which sequential ionization prevails [14].

While FELs are potentially capable of producing pulses shorter
than 1 fs [15,16], these pulses develop stochastically, and their
timing cannot presently be precisely controlled. By contrast,
high-harmonic generation (HHG) [17,18] driven by laser pulses
with a controlled waveform [19] allows the reliable and reproduc-
ible generation of isolated attosecond pulses [20]. Until now,
however, the low pulse energies provided by these sources has
greatly hampered their use for nonlinear inner-shell excitation.
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Second-order MPI processes have been observed at photon ener-
gies up to 50 eV with HHG-based sources, using gas [21–25] and
over-dense plasma targets [26]. However, for most atomic species,
these photon energies are insufficient for MPI of inner-shell electrons.

Microscopically, HHG in gaseous media is understood in
terms of the recollision model [27,28]. As a collective process
of many atoms, the HHG yield depends on macroscopic propa-
gation effects, i.e., phase matching of the driving laser and the
emitted harmonics in the gas medium. Experimentally, the opti-
mum pulse energy is achieved with a multi-dimensional optimi-
zation of different generation parameters [29], such as gas
pressure, interaction length, focus position with respect to the gas
target, and laser intensity. The infrared (IR)-to-XUV conversion
efficiency rapidly decreases towards shorter XUV wavelengths as a
result of the decreasing single-atom response, increasing phase-
matching sensitivity, and dispersion due to increasing ionization.
Hence, the generation of intense XUV pulses at higher photon
energies is ever more challenging. Despite efforts to optimize
the XUV pulse energy using millijoule (mJ)-scale few-cycle pulses
[30,31], a substantial increase is needed for the investigation of
multiphoton processes at 100 eV.

In this paper, we report on two-photon multiple ionization of
Xe at photon energies around 93 eV and 115 eV. We thereby
demonstrate nonlinear interactions with an inner electronic shell
(i.e., the 4d electronic shell of xenon). Moreover, we determine
the two-photon ionization cross sections for this process. This
progress is allowed by a 100-fold increase in the XUV pulse en-
ergy, utilizing the quadratic scaling of the harmonic yield with the
diameter of the interaction region [32–34]. A novel scheme for
broadband amplification of sub-two-cycle laser pulses towards
multi-terawatt (multi-TW) peak power allows us to maintain the
driving laser intensity at the required level in a much larger focus.

2. EXPERIMENTAL SETUP

The HHG process is driven by a multi-TW optical parametric
synthesizer, the “Light Wave Synthesizer 20” (LWS-20), which
delivers sub-two-cycle 75 mJ pulses with a central wavelength
around 740 nm at a repetition rate of 10 Hz [35]. Up to 40 mJ
of the pulse energy are used on target. With this pulse energy, a
peak intensity above 1015 W∕cm2 is reached in a focal spot with
365 μm full width at half-maximum (FWHM). For the focusing
(see Fig. 1), we use a 17 m focal-length spherical mirror (f# 340)
that is preceded by an adaptive mirror to ensure a sufficient
wave-front quality.

The generated XUV pulses typically exhibit a cutoff photon
energy of about 125 eV. In the cutoff region, continuous and
modulated single-shot spectra are observed, which are attributed
to random shot-to-shot changes of the carrier-envelope phase of
the driving laser pulses [35]. The XUV pulse energy within the Zr
filter spectral transmission window that opens at 65 eV [Fig. 1(b)]
can be as high as 40 nJ, corresponding to an IR-to-XUV energy
conversion efficiency from the fundamental to photon energies
>65 eV of the order of 10−6 [see Supplement 1]. This two-
order-of-magnitude pulse energy increase with respect to state-
of-the-art kilohertz (kHz) few-cycle systems [31] satisfies the
expected energy scaling for high-energy few-cycle sources.

The beamline shown in Fig. 1 accommodates a tight refocus-
ing of the XUV beam in the experimental chamber. After an
expansion length of 14 m, an XUV mirror with a focal length of
125 mm is used to focus the XUV pulses on axis into a xenon gas

target where different ionic charge states are generated via XUV
photoionization. The present geometry performs a 110:1 imaging
of the XUV source onto the target. Two different homemade
multilayer XUV mirrors [36] with 10-eV bandwidth centered
at 93 eV and 115 eV and a peak reflectivity of 16% [Fig. 1(b)]
are used in this study. A typical XUV-beam profile at the XUV
mirror is shown in Fig. 1(c). From the spectral intensity reflected
by the XUV mirror, we estimate a Fourier limited XUV pulse
duration of about 170 as (at FWHM) in both cases.

3. RESULTS

In order to explore the interaction of the XUV pulse with the
target gas, we use an ion microscope (IM) [37–39] to record
the spatial distribution of the different photo ions in the XUV
focus. More specifically, the IM records the y-projection of the
ion distribution as a function of their time of flight (TOF) with
single-ion sensitivity. The XUV pulse energy on target amounts
to 0.5 nJ� 0.15 nJ and 0.25 nJ� 0.06 nJ for the 93-eV and
115-eV experiments, respectively (see Supplement 1).

Fig. 1. Experimental setup. The LWS-20 laser system that drives the
HHG delivers sub-two-cycle laser pulses with a central wavelength
around 740 nm at a repetition rate of 10 Hz. The pulses propagate
in a 35-m-long evacuated beamline where they are focused into the gen-
eration chamber to a focal spot of 365 μm FWHM using an f � 17 m
spherical mirror. The XUV pulses are generated in a gas cell filled with a
few mbar of neon. Optimum XUV pulses are typically generated with
35 mJ to 40 mJ laser pulse energy on target, providing a peak intensity of
1–3 × 1015 W∕cm2. After HHG, the XUV and laser pulses propagate
collinearly to the entrance of the experimental chamber. There, one or
two 150-nm-thick Zr filters can be inserted into the beam to block pho-
tons with an energy below 65 eV, including the driving laser radiation. A
multilayer XUVmirror is used to focus the beam on axis onto a xenon gas
jet located in the object plane of an ion microscope. The latter records the
spatial distribution of ions produced in the XUV focus via photoioniza-
tion of the target gas. The chamber is equipped with different single-shot
XUV diagnostic devices (an XUV CCD camera, an XUV flat-field gra-
ting spectrometer, and an absolutely calibrated XUV photodiode), which
are used to characterize the generated radiation. (b) 100-shot average of
the spectral energy density S�Eph� as a function of the photon energy Eph

after generation (light grey area), and after a 150-nm-thick Zr filter (dark
grey area). The normalized XUV spectrum on target after reflection from
the 93-eV (115-eV) XUV focusing mirror is indicated by the blue (red)
area. For visual convenience, the maximum of the blue and red spectra
have been normalized to the value 0.1. (c) XUV beam profile measured at
the XUV mirror position and averaged over 100 shots.
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In the ion TOF spectra measured using 93-eV XUV pulses
(Fig. 2), the xenon charge states Xeq� with q � 1 − 3 can be
reached by the absorption of a single photon. The measured
single-photoionization yield distribution, which results from
different Auger decay paths of excited xenon hole states to differ-
ent final ionic charge states, is in agreement with the literature
[40]. In order to generate the observed charge states Xe4�

and Xe5� with a threshold energy of 107.4 eV � 0.8 eV and
160.8 eV � 3.7 eV, respectively [41], at least two photons have
to be absorbed. The intensity scaling for the Xe4� production
follows In with n � 2.05� 0.13 (see Supplement 1), in accor-
dance with a two-photon absorption process.

In order to determine the two-photon ionization cross section
σ̃�2�, we recall that a beam with a Gaussian profile and a certain
M 2 parameter σ̃�2� can be expressed as (see Supplement 1)

σ̃�2� � λ

π
×
M 2

N 2
ph

×
N �2�

tot

ρa
; (1)

where ρa is the target gas density, N
�2�
tot the total (time-integrated)

number of two-photon ionization events integrated over the
whole focal volume, N ph the number of photons on target, and
λ the XUV wavelength. Here σ̃�2� is defined as Y �2� � σ̃�2� × F 2,
where F is the photon fluence (number of photons per area) and
Y �2� the two-photon ionization yield. It is worth noting that for a

beam with a Gaussian profile and a certainM 2 parameter, N �2�
tot is

independent of the focal geometry, but is inversely proportional
to the M 2 factor of the XUV beam, which emphasizes the
importance of the XUV-beam quality. By setting M 2 � 1 in
Eq. (1), and assuming that the Xe4� channel yields the main con-
tribution to the second-order process, we can infer lower limits of
σ̃�2� > �7.3�3.5�×10−36 cm4 and σ̃�2�> �2.9�1.4�×10−36 cm4

for the 93-eV and 115-eV experiments, respectively.
The IM images of the spatial distributions of 131Xe2� and

131Xe4� (131Xe3� and 131Xe4�) ions in the XUV focus that were
recorded in the 93-eV (115-eV) experiment (Fig. 3) allow us to
characterize the XUV focus and determine the photon fluence on
target. Each image is composed of multiple measurements at dif-
ferent z positions, which permits a measurement over a longer z

Fig. 2. TOF spectra of Xe at 93 eV. Measured mass spectra of the
xenon charge states Xeq� (q � 1;…; 5) generated by photoionization
of xenon atoms in the focus of the 93-eV XUV beam. The signal cor-
responds to the number of ions per unit mass-to-charge ratio m detected
in a field of view of 395 μm in diameter. The number Nq�

ion in the right
upper corner of each graph corresponds to the number of ions Xeq� gen-
erated per shot in the field of view of the IM, taking into account the
50% detection efficiency. The blue markers indicate the expected posi-
tions and frequencies of the seven stable xenon isotopes. The relative
photoionization yields of all the measured charge states are shown in
the lower right panel.

Fig. 3. Spatial dependence of the linear and nonlinear photoionization
yields along the propagation axis z at a photon energy of (a) 93 eV and
(b) 115 eV. Each of the images shown in the upper two panels in (a) and
(b) correspond to an ion microscope image of the charge state indicated
in the upper right corner. The maximum signal in each image is normalized
to 1. The yield ratios R�z� � Y Xe4��z�∕Y Xe2��z� and R�z� � Y Xe4��z�∕
Y Xe3��z� are shown in the lower panel of (a) and (b), respectively, where
Y Xe2��z�, Y Xe3��z� and Y Xe4��z� are obtained by integrating the corre-
sponding images along x (grey data points). The black line is obtained from
the grey data points by a 65-point smoothing. The red line, from which we
obtain the Rayleigh range zR , is a fit of the function k × �1� z2∕z2R�−1 to
the data with fit parameters k and zR .
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range than the field of view of the IM. Well below the saturation
intensity, the x- and y-integrated single-photon ionization yield is
independent of z. In contrast, for a process of order 2, the x- and
y-integrated yield is proportional to the photon fluence, i.e.,
inversely proportional to the beam area at that z position. Thus,
assuming a Gaussian beam with a certain M 2 factor, we can
determine for the 93-eV (115-eV) experiment the Rayleigh
range zR � 93 μm� 10 μm (zR � 96 μm� 15 μm) from
the z-dependent yield ratio R�z� of Xe4� and Xe2� (Xe4� and
Xe3�) ions [see Fig 3]. The advantage of using the yield ratio
rather than the nonlinear 131Xe4� yield alone is that any error
due to a possible inhomogeneity in the IM detection will cancel
out. A FWHM focal spot size of d 0 � 1.1� 0.2 μm
(d 0 � 2.5� 0.45 μm) is determined from the measured beam
divergence and the Rayleigh range (see Supplement 1). For the
measured focus diameter of 1.1 μm (FWHM) and the measured
pulse energy on target of 0.5 nJ, one would obtain an XUV in-
tensity of 1.0 × 1014 W∕cm2, assuming a temporal intensity
envelope with a FWHM 340 as, which corresponds to roughly
twice the Fourier limited FWHMobtained from the XUV spectrum.

For the 115-eV experiment, both single-photon and two-
photon absorption processes contribute to the Xe4� yield, and the
nonlinear contribution is 4.4 times larger at the focus [i.e., the
signal at z � 0 μm compared to the signal at z � −500 μm in
Fig. 3(b)]. The linear Xe4�-yield contribution is consistent with
the single-photon Xe4� ionization cross section at 115 eV of
0.015 × 10−18 cm2 [40].

For the 93-eV (115-eV) experiment, we determine the two-
photon partial ionization cross section σ̃�2� for Xe4� from the
yield ratio R(0) of the Xe4� and Xe2� (Xe3�) yields in the focus,
the focus size d 0, the number of photons on target N ph, and the
partial single-photon ionization cross section σ for the production
of Xe2� (Xe3�) ions,

σ̃�2� � πσ

2 ln�2� ×
d 2
0 × R�0�
N ph

: (2)

The experimental values obtained from Eqs. (1) and (2) are
summarized in Table 1, where they are also compared to the pre-
dictions of the sequential ionization model, in which a first pho-
ton generates the ionic ground states of Xe�, Xe2�, and Xe3�,
from which a second photon is absorbed [14].

4. DISCUSSION

Before discussing the results, it is worth pointing out that for pho-
ton energies above the ionization potential of helium, two-photon
ionization of a neutral target always occurs via a resonant inter-
mediate state. A fundamental question is whether or not the sec-
ond photon is absorbed before the relaxation of the system is
complete—after the absorption of the first photon. Sequential
ionization via a relaxed intermediate state provides a good descrip-
tion of FEL experiments in the femtosecond regime [14,42,43].
In the attosecond regime, in contrast, the finite lifetime of the
transient intermediate state has to be accounted for. A proper
description of the two-photon ionization process in this case re-
quires an accurate treatment of the electron correlations in the
presence of nonlinear effects. A recent overview about the state
of such approaches can be found in Ref. [44].

The duration of the XUV pulses used in our experiment is short
compared to the relaxation time of the excited 4d hole states into
theXe2� (Xe3�) charge states via Auger (cascaded Auger) processes
[45]. While the decay time of the Auger process leading to Xe2�

amounts to 6.3 fs� 0.2 and 5.9 fs� 0.2 fs for the 4d3∕2 and
4d5∕2 holes, respectively [46], the Auger decay time from the ex-
cited Xe2� state to the Xe3� states amounts to 30.8 fs� 1.4 fs
[47]. Although an exact temporal characterization of the XUV
pulse was not realized with the present setup, the nonlinear nature
of the HHG process temporally confines the XUV pulse to a frac-
tion of the driving laser pulse. Therefore, the observed two-photon
absorption process is expected to occur on a time scale significantly
shorter than the decay time of the excited 4d-hole state.

As can be seen in Table 1, the two-photon ionization cross
sections reported in the present work are indeed not compatible
with a sequential model. As compared to the model predictions,
that assume sequential ionization via the relaxed ionic ground
states, the measured two-photon ionization cross section of
Xe4� is 7 times smaller at 93 eV and 2.5 larger at 115 eV.
This suggests that the generation of this charge state follows a
different ionization pathway via the unrelaxed excited 4d-hole
state. Similar discrepancies are observed for the measured ratio
of the Xe4� and Xe5� ionization yields, a quantity independent
of the XUV pulse energy. As compared to the predictions assum-
ing sequential ionization via the relaxed ionic ground states, the
measured ratio is more than 4 times smaller at 93 eV and 6.4
times larger at 115 eV. This again suggests that the absorption
of the second photon in the short pulse regime occurs via a differ-
ent pathway. As discussed above, the significant discrepancies
of our experimental results with respect to the predictions of a
sequential model indicate that our short pulse duration starts
sensing the life time of the transient intermediate states.
Future experimental and theoretical studies are needed to shed
light on the exact nature of these processes that are now exper-
imentally accessible.

5. CONCLUSION AND OUTLOOK

In summary, we have used an attosecond XUV source to inves-
tigate the absorption of two 100-eV photons within the giant res-
onance of xenon. We have observed distinct deviations with
respect to FEL results, which originate from the shorter XUV
pulse duration provided by our system. These differences are
indicative of dynamics on a few-femtosecond time scale or even

Table 1. Measured Xe4� Two-Photon Ionization
Cross Sections at 93 eV and 115 eV Determined Using
Eqs. (1) and (2)a

93 eV 115 eV

σ̃�2�
Xe4�∕�10−34 cm4� [exp. Eq. (1)] 0.19� 0.09 2.0� 1.0

σ̃�2�
Xe4�∕�10−34 cm4� [exp. Eq. (2)] 0.55� 0.27 4.9� 2.4

σ̃�2�
Xe4�∕�10−34 cm4� (exp. Mean) 0.37� 0.13 3.45� 1.2

σ̃�2�
Xe4�∕�10−34 cm4� (theory) 2.6 1.36

Y Xe4�∕Y Xe5� (exp.) 14.5� 1.5 9� 2

Y Xe4�∕Y Xe5� (theory) >61 1.4
aThe average of the two measured values is compared to the predictions of the

sequential ionization model. Also shown are the measured ratio of the nonlinear
Xe4� and Xe5� yields and the corresponding values expected from the sequential
model. The theoretical two-photon ionization cross sections and yield ratios are
calculated using experimental single-photon ionization cross sections data from the
literature (see Supplement 1).
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shorter, which can be ideally interrogated using an attosecond
XUV-pump/XUV-probe scheme.

Beyond the particular example of xenon, the 100-eV energy
region allows reaching the absorption edge of a variety of
elements, including Al, Be, and Si. Besides the study of giant
resonances, other experiments such as two-color pump-probe in-
vestigations in He call for intense attosecond radiation around
100 eV [48]. Higher photon energies ranging into the water
window would allow time-resolved measurements in organic
molecules. Such a possibility would result in unprecedented
applications in biology and chemical science.

Our proof-of-principle experiment opens the door for such
studies by demonstrating the capability of few-cycle-driven
high-harmonic sources to combine extreme temporal confinement
with peak powers required for observing nonlinear interactions.
The feasibility of this energy scaling is expected to motivate efforts
towards the development of next-generation high-intensity
attosecond sources [49] and paves the way for the real-time explo-
ration of so far unresolved inner-shell electron dynamics.
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