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We present coincidence measurements of two-photon double ionization (TPDI) of argon driven by fem-
tosecond pulses tunable around 26.5 eV photon energy, which are obtained from a high-harmonic generation
source. The measured photoelectron spectra are interpreted with regard to three TPDI mechanisms. Theoretical
predictions are obtained by an approximate model for direct TPDI and atomic structure calculations, which are
implemented into a Monte Carlo simulation. The prevailing mechanism involves the excitation and prompt pho-
toionization of an autoionizing resonance in neutral argon. We provide evidence for pronounced electron-electron
interaction in this ultrafast ionization process. Furthermore, we show that the dominant TPDI mechanism can be
altered by slight tuning of the photon energy. The present work paves the way for scrutinizing and controlling
nonlinear photoionization in the extreme ultraviolet using table-top sources.
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Two-photon double ionization (TPDI) of atoms is one
of the fundamental nonlinear processes involving correlated
electron dynamics. TPDI may take place if the energy of two
photons exceeds the sum of the first and second ionization po-
tentials, placing the process in the extreme ultraviolet (XUV)
spectral region.

TPDI comes in two variants: First, sequential TPDI is
favored if the photon energy exceeds the second ionization
potential. In this case, the energies of the two photoelec-
trons are given by the differences between the photon energy
and the first and second ionization potentials, respectively.
Resonances may give rise to additional sequential pathways,
potentially below the second ionization potential. Second, di-
rect TPDI may take place if the energy of one photon is lower
than the second ionization potential; i.e., sequential TPDI is
not possible. Then, the excess energy is shared between the
photoelectrons [1,2].

When the sequential pathway is possible, it is strongly
favored because of the stable intermediate state, which al-
lows essentially unlimited time for the second photon to be
absorbed. In contrast, direct TPDI proceeds via a virtual state,
requiring both photons to be absorbed within the energy-time
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uncertainty. Hence, it is only favored if the light intensity is
very high or the pulse duration is extremely short [3]. For the
same reason, a strong impact of electron-electron interaction
is expected for direct TPDI, which manifests in the energy
sharing between both photoelectrons.

Significant effort has been undertaken to accurately model
the electron-electron interaction by predicting the energy shar-
ing ratio [4–8]. To this end, the angular distributions and
correlations have also been investigated [9,10]. So far, the vast
majority of theoretical work has focused on helium, owing to
its simple electronic structure. Nevertheless, predictions also
exist for larger atoms [6,11,12].

Accessing the correlated electron dynamics experimentally
requires coincidence detection schemes [13,14]. While a sub-
stantial body of work has been dedicated to its strong-field
counterpart [15–17], coincidence experiments on TPDI have
been hampered due to a lack of suitable laboratory-based
XUV sources. So far, most experiments have been carried
out using free-electron lasers [18–22]. These experiments
have confirmed the usual predominance of sequential double
ionization [20]. Nevertheless, evidence of electron-electron
interaction has also been obtained in this case [21].

Using table-top XUV sources, multiple ionization of atoms
has been achieved [23–25] and utilized for the measurement
of attosecond pulse trains [26,27] and isolated attosecond
pulses [28]. However, at the typical low repetition rates of
these sources, coincidence experiments have hardly been fea-
sible. Recent advances in laser technology and high-harmonic
generation (HHG) sources have made nonlinear processes in
the XUV accessible using table-top sources with kilohertz
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FIG. 1. Electronic energy levels of argon and its cations, rele-
vant to different TPDI mechanisms contributing in our experiment:
(a) direct, (b) autoionization, and (c) sequential TPDI. The valence
shell electron configurations are indicated next to the energy levels.
The vertical arrows represent the absorption of an 11th harmonic
photon (H11) with an energy of 26.5 eV(or an H13 photon with an
energy of 31.3 eV). The relaxation to electronic states after the ab-
sorption of XUV photons is indicated by dotted lines, with lifetimes
of autoionizing states denoted by a stopwatch symbol. The line color
indicates the type of relaxation process, e.g., orange for an Auger
decay and blue for the sharing of energy between two photoelectrons.
Furthermore, the timescale of the TPDI mechanisms is indicated
below each panel.

repetition rates [29,30]. Moreover, it has been shown that the
conversion efficiency of HHG can be significantly increased
by using short driving pulses in the visible spectral range
[31]. This allows generating XUV pulses with sufficient pulse
energy at much higher repetition rates [32,33].

Here, we present coincidence measurements of Ar2+ and
one photoelectron using quasi-monochromatic femtosecond
pulses centered at photon energies around 26.5 eV, obtained
from a 100 kHz HHG source [34]. The measured data allow
us to test different models of TPDI, ranging from direct to
sequential mechanisms, as illustrated in Fig. 1. The photon
energy we chose for our experiment is below the second
ionization potential of Ar (27.6 eV), so direct TPDI is the only
expected process.

However, the presence of a window resonance close to
the chosen photon energy opens another path for double
ionization as depicted in Fig. 1(b). First, a 3s electron is
photoexcited to the 4p state. The resulting [Ne]3s13p64p1

state of neutral Ar is autoionizing and has a lifetime of
∼8 fs [35]. Absorption of another H11 photon within this
lifetime can lead to the removal of a 3p electron. The reached
cationic [Ne]3s13p54p1 state is again autoionizing and de-
cays by emission of an Auger electron into any of the Ar2+

ground states. This TPDI mechanism via a window resonance
is sequential within the ultrashort lifetime of the intermediate
autoionizing state. As will be shown below, the presence of
the window resonance may enhance the double-ionization
probability, even though the single-ionization probability is
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FIG. 2. Photoelectron-photoion coincidence spectrum showing
the correlations between the momentum components along the XUV
polarization for photoelectron and (a) Ar+ ion or (b) Ar2+ ion,
respectively.

decreased [35]. In addition, a 6% contribution of the 13th
harmonic (H13) at 31.3 eV enables sequential TPDI via the
ground state of Ar+.

The experimental setup, including the high-harmonic
beamline, will be described in detail elsewhere [34]. Briefly,
30-fs pulses centered at 515 nm are obtained from the
frequency-doubled output of a postcompressed Yb:glass fiber
laser operating at a repetition rate of 100 kHz. The central
wavelength is tunable in the range from ≈ 512 to 520 nm
by slightly tilting the 300 µm thick beta barium borate crystal
used for second harmonic generation. The pulses with their
energy adjusted to 60–80 µJ are focused into a gas jet for high-
harmonic generation. The generated XUV radiation above
20 eV is separated from the residual visible light by passing
it through an Al filter with a thickness of 250 nm (150 nm
for the tuning experiment). The transmitted XUV spectrum
is characterized using a parasitic photoelectron time-of-flight
spectrometer and contains harmonics of orders 9, 11, and 13.
The XUV pulse duration is estimated at ≈15 fs [33]. The XUV
pulses pass several differential pumping stages before entering
a reaction microscope [13,14], where a background pressure
of <1 × 10−10 mbar is achieved. The XUV pulses are back-
focused into a cold jet of argon atoms using a suitably coated
[36] mirror ( f = 75 mm) to effectively monochromatize the
reflected XUV light. Ions and electrons are detected in coinci-
dence, with the total count rate kept well below one event per
laser pulse, facilitating the measurement of clean ion-electron
coincidences.

Figure 2 displays experimental results showing the co-
incident measurement of singly and doubly charged argon
ions together with a photoelectron. For photoelectrons, high
resolution (�p ≈ 0.03 a.u.) is obtained in all three spatial
dimensions. Atomic units (a.u.) are used for momentum.
For ions, high resolution is achieved in the direction of the
XUV polarization only (�p|| ≈ 0.07 a.u.). Along this axis, a
condition for momentum conservation is used to unambigu-
ously select true coincidences of Ar+ ions and photoelectrons,
meaning that ion and photoelectron originate from the same
ionization event.

In the case of coincident detection of Ar2+ and one pho-
toelectron, discrimination based on momentum conservation
cannot be used since the second, undetected photoelectron
also carries momentum. For this reason, the momenta of Ar2+
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FIG. 3. (a) Photoelectron spectra for coincidence events of Ar+

(blue) and Ar2+ (red) ions with one photoelectron. The curve for Ar+

was divided by a factor of 20 000 for visual convenience. The inset
shows the spectra of photoelectrons detected in coincidence with
Ar2+, filtered by whether their momentum components along the
XUV polarization are equal (p1 · p2 > 0) or unequal (p1 · p2 < 0).
(b) Measured photoelectron angular distributions for electrons de-
tected in coincidence with Ar+ (blue) and Ar2+ (red/orange). For the
latter, two different energy regions are considered, exhibiting angular
distributions with different degrees of anisotropy, as displayed in the
figure legend.

and one electron are only loosely correlated with a slope of
0.5, as shown in Fig. 2(b). Triple coincident events of Ar2+

and two photoelectrons are rare in our experiment and thus
are disregarded in the analysis. Fortunately, the symmetry of
the coincidence plot for Ar2+ + e− indicates negligible con-
tributions from false coincidences. Based on the data recorded
for single ionization, the false-coincidence contributions are
estimated to be well below 10 %.

The measured photoelectron spectra are presented in
Fig. 3. The photoelectron energy distribution recorded for
single ionization is dominated by a strong line at 10.7 eV,
indicating that 90 % of the ionization is due to the absorption
of a photon from the 11th harmonic (H11); the contributions
of H9 and H13 are 4 % and 6 %, respectively.

The energy distribution of photoelectrons detected in co-
incidence with Ar2+ strongly differs from the one measured
for single ionization. The absence of a pronounced line at
10.7 eV shows that sequential TPDI via the ground state of
Ar+ [cf. Fig. 1(c)] can be ruled out as the main double-
ionization mechanism in our experiment. We further note
that the electron energy spectrum measured for Ar2+ is not
mirror-symmetric with respect to a certain energy value, as
would be expected if a single final state of the ion was reached
after double ionization. Indeed, Ar2+ possesses a pronounced
fine structure splitting, with essentially three different energy
levels, as illustrated in Fig. 1. Due to the contributions from
multiple final states, the electron energy spectrum is not equiv-
alent to the energy sharing ratio.

The data presented in the inset of Fig. 3(a) indicate a direct
imprint of electron correlations. The plot has been generated
by first calculating the momentum component of the unde-
tected electron along the XUV polarization, p2 = −pi − p1,
where pi is the measured Ar2+ ion momentum component
along the XUV polarization and p1 is the corresponding mo-
mentum of the detected electron. The energy distribution of
the detected electron is plotted separately for events with

parallel (p1 · p2 > 0) and antiparallel (p1 · p2 < 0) emission
of both electrons. In the range between 2 and 4 eV, electron
pairs are more frequently emitted parallel than antiparallel.
This observation contradicts the single-active electron approx-
imation, for which no such correlation is to be expected.

The photoelectron angular distributions for single and
double ionization are presented in Fig. 3(b). The angular
distributions are quantified by the anisotropy parameter β2,
which is determined by fitting a second-order Legendre poly-
nomial to the measured angle-dependent yield. For single
ionization by H11, we find β2 = 1.38 ± 0.01 in agreement
with published data [37]. For double ionization, a fit up to
the fourth order is used. We find significantly different values
of β2 for different photoelectron energies. In the 2–4 eV range,
β2 is similar to the value observed for Ar+, whereas the photo-
electron angular distribution is significantly more isotropic for
energies in the 5– 8 eV range, corresponding to a smaller value
of β2. The small values for β4 (−0.12 ± 0.06 in the 2–4 eV
range and −0.22 ± 0.20 in the 5– 8 eV range) are disregarded
in the further analysis. The measured β2 and β4 values are
consistent with previous experiments [38].

In order to interpret the measured Ar2+ + e− data, we
implement a Monte Carlo simulation. In the simulation, pairs
of photoelectrons with energies E1 and E2 are generated
stochastically according to each one of the three different
mechanisms illustrated in Fig. 1: direct, sequential, and au-
toionization. Each mechanism is implemented such that no
free parameters are required. The finite instrument resolution
is taken into account by applying a momentum uncertainty of
δp = 0.03 a.u. in all generated photoelectron pairs. This value
is determined by comparing predictions for single-ionization
spectra to the experimental results. The Monte Carlo simula-
tions allow us to test the predictions for the three mechanisms
by comparing them to our experimental data. In particular,
we can evaluate the prediction for the energy sharing ratio,
fE = E1

E1+E2
, which we present in the form of two-electron

energy spectra in Fig. 4(a).
For modeling direct TPDI, we use

E1 = fE ·
(

2h̄ω − IP,1 − IX
P,2

)

, (1)

E2 = (1 − fE ) ·
(

2h̄ω − IP,1 − IX
P,2

)

. (2)

Here, IP,1 and IX
P,2 are the first and second ionization potentials,

respectively. The number of photoelectron pairs generated
for each value of IX

P,2 (X = S, P, or D) is proportional to the
multiplicity of each fine structure level of Ar2+, i.e., 1, 9, and
5, respectively. As discussed in the introduction, the energy
sharing parameter fE is of central interest for characterizing
the electron-electron interaction during direct TPDI and could
in principle be retrieved from measured data. Our simulations
show that fE should not be treated as a free parameter, as
this could lead to the false conclusion that the direct process
represents the dominant contribution to the Ar2+ yield in our
experiment.

The energy sharing parameter fE is obtained from the
model presented in Ref. [6]. Introducing exchange symmetry
to the model, the singly differential cross section for direct
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FIG. 4. (a) Two-electron energy spectra calculated for the direct,
sequential, and autoionization mechanisms, as indicated. The pre-
dictions for TPDI through the autoionizing state include the effect of
electron-electron repulsion in the continuum. The one-dimensional
energy spectra are drawn in the figure, and compared to the exper-
imental results, for which the 1σ confidence interval is plotted (red
shaded areas). (b) Photoelectron spectra calculated for the autoion-
ization mechanism, with (blue shaded area) and without (blue line)
the effect of Coulomb repulsion, and a weighted superposition of all
three mechanisms (dotted black line). The computational results are
compared to the measured spectrum (red shaded area).

TPDI of argon reads

dσ

dE1
=

h̄3ω2

4π
(
√

g(E1, E2) +
√

g(E2, E1))2, (3)

g =
σAr(E1 + IP,1)σAr+ (E2 + IP,2)

(E1 + IP,1)(E2 + IP,2)(E1 + IP,1 − h̄ω)2
, (4)

with E1 + E2 = 2h̄ω − IP,1 − IP,2, and where σAr and σAr+ are
the photoionization cross sections of Ar and Ar+, respectively.
This model has been shown to yield excellent agreement with
ab initio calculations for helium. Applied to TPDI of argon at
26.5 eV, the model predicts rather asymmetric energy sharing;
see Fig. 4(a).

We model sequential TPDI via the Ar+ ground state by
assuming that the first ionization step results from the absorp-
tion of H11 and the second ionization step results from the
absorption of H13. H13 possesses sufficient energy to reach
the P and D fine structure states of Ar2+; see Fig. 1(c). The
fine structure splitting of IP,1 (0.18 eV) is neglected as it is not
resolved in the experimental data for single ionization. The
relevant photoabsorption cross sections have been calculated
using the Jena Atomic Calculator (JAC) [39] and have been
used to weight each possible pathway. The JAC toolbox ap-
plies multiconfiguration Dirac-Hartree-Fock wave functions
[40] to compute all required cross sections and rates for the
coupling of the bound-state electron density to the continuum.
These wave functions offer the distinct advantage that they
help formulate all ionization and cascade processes right in

terms of many-electron amplitudes as suitable for open-shell
atoms and ions across the periodic table [41].

The autoionization mechanism of TPDI is modeled anal-
ogously to sequential TPDI. All relevant states and transition
rates are calculated using the JAC. This includes the photoion-
ization from the autoionizing [Ne]3s13p64p1 state of neutral
Ar to the cationic [Ne]3s13p54p1 manifold, which consists of
18 states, 13 of which can be reached by absorption of H11.
The resulting photoelectron energies are mainly in the range
from 2 to 4 eV. Furthermore, the energies and decay rates for
all 90 Auger lines to the ground states of Ar2+ are calculated.
The energies are dominantly in the 4–8 eV range, and typical
lifetimes are few femtoseconds. The corresponding linewidths
are taken into account.

The resulting photoelectron spectra for the three mech-
anisms are presented in Fig. 4(b). The predictions for the
autoionization mechanism reproduce the position of the peak
around 3 eV and the shoulder in the 4–7 eV range. We em-
phasize that the latter range is due to Auger electrons, which
are characterized by a near-isotropic angular distribution; the
peak around 3 eV is due to photoelectrons, which tend to
have a more anisotropic angular distribution. Hence, the ob-
servation of different photoelectron angular distributions in
the aforementioned energy ranges, see Fig. 3(b), lends support
to the autoionization mechanism. However, the well-defined
lines in the predicted photoelectron spectrum are not observed
experimentally.

In the following, we explore whether postcollision interac-
tions in the form of electron-electron repulsion may wash out
the measured photoelectron spectra for double ionization. It
is expected that electron pairs emitted via the autoionization
mechanism, which involves ultrafast Auger-Meitner decay,
are more strongly affected than electron pairs emitted via
the sequential mechanism, which involves the stable ground
state of Ar+. Notably, in the autoionization mechanism, the
Auger electron with an energy in the 4–7 eV range leaves
the atom within only a few femtoseconds after the 2–4 eV
photoelectron. This allows for significant energy exchange
between the two electrons. Further, the tendency for electron
pairs to be emitted in the same direction, see inset of Fig. 3(a),
may enhance the effect of electron-electron repulsion. The
effect of the Coulomb interaction between the Auger elec-
tron and the photoelectron is modeled in a second Monte
Carlo simulation. In this simulation, pairs of electrons with
randomly chosen initial positions, on a sphere of the size
of the valence shell of Ar [42], and random emission di-
rections according to the measured angular distributions are
created. The two electrons are released with a random time
delay according to an exponential decay with the calculated
and appropriately weighted expectation value of the Auger
lifetime (≈6 fs). The classical trajectories of these electron
pairs are calculated, and the energy exchanged by Coulomb
repulsion, while requiring conservation of the total energy, is
evaluated. The resulting probability distribution for the en-
ergy exchanged between the electrons is used to adjust the
momenta of each electron pair in the primary Monte Carlo
simulation. The energy exchanged between the electrons pairs
leads to the off-diagonal stripes visible in the two-electron
spectra shown in Fig. 4(a). The projection on one energy
axis yields the blue shaded area plotted in Fig. 4(b), which
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agrees rather well with the experimental data in the range from
2 to 7 eV.

However, significant discrepancies exist between exper-
imental data and the predictions for the autoionization
mechanism at energies below 2 eV and above 7 eV. Remark-
ably, these are the energy regions most dominantly populated
in the electron spectra predicted for the direct TPDI model
with asymmetric energy sharing.

In order to test whether sequential and direct mechanisms
can explain the gaps observed between the measured and
predicted electron spectra from the autoionization model, we
perform an optimization search using a computational routine.
The algorithm calculates the variance between the experimen-
tal data and a predicted spectrum that consists of weighted
contributions from all three mechanisms. The weights are var-
ied with the goal of minimizing the variance. This procedure
results in the dotted black line plotted in Fig. 4(b). It is ob-
tained by weighting the spectra for autoionization, sequential
(involving H13), and direct mechanisms by 51%, 16%, and
33%, respectively.

In an additional experiment, we control the relative con-
tributions of the different TPDI mechanisms by tuning the
photon energy across the resonance. This is achieved by tun-
ing the central wavelength of the driving laser pulses in the
range 512 nm � λ0 � 520 nm, where sufficient pulse energy
for HHG is obtained. Assuming that the photon energy of H11
is given by E11 = 11hc/λ0, this corresponds to an expected
tuning range spanning from 26.2 to 26.7 eV. This range is
sufficient to avoid the window resonance by red-tuning of the
photon energy.

The tuning range of H11 is verified in a calibration exper-
iment. The photoionization yield of both argon and helium
at fixed gas pressures is measured for 3 min each. Since
the photoionization cross section of helium is essentially flat
around 26 eV, the ratio of the detected Ar+/He+ signal is
approximately proportional to the photoionization cross sec-
tion of argon. Figure 5(a) shows the results of the calibration
measurement. The ratio of the ionization yield exhibits a
minimum near the center, revealing the precise position of
the window resonance. The results indicate that our tuning
range is sufficient to scan the photon energy of H11 across the
resonance. Thus, the energy of H11 is, in fact, blueshifted by
approximately 0.2 eV, relative to the expected tuning range.
Such a blueshift is known to arise from the effect of free
electrons; see, for example, Ref. [43]. The experimental data
points plotted in Fig. 5(a) have been shifted with respect to the
expected values.

Our measurements of the ion yield ratios reveal a much
shallower minimum than the one reported for the photoioniza-
tion cross section in Ref. [35]. This discrepancy is explained
by the spectral bandwidth of the H11 pulse: The cross sec-
tion is convoluted with a Gaussian whose width corresponds
to the spectral bandwidth of a 15 fs pulse at 26.5 eV. The curve
resulting from this convolution (dotted line) agrees well with
the observed modulation depth of the yield ratio. However,
the data points scatter significantly around the expected trend,
suggesting that the actual photon of the harmonics may vary
as the central wavelength is changed.

After calibration of the photon energy, we pick three driv-
ing wavelengths (519, 515, and 512 nm) corresponding to H11

FIG. 5. (a) Photon energy calibration based on the ratio of the
ion count rate obtained for Ar vs that obtained for He. The error
bars represent an uncertainty of 1 nm in the determination of the
central wavelength of the driving laser. The photon energies used
for TPDI measurements are highlighted by colored circles. The pho-
toionization cross section reported by Sorensen et al. [35] is plotted
along with the data points (solid gray line). The dashed gray line is
obtained by convolution of the photoionization cross section with the
estimated spectral bandwidths of the 11th harmonic. (b) Coincidence
count rates for single and double ionization of Ar (left axis) and
their ratio (right axis), obtained for three different photon energies.
(c) Photoelectron spectra measured in coincidence with Ar2+ for
three different photon energies, as indicated (colored shaded areas).
The curves are offset vertically for visual convenience, and each one
is normalized to its maximum. The dotted lines represent the best fit
based on a superposition of the three TPDI mechanisms.

energies below, at, and above resonance and carry out TPDI
measurements for approximately 20 h each. The data points
for these wavelenghts are highlighted in Fig. 5(a). Note that
further adjustment of the position within the errorbars could
be made on the basis of the measured Ar/He ratio; this has
not been done for the sake of clarity. Figure 5(b) shows that
the single- and double-ionization rates vary significantly when
tuning the photon energy across the resonance. While the Ar+

rate exhibits a minimum on resonance, the Ar2+ rate exhibits
a maximum.

The photoelectron spectra, recorded in coincidence with
Ar2+ ions, are presented in Fig. 5(c). In the off-resonant
spectra (blue and red), pronounced peaks are observed at ≈2 ,
≈4 , and 10.7 eV. These lines are assigned to sequential TPDI,
cf. Fig. 4(a). The ionization of neutral Ar by H11 produces the
10.7 eV photoelectron, while the subsequent ionization of the
Ar+ ground state by H13 yields the lines at ≈2 and ≈4 eV,
corresponding to the two lower-lying finestructure levels of
Ar2+. In the data measured on-resonance, the 10.7 eV line is
significantly weaker, and the signal is dominated by a broad
distribution ranging from ≈2 to 7 eV. This agrees with the ob-
servations of the initial experiment [see Fig. 3(a)] and suggests
that autoionization represents the main pathway for TPDI in
the on-resonant case.

The experimental data are fitted with the optimization
routine to find the relative contributions of the three mech-
anisms. In all three cases, there is good agreement between
experimental results and theoretical fit. The results of the op-
timization procedure are summarized in Table I. The fit results
are consistent with the expectation that sequential TPDI is the
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TABLE I. The fit results for the contributions of the three mech-
anisms to the total double-ionization yields are compared with the
effective total double-ionization cross sections, given in units of
Göppert-Meyer.

26.45 (eV) 26.62 (eV) 26.82 (eV)

Fit result (%) Sequential 48 23 37
Direct 28 34 36
Auto 24 43 27

Effective Sequential 5 13 9
cross section Direct 8 8 8
(GM) Auto 20 ± 9 80 ± 11 38 ± 10

Total 33 ± 9 101 ± 11 55 ± 10
Measured ratio Ar2+/Ar+ 0.8 × 10−4 2.1 × 10−4 1.3 × 10−4

predominant mechanism off-resonant, while autoionization is
the strongest contribution on-resonance. The larger contribu-
tion of sequential TPDI compared with the initial experiment
is attributed to a larger contribution of H13 in the tuning
experiment (9% for the on-resonance case).

For quantitative analysis of the fitting results, we calcu-
late the absolute two-photon absorption cross sections for
all three mechanisms. Table I summarizes the effective cross
sections, which are obtained as follows: Based on the cross
sections of the individual ionization steps, obtained with the
JAC, and the estimated pulse duration, the absolute cross sec-
tion for the sequential mechanism is σ

(2)
SDI = 150 GM (1 GM =

10−50 cm4 s), in the absence of the window resonance. This
value is weighted with the share of the 13th harmonic in
the yield of Ar+ + photoelectron coincidences. The absolute
cross section for the direct pathway is calculated as σ

(2)
direct =

8 GM, using the model described in Ref. [6]. Finally, summing
over all possible pathways for the autoionization mechanism
results in a cross section of σ

(2)
auto = 140 GM. This value needs

to be weighted by the ratio of spectral overlap between the
window resonance and the incident XUV spectrum. In our
tuning experiment, this ratio is controlled. Using the deter-
mined positions of the HHG spectra and their uncertainty, we
calculate spectral overlap ratios of 15 ± 5 %, 57 ± 8 %, and
28 ± 7 %, respectively.

The values obtained for the effective cross section confirm
the observed trend that the double-ionization signal increases
significantly on-resonance, due to the contributions of the
autoionization mechanism. However, comparing the fit re-
sults with the calculated effective cross sections indicates that
the optimization routine underestimates the contribution of

autoionization in favor of direct TPDI. One possible cause
of this discrepancy is that our simple model of energy ex-
change between electrons does not accurately capture electron
correlation dynamics. However, it is also possible that the
effective cross section for direct TPDI near-resonance is un-
derestimated because the modeling of direct TPDI does not
take bound resonances into account. In either case, our results
suggest that advanced multielectron techniques are required
to accurately capture ultrafast correlated electron dynamics.
While there is limited agreement with the fitting results, the
calculated total cross sections reasonably match the boosted
double-ionization probability measured at resonance.

In conclusion, we have presented coincidence measure-
ments of TPDI of argon by tunable, quasi-monochromatic
(i.e., ≈90% of all photons) around 26.5 eV radiation obtained
from a high-harmonic source. The data are suitable to rig-
orously test models for different mechanisms of TPDI. At
resonance, the best agreement is found for a semisequential
mechanism involving the excitation of an autoionizing reso-
nance. We provide evidence for correlation in the emission
direction of the two electrons. Moreover, the comparison
of experimental and computational results suggests that the
two emitted electrons interact with each other due to the
ultrafast nature of the double-ionization mechanism. The
accurate treatment of such electron-electron correlations rep-
resents a challenge for theories beyond the (mean-field)
single-active electron approximation. In future experimen-
tal work, near-resonant excitation and ionization dynamics
might be manipulated by a combination of XUV tuning and
dynamic Stark control exerted by an optical laser. Taking
a step back, the possibility of conducting coincidence ex-
periments on nonlinear photoionization using table-top XUV
sources opens up numerous new opportunities for ultra-
fast science, including XUV-pump, laser-probe, and all-XUV
pump-probe spectroscopy of molecular dynamics.
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