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Two-XUV-photon double ionization of neon
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Two-XUV-photon double ionization of Ne, induced by an intense few-pulse attosecond train with a ∼4 fs
envelope duration is investigated experimentally and theoretically. The experiment is performed at ELI-ALPS
(Extreme Light Infrastructure Attosecond Light Pulse Source) utilizing the recently constructed 10 Hz gas
phase high-order harmonic generation SYLOS GHHG-COMPACT beamline. A total pulse energy up to ∼1
μJ generated in argon in conjunction with high-reflectivity optics in the XUV region allowed the observation of
the doubly charged state of Ne induced by 40 eV central XUV-photon energies. The interaction of the intense
attosecond pulse train with Ne is also theoretically studied via second-order time-dependent perturbation theory
equations of motion. The results of this work, combined with the feasibility of conducting XUV-pump–XUV-
probe experiments, constitute a powerful tool for many potential applications. Those include attosecond pulse
metrology as well as time-resolved investigations of the dynamics underlying direct and sequential double
ionization and their electron correlation effects.
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I. INTRODUCTION

When an atomic or molecular system is exposed to an
external electromagnetic field a wide variety of processes may
occur, depending on the interaction strength and wavelength
of the radiation. At low intensities linear processes are oc-
curring which can be described by first-order time-dependent
perturbation theory. At increased intensities, typically >

1010 W/cm2, nonlinear processes [1,2] start playing a signif-
icant role, as theoretically predicted [1] and experimentally
inaugurated in the 1960s [2,3]. Here the wavelength of
the radiation is a decisive parameter whether the interac-
tion is multiphoton, commonly treated through lowest-order
time-dependent perturbation theory (LOPT), or strong field
(nonperturbative) type [4–7]. Besides higher-order harmonic
generation (HHG) [8–12], which possesses the most excit-
ing applications, of particular interest among these nonlinear
processes is the double (or multiple) ionization. Double ion-
ization can be a direct (without formation of intermediate
ions) or sequential (with formation of lower charge states
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that ionize further) process. The particular interest is due
to the possible electron-electron correlation effects and their
dynamics that may underlie the process. Electron-electron
correlation effects may be present in either a direct (without
formation of intermediate ions) or a sequential (with forma-
tion of lower charge states that ionize further) process.

Although extensively explored in the visible and infrared
(IR) regions, the extension of the studies of such processes to
the extreme ultraviolet (XUV) is limited mostly to accelerator-
based facilities such as free electron lasers (FELs) [13–15]
(and references therein), offering remarkably high pulse en-
ergies, but with shot-to-shot instabilities [16,17] and, until
recently [18,19], relatively long pulse durations. On the other
hand, coherent, tabletop, laser-driven sources based on gas
phase HHG are versatile, provide routinely subfemtosec-
ond temporal resolution, and have relative good shot-to-shot
stability. The inherently low conversion efficiency of the
generation process, however, limits the number of emitted
photons. To this end, extended efforts in several laboratories
have led to the development of novel HHG beamlines that
have reached pulse energies and durations that have allowed
the observation of nonlinear XUV processes [20–30], recently
even beyond the two-XUV-photon ionization [31–34], as well
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as strong-XUV-field effects [35]. Inducing such phenomena
is a vital tool in studying ultrafast dynamics, that can be used
to initiate, probe, or even control processes that are occurring
on the few femtosecond (fs) to attosecond (as) timescales in
atomic and molecular systems (see [36–44] and references
therein). The key feature in intense coherent XUV sources,
based on HHG in gaseous media, is loose focusing. This
allows the interaction with high laser pulse energies without
depleting the generation medium. Loose focusing geometries
are exploited in the so-called SYLOS GHHG-COMPACT
beamline at the ELI-ALPS (Extreme Light Infrastructure
Attosecond Light Pulse Source) user research infrastructure
[45]. With this beamline, high-order harmonic emission with
pulse energies in the μJ range has recently been achieved.
These pulse energies in conjunction with very short pulse
durations were evaluated as sufficient for inducing nonlinear
processes in the XUV region.

In this work, we investigate the two-photon double ioniza-
tion of Ne induced by intense XUV radiation. The doubly
charged Ne species are produced by a few-pulse train with
an estimated envelope pulse duration of 3–4 fs, synthesized
by a comb of harmonics (23rd–31st) centered at 40 eV pho-
ton energy and intensity of the order of 1012 W/cm2. The
experimental results are supported by theoretical calculations
that evaluate the possible double-ionization pathways of Ne,
indicating that both the direct and the sequential processes are
significantly contributing to the double ionization. Thus, we
observe a two-XUV-photon double ionization, with signifi-
cant contribution of the direct process, while the two-photon
sequential channel is partially open. Two-photon ionization
induced by a single harmonic (27th) at photon energy 45
eV [23] has been reported in the past. At photon energies
around 100 eV [30], multiple ionization has been reported in
a work that was inconclusive with respect to the presence of
a direct double-ionization process. Theoretical work on that
experiment [46] has shown that a direct two-photon channel
contributed to an inner shell fivefold ionization of Xe. To our
knowledge the photon energies of this work are the highest of
a harmonic comb, i.e., a superposition of discrete harmonics
that have induced so far a hybrid direct and sequential two-
photon double ionization of outer shell electrons. The present
results establish the SYLOS GHHG-COMPACT beamline of
ELI-ALPS as an intense attosecond [47] XUV beamline with
which users can study or exploit nonlinear processes in the
XUV spectral region. The work presented in this paper aims
to disseminate the availability of such a user beamline and its
capacity to the international community. While here the 10
Hz SYLOS system has been used, similar results will in the
near future be produced with the 1 kHz SYLOS laser chain
[48] enabling electron-electron and ion-electron coincidence
XUV-pump–XUV-probe experiments with sub-fs temporal
resolution.

II. EXPERIMENTAL METHODS

In the present work the attosecond beamline is driven by
the 10 Hz stage of the terawatt (TW) class SYLOS Laser
system, delivering IR pulses with energy up to 40 mJ and 10 fs
duration at a carrier wavelength of 850 nm [49]. Based on the
concept of loose focusing of the driving field, the compressed

IR radiation is steered towards the interaction region by means
of a 10 m focal length spherical mirror. The long focusing
configuration, as discussed above, allows the interaction with
high laser pulse energies, increasing at the same time the
number of emitters contributing to the total XUV emission
[50–52]. As a consequence, the beamline generates XUV
pulses in the μJ energy range. In particular, when Ar is used
as a generating medium, the total XUV pulse energy in the
generation region is ∼1 μJ with the photon energies spanning
the range of 16–50 eV. Although using Xe would have led
to higher-XUV pulse energies, Ar gas was chosen due to
its higher cutoff photon energies, which are more favorable
for the excitation of the processes investigated in the present
work. Based on recently developed arrangements under sim-
ilar experimental conditions [31,32], the XUV radiation is
generated by implementing a dual pulsed gas jet configuration
placed near the focal area of the IR beam. Both gas jets are
operated by piezoelectrically driven pulsed nozzles with the
backing pressure optimized and set at 3.5 bars. The dual gas
jet arrangement, exploiting a quasi-phase-matching strategy,
leads to an enhancement compared to a single gas jet. Placing
the first gas jet at the focusing plane of the driving field, the
emitted XUV energy is optimized by adjusting the pressure.
Then the second gas jet is switched on, and by moving it
along the propagation axis, a relative enhancement of ∼2 is
observed at a ∼14 cm distance between the two jets. The
generated XUV radiation and the fundamental IR copropa-
gate and impinge on a silicon plate (Si) placed at Brewster’s
angle (∼75 °) for the IR radiation. The Si plate significantly
reduces the amount of IR radiation and reflects 50%–60% of
the XUV beam’s energy [53]. Additionally, an aperture of
5 mm diameter is placed before the Si reflection, blocking
the outer part of the residual IR beam. Furthermore, a mount
hosting metallic filters is introduced in the beam path for
the spectral selection of the XUV radiation, also eliminating
any remaining amount of the fundamental frequency. For the
experimental investigations in this work a 150 nm Al filter
transmitting the harmonics with order q � 11 was used. The
XUV pulse energy was measured with a calibrated XUV
photodiode, placed after the metallic filter. The photodiode
was mounted on a translation stage that could move it in
and out of the beam path. Moreover, the filtered XUV beam
could be spatially characterized by means of an XUV beam
profiler, consisting of a pair of multichannel plates (MCPs)
and a phosphor screen followed by a CCD camera. Finally,
the spectral components of the generated XUV radiation are
recorded by a flat field spectrometer (FFS) which is attached
to the beam line. After the XUV emission optimization and
characterization, the beam is introduced into the detection
chamber in which the interaction of the harmonic radiation
with the Ne gas is studied. The XUV beam impinges at almost
normal incidence onto a multilayer spherical mirror of 5 cm
focal length mounted on a multiple-translation-rotation stage.
The multilayer mirror has ∼40% reflectivity at 40 eV central
photon energy with a bandwidth of ±2 eV and focuses the
radiation into the Ne gas target. The Ne gas is supplied into
the interaction region by means of a piezo-based pulsed nozzle
having its orifice very close to the XUV focus. The interaction
products are recorded with a time-of-flight (TOF) ion mass
spectrometer.
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FIG. 1. (a) Two-XUV-photon double-ionization scheme of Ne.
Ne2+ is formed through either a direct or a sequential ionization
process, induced by an XUV pulse with 40 eV central photon energy.
(b) A typical XUV spectrum. The black filled curve depicts the
measured harmonic radiation, the red-dashed curve the multilayer
mirror reflectivity centered at 40 eV, while the blue curve filled
with white color is the corrected spectrum after the reflection by the
multilayer mirror.

Taking into account the measured XUV energy, the reflec-
tivity of the Si plate, and the transmission of the Al filter as
well as the reflectivity of the multilayer XUV focusing mirror,
the energy of the harmonic radiation in the interaction region
can be estimated. Furthermore, with an evaluation of the XUV
focal spot, based on previous experimental investigations with
similar XUV focusing geometries [28], as well as of the time
duration of the attosecond pulse train (APT) envelope, the
maximum peak intensity in the interaction region is estimated
to be of the order of 1012 W/cm2. Although the values re-
ported in this work are expected to be improved as further
optimization is still ongoing, already at such intensity levels
nonlinear processes are expected to be observed upon interac-
tion with atomic and molecular systems. In fact, excitation of
Ne with XUV radiation of 40 eV photon energy leads to the
observation of Ne2+ ions via a nonlinear ionization process. In
Fig. 1(a) the excitation scheme of Ne is presented, depicting
the possible XUV-photon induced double-ionization channels
for the harmonics transmitted by the Al filter and reflected
by the multilayer spherical mirror. Under the influence of
the XUV radiation used in the experiment, there are three
possible channels producing Ne2+ ions. As depicted, these
channels are either direct, through simultaneous absorption
of two XUV photons of 40 eV energy, or sequential. In the

FIG. 2. (a) TOF ion mass spectrum produced by the interaction
of the XUV radiation with Ne gas. m is the mass number and Q
the charge state. (b) XUV intensity dependence of the 20Ne2+ yield
(red-dotted circles). The slope of 1.9 ± 0.2 evidences the second-
order nonlinearity of the ionization process. In contrast, the He+ ion
yield (gray-dotted rhombus) has a linear dependence on the XUV
intensity, with a slope of 1.2 ± 0.1, as expected for a single photon
ionization process. In both cases the error bars correspond to one
standard deviation of the integrated ion signals.

latter case, however, considering the 40 eV central photon
energy of excitation, double ionization requires a three-photon
absorption process. In particular, the first photon absorbed by
Ne leads to the formation of an ionic Ne+ state. Absorption
of a second photon may then occur, leading to ionization of
the Ne+ ion. Finally, contribution of a sequential two-photon
double-ionization process has to be considered since a small
fraction of the ionizing spectrum has photon energies exceed-
ing the ionization potential of Ne+. Indeed, as indicated in the
theoretical part of this work, both the sequential and the direct
processes contribute considerably to the double ionization
under the present experimental conditions. In Fig. 1(a) the
black field curve depicts a typical measured HHG spectrum
produced in Ar, recorded by means of the FFS. The photon
energies reach up to ∼48 eV, corresponding to the 33rd har-
monic of the frequency of the driving field. While the cutoff
of the emitted spectrum is ∼100 eV [47], the ∼50 eV highest
measured photon energy results from the Si reflectivity edge
[53]. The red dashed curve is the reflectivity of the XUV
multilayer spherical mirror, while the blue-white filled curve
is the corrected spectrum introduced in the interaction region.

III. EXPERIMENTAL RESULTS

Figure 2(a) presents a characteristic TOF mass spectrum
produced by the interaction of the focused 40 eV XUV radia-
tion with Ne gas. In the recorded spectrum singly and doubly
charged Ne are observable at m/Q = 20 and m/Q = 10, re-
spectively, m being the mass number and Q the charge state
of the ion. The other ionic mass peaks can be attributed to the
additional species present in the residual gas in the interaction
zone (coming from impurities in the gas and contamination
in the chamber and gas valve). Those include He+, H+, N+,
O+, OH+, and H2O+. It should be noted that these ions
are produced by single-photon-ionization processes since the
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photoexcitation energy exceeds their ionization energies. The
inset of Fig. 2(a) shows an expanded view of the portion
of the TOF spectrum, for clarity reasons, in which 20Ne2+

is visible along with 22Ne2+. The production of the doubly
charged Ne species induced by a single-XUV-photon process
would require photon energies larger than 62.5 eV. However,
the spectrum reflected by the Si plate spans up to ∼50 eV.
Moreover, as mentioned, after the generation the filtered XUV
beam is focused by means of a multilayer mirror with its
reflectivity centered at 40 eV. Thus the observation of 20Ne2+

is clear evidence of a nonlinear process induced by the in-
tense XUV radiation. In order to confirm the nonlinear nature
of the process, however, two additional measurements were
conducted. According to lowest-order perturbation theory one
expects the ion yield produced via a nonlinear process to scale
proportionally with In, I being the intensity of radiation and n
the minimum number of photons required by the ionization
process [36]. The dependence of the Ne2+ yield on the XUV
intensity has been measured and the results are presented in
Fig. 2(b). The measured quadratic behavior is indicative of a
dominant second-order process.

For the XUV intensity dependence of the double ionization
of Ne, different TOF spectra were recorded and the 20Ne2+ ion
mass peak was integrated. The gas pressure in the interaction
region was kept low, and adjusted and monitored, avoiding
any unwanted space charge effects which affect the ionic
distributions. The XUV pulse energy was varied by changing
the delay between the opening of the HHG gas-jet nozzle
and the arrival time of the driving IR pulse, thus changing
the effective atomic density within the time interval of the
interaction between the IR pulse and the gas medium. This
controllable variation of the total XUV energy is illustrated
by the variation of the yields of the single-photon-ionization
products, such as the H2O+ and He+ ions. The measured yield
of these products is proportional to the XUV intensity in the
interaction region.

The measured 20Ne2+ ion signal is shown in log-log scale
as a function of the XUV intensity in Fig. 2(b). The mea-
sured slope of 1.9 ± 0.2 is within the experimental error,
in full agreement with the value of 2 expected from the-
ory, evidencing the pronounced two-photon character of the
double-ionization process.

As further proof of the nonlinearity of the double-
ionization process, the XUV focusing mirror was translated
along the propagation axis in steps of 100 μm. TOF spectra
were recorded at various positions of the mirror by averaging
100 shots and the ion signal of the ionization volume was in-
tegrated. Taking into account the ion spectrometer’s entrance
diameter of 5 mm, for the displacement range of the mea-
surement, the spectrometer essentially measures ions from
the entire ionization volume. As demonstrated in Fig. 3(a)
the 20Ne2+ yield strongly varies when moving the focusing
mirror, keeping the gas jet position and the spectrometer’s
entrance fixed. This is because for a two-photon process the
measured ion signal scales quadratically with the intensity,
i.e., inversely quadratically with the beam cross section, and
increases linearly with the beam cross section because of
the linear dependence of the number of ionizing atoms in
the beam cross section. The net decrease of the ion signal
with the beam cross section is thus linear. Hence, assuming a

FIG. 3. (a) Measured 20Ne2+ yield as a function of the position
of the focus with respect to the TOF entrance. (b) He+ signal as a
function of the focusing position. The squares represent the measured
data points with the corresponding error bars being a standard devia-
tion of the integrated ion signal. The red lines represent a Lorentzian
(a) and a constant (b) fit of the experimental data.

Gaussian XUV beam, the signal variation with the mir-
ror position becomes Lorentzian. In contrast, as depicted in
Fig. 3(b), the products of a single-photon-ionization process,
such as the singly charged He, show an almost constant behav-
ior. This is because the number of ions produced by a linear
process depends only on the pulse energy which remains con-
stant as the mirror is moved. The signal does not depend on the
cross section because the intensity decreases linearly with it
and the number of ionizing atoms increases linearly. The two
variations cancel each other. Finally, an insignificant variation
of the signal as the mirror moves is expected due to the gas
pressure distribution in the interaction region considering the
0.5 mm gas jet orifice and the Lorentzian expansion of the gas
density. The insignificance of the effect is evidenced by the
negligible variation of the He+ signal. These two intensity-
dependent measurements clearly evidence the nonlinearity of
the phenomena involved in the production of doubly charged
Ne species.

IV. THEORETICAL CALCULATIONS

The interaction of the XUV radiation with Ne is treated via
second-order time-dependent perturbation theory equations of
motion (EOMs) which include the direct double ionization
(DDI) and sequential double ionization (SDI) channels. In the
present calculations the excitation path leading to the near-
est autoionizing state (AIS) Ne → Ne(2s−13p) at ∼45.1 eV
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above the Ne ground state is also included. We have calculated
its contribution to the populations and it is found to play an
insignificant role in the doubly ionized signal relative to the
direct and sequential ionization paths in accordance to similar
findings in the case of helium [54]. This is due to its relatively
long lifetime ∼51 fs as well as its large radial extension, re-
sulting in a small electric transition amplitude for an excitation
via further photon absorption. In practice this means that the
relative phases of the field play no role in the results, and it is
only the relative amplitudes of the individual harmonics that
enter in the final equations via the pulse envelope.

Based on this observation we have omitted the AIS in the
following discussion and the EOMs reduced to the below
equation set:

ρ̇0(t ) = −
[∑

q

γ1qIq(t ) +
∑

q

γ2qI2
q (t )

]
ρ0, (1a)

ρ̇1(t ) = −
[∑

q>27

γ +
1qIq(t )

]
ρ1(t ) +

[∑
q

γ1qIq(t )

]
ρ0, (1b)

ρ̇2d (t ) =
[∑

q

γ2qI2
q (t )

]
ρ0, (1c)

ρ̇2s(ε, t ) =
[∑

q>27

Lq(ε)γ +
1qIq(t )

]
ρ1(t ), (1d)

Lq(ε) = γ +
1q/2 π

(E1 + ωq − ε)2 + (γ +
1q/2)2 , (1e)

where Iq(t ) represents the harmonic envelopes, Iq ∼ E2
q (t ).

The ρ’s represent the populations of the different ionization
stages of neon with initial conditions ρ0(0) = 1 and ρ1(0) =
ρ2d (0) = ρ2s(0) = 0; ρ2d (t ) represents the Ne2+ population
due to the DDI while ρ2s(t ) represents the corresponding
population to the SDI pathway. The DDI path from the Ne
ground state to Ne2+ is modeled via the two-photon ionization

rates γ
(2)

2q = 2π |μ(0)
2q |2 with μ

(d )
2q being a precalculated two-

photon dipole matrix element for the DDI channel, evaluated
at E2d;q = E0 + 2ωq. For the SDI pathway, that is, from the
neutral Ne to the singly ionized neon, Ne+, and from there
to the doubly ionized Ne2+ we have calculated for the first

step the partial ionization widths γ1q = 2π |μ(0)
1q |2 where μ

(0)
1q

are the dipole transition matrix element from the neutral Ne
to Ne+ calculated at the energies Eq = E1 + ωq, where E0,
E1 are the energies of the neutral, Ne, and the singly charged
neon, Ne+, relative to the double-ionization threshold; so the
energy of the Ne2+ ground state is set to zero, E2 = 0. For

the second step the partial ionization rates are γ +
1q = 2π |μ(1)

1q |2
where μ

(1)
1q are the dipole transition matrix element from Ne+

to Ne2+ evaluated at E2s;q = E1 + ωq. For sufficiently long
pulses within a long pulse perturbation theory only the 29th
and the 31st harmonics contribute to the second step as E1 +
ωq < E2 = 0 for q = 23, 25, 27. However, the finite duration
of the pulse allows contribution due to its frequency spectrum
outside these sharp harmonic frequencies. This necessitated
involving energy-resolved Ne2+ states which include the

contribution of these closed channels at lower frequency via
an effective Lorentzian factor Lq(ε) [55,56]. At the end of the
pulse the SDI contribution is summed over all the respective
Ne2+ energies and the total DI signal is calculated as

ρ2 = ρ2d (t � τp) + ∫ dε ρ2s(ε, t � τp). (2)

For our calculations we have used the single-ionization
cross section from Ne to Ne+ as σ1 = 8 × 10−18 cm2 and
from Ne+ to Ne2+ as σ+

1 = 6.0 × 10−18 cm2. Our calcula-
tions showed that the cross section are relatively constant
in magnitude across the pulse’s frequency range. The two-
photon direct double-ionization cross section was calculated
using uncorrelated final continuum states for the Ne2+; the
estimated value used was ∼ σ2d = 1.4 × 10−50 cm4 s [57,58].
Unfortunately, we lack a more elaborate approach to calcu-
late this cross section due to the neon’s multielectron nature
which makes it a nontrivial matter to calculate doubly ionized
states; nevertheless, we believe that the uncorrelated assump-
tion provides a good order of magnitude estimation for our
purposes. From the above cross sections we calculated the
corresponding dipole matrix elements, μnq, using the well-

known relation σ
( j)
n = 2π (2π/c)nωn

q|μ( j)
nq |2 (in a.u.) for n = 1,

2 and j = 0, 1 for ionization from the Ne and Ne+.
Because the duration of the XUV pulse has not been mea-

sured we investigate three distinct cases. These are (i) using
an XUV pulse resulting from a Fourier transform (FT) of the
measured XUV spectrum: Although it is well known that har-
monic pulses are chirped (both the envelope of the train and
the individual pulses) the calculation with a Fourier transform
limited (FTL) pulse is performed for completeness, par-
ticularly because pulse compression possibilities have been
previously demonstrated [59]. (ii) Using a 4 fs long Gaussian
pulse: This duration is assumed as a result of findings of
previous works [32,35] which indicate that the duration of the
envelope of the XUV pulse train is ∼√

6, suggesting that the
generation of plateau harmonics can be essentially treated as
a ∼sixth-order nonlinear process. For the 10 fs long driving
laser field of the present work this corresponds to a ∼4 fs long
envelope. (iii) Using a 3 fs long Gaussian pulse: This is de-
rived from case (i), where the pulse train is essentially reduced
to a single pulse [inset of Fig. 4(a)] with negligibly small
side pulses. From previous works [22,32] we anticipate that
the duration of the pulses in an XUV pulse train, measured
through 2second-order intensity volume autocorrelation, is
typically about a factor of 2 larger than the FTL duration. For
the present conditions this would result in an XUV duration
of 3 fs.

As part of our investigation we solved the EOMs of Eq. (2)
with pulses of peak intensity ranging from 1 × 1012 to 1 ×
1013 W/cm2 for all three cases. The calculated Ne2+ ion yield
(in arbitrary units) resulting from the sequential and/or di-
rect channel as a function of the XUV intensity is shown in
Fig. 4. The insets are the used XUV pulses. As presented
in Fig. 4, both DDI and SDI yields scale with the slope of
≈ 2 over this intensity range, thus confirming the presence
of a second-order nonlinearity, not affected by the presence
of autotomizing states or by saturation of any of the steps
involved.
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FIG. 4. Log-log plot of the DDI and SDI yields (in arbitrary
units) resulting using an FTL (a), a 3 fs long Gaussian (b), and a 4 fs
long Gaussian XUV pulse (c). The slope of all lines is 2, indicative of
a second-order process. The ratio of the DDI to the SDI yield scales
essentially linearly with the XUV pulse duration.

As depicted in Fig. 4, for the excitation pulses with the
given properties (peak intensity, duration) both the SDI and
the DDI pathways contribute significantly to the production
of doubly charged Ne, in all three cases. While for the FTL
pulse the yield of the direct process is slightly higher than that
of the sequential one, in the other two cases the sequential
process becomes more probable than the direct one. Since the
sequential process scales with the square of the XUV pulse
duration, while the direct process scales linearly with it, it is
expected that the ratio of the direct to the sequential process
yield scales linearly with the XUV pulse duration [38]. This
conclusion is in agreement with the results of our calculations.

Finally, it should be noted that the dominance of the DDI
may also occur for longer pulses at higher intensities, at which
the first step of the SDI is saturated and thus the SDI becomes
linear with the intensity while the DDI is quadratic. However,
such XUV intensities are not reached in the present work.

V. CONCLUSIONS AND PERSPECTIVES

In conclusion, in this work two-XUV-photon double ion-
ization of Ne induced by intense coherent XUV radiation at
ELI-ALPS is demonstrated. We compared the experimental
data to theoretical calculations performed using three different
pulse durations. The theoretical calculations indicate that both
the direct and the sequential processes contribute to this two-
XUV-photon double ionization, with their relative strength,
as expected, varying linearly with the XUV pulse duration.
In the present studies, the harmonic radiation is generated in
Ar spanning the range of 16–50 eV with total pulse energy
of ∼1 μJ. Using high-reflectivity XUV optics, a narrowband
XUV spectrum with central photon energy at 40 eV and a
total bandwidth of 4 eV is selected for the excitation of Ne
with intensities of the order of 1012 W/cm2 in the interaction
region. The measurements of the Ne2+ yield as a function
of the XUV intensity revealed a nonlinear behavior with a
slope, in log-log scale, of nearly 2, indicating the second-
order nonlinearity underlying the double-ionization process.
The calculated ion yields scale over the intensity range of
1 × 1012-1 × 1013 W/cm2 with the slope of 2, in agreement
with the second-order nonlinearity measured experimentally.
The presented results establish the recently constructed SY-
LOS GHHG-COMPACT beamline at ELI-ALPS as an intense
attosecond beamline with which nonlinear XUV processes
can be studied and/or used. A potential step forward in
the near future is to drive the beamline with the now op-
erational 1 kHz repetition rate laser chain at ELI-ALPS.
Two-XUV-photon direct double ionization at 1 kHz repetition
rate enables electron-electron and electron-ion coincidence
experiments which will shed light onto several open questions
in electron-electron correlation and other ultrafast processes.
The 1 kHz SYLOS GHHG-COMPACT beamline will host an
advanced reaction microscope end station dedicated to such
investigations.
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