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We report the measurement of the photoelectron angular distribution of two-photon single-ionization
near the 2p> 'D° double-excitation resonance in helium, benchmarking the fundamental nonlinear
interaction of two photons with two correlated electrons. This observation is enabled by the unique
combination of intense extreme ultraviolet pulses, delivered at the high-repetition-rate free-electron laser in
Hamburg (FLASH), ionizing a jet of cryogenically cooled helium atoms in a reaction microscope. The
spectral structure of the intense self-amplified spontaneous emission free-electron laser pulses has been
resolved on a single-shot level to allow for post selection of pulses, leading to an enhanced spectral
resolution, and introducing a new experimental method. The measured angular distribution is directly
compared to state-of-the-art theory based on multichannel quantum defect theory and the streamlined R-
matrix method. These results and experimental methodology open a promising route for exploring
fundamental interactions of few photons with few electrons in general.
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The reaction of few photons with few electrons is a
fundamental process of nonlinear light-matter interaction at
high laser intensities. The helium atom, with its two bound
electrons represents an important benchmark system for the
quantum description of two correlated electrons [1,2] and
their response to intense radiation fields [3]. At energies
~60 eV above the ground state, and still below the double-
ionization threshold at 79 eV, autoionizing states are a
direct manifestation of electron correlation. Besides the
energy-dependent ionization yield, governed by the cross
section, the measurement of the photoelectron angular
distribution provides a comprehensive insight into the
correlated electron-electron interaction of the involved
autoionizing states, specifically when two photons are
absorbed [4,5].

With the advent of short-wavelength free-electron lasers
(FELs) [6,7] the nonlinear interaction of helium with
intense extreme ultraviolet (XUV) radiation became exper-
imentally possible [8,9]. Measured through spectroscopy
with the tunable seeded FEL FERMI, the two-photon
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excitation of dipole-forbidden autoionizing states in helium
and their energy shifts have been observed [10]. The
modification of autoionizing states in intense radiation
fields at ~60 eV has also been observed through a change
in the measured Fano absorption line shape [11]. The
photoelectron angular distribution after two-photon single
ionization of helium has been reported and discussed both
experimentally and theoretically [12—15], drawing attention
to the role of both resonant and nonresonant interaction
pathways with a single active electron.

In this Letter we report on the differential measurement
of the photoelectron angular distribution (PAD) of two-
photon single ionization (TPSI) in helium, involving a
transient double excitation near the final (continuum) state.
To distinguish nonlinear ionization events from a large one-
photon ionization background, we use the event-based
detection scheme of a cold-target recoil-ion momentum
spectroscopy reaction microscope (REMI) [16], providing
high momentum resolution by means of a cryogenically
cooled supersonic jet of helium atoms. The REMI detection
of the TPSI PAD is combined with a high-resolution photon
spectrometer to measure, individually for each FEL pulse,
the incoming FEL spectral intensity distribution. Resolving
the typically structured self-amplified spontaneous emis-
sion (SASE) FEL spectra allows one to improve the
spectral resolution [17] in a similar way as ghost imaging
[18]. Here we further develop this methodology in the
nonlinear case, extracting weak nonlinear ionization signals
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from a much larger background of linear ionization events.
Thereby we apply a new experimental methodology to
make an essential step in improving our fundamental
understanding of nonlinear light-matter interaction involv-
ing two active and correlated electrons.

The experiment was performed at the free-electron laser
in Hamburg (FLASH), at the REMI endstation at the
FLASH2 beamline FL26 [19], where we have recently
installed a high-resolution XUV photon spectrometer for
transient absorption spectroscopy. The experimental setup
is illustrated in Fig. 1(a). The linearly polarized (along the y
direction) FEL pulses at 30 eV photon energy are delivered
with an effective 540 Hz repetition rate in 10 Hz burst mode
(54 pulses with 10 ps spacing) with a mean pulse energy of
a few pJ, as determined by a gas monitor detector upstream
of the experimental setup. The FEL beam is focused (spot
size ~10 pm) into the center of the REMI, crossing a
supersonic jet of cryogenically cooled helium atoms. The
produced ions are guided by a homogeneous electric field
onto a time- and position-sensitive multichannel-plate
detector with delay-line anode. This detection scheme
allows one to reconstruct the three-dimensional momentum
of He™ for each photoionization event. After transmission
through the REMI, the SASE spectral intensity distribution
of each FEL pulse is measured with a grating-based high-
resolution XUV photon spectrometer. The spectrometer is
equipped with a high-repetition rate GOTTHARD detector
[20] to resolve individual pulses within one burst as in
Ref. [17]. An ensemble of XUV spectra from 54 consecu-
tive FEL pulses within one burst is depicted in Fig. 1(a) on
the right. The energy resolution of the XUV photon
spectrometer was determined via a calibration measure-
ment of the argon 3s autoionizing resonances [21], yielding
30 meV at 28.0 eV.

Because of momentum conservation, neglecting the
photon momentum |p,| < 0.01 a.u., the photoelectron
momentum |p,| > 1 a.u. is fully reflected by the recoil
momentum of the helium ion pye+, with p, = —Ppe-.
Hence the PAD can be inferred from the measured P+
recoil-ion momentum distribution. A slice of the He™
momentum distribution in the x-y plane (|p,| <0.1 a.u.)
is depicted in Fig. 1(b). The incoming FEL beam pre-
dominantly singly ionizes helium with one photon, leading
to a pronounced maximum at p,~ 0.6 a.u. with its
characteristic P-lobe angular distribution (angular momen-
tum L = 1), aligned along the FEL polarization direction,

where p, = /p2 + p% is the radial momentum in the x-y

plane. Benefitting from the cold and dilute jet of target
atoms, the momentum resolution is sufficiently high to
distinguish the weak nonlinear TPSI events appearing at
pr~ 1.6 a.u., where the selected region for further analysis
is indicated by red circles.

The FEL photon energy was tuned to half the 2p? 'D®
autoionizing resonance at 59.9 eV [see level scheme in
Fig. 2(a)], where the corresponding two-photon cross
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FIG. 1. (a) The experimental setup: Linearly polarized FEL
pulses arrive from the left, propagating in the x direction, and are
focused into the center of the reaction microscope, crossing a
supersonic gas jet of cryogenically cooled atomic helium. The
created ions are then accelerated toward a position- and time-
sensitive detector. The transmitted FEL beam is refocused into a
grating spectrometer, measuring the XUV photon spectrum on a
shot-to-shot basis with the GOTTHARD detector [20], compat-
ible with the burst-mode high-repetition rate pulse pattern at
FLASH, similar to Ref. [17]. (b) The measured recoil-ion
momentum distribution in the x-y plane with a slice in the z
direction (|p,| <0.1 a.uw.). The FEL is polarized in the y
direction. Two-photon ionization events are selected by their
momentum 1.5 a.u. <|p,| £ 1.7 au. as marked by the red
circles. Because of a locally confined inhomogeneity in the
detector efficiency at very negative p, momenta, only events in
the upper hemisphere (p, > 0) are considered for the analysis.

section [5] is plotted in Fig. 2(b). Sorting REMI photo-
ionization events by the measured SASE FEL spectral
intensity distribution allows for a finer photon-energy
resolution to resolve the 2p> 'D® resonance. The latter is
much narrower than the FEL average spectral bandwidth of
430 meV at FWHM, as determined from the measured
average spectra. In Fig. 3 (lower panel) the spectra are
sorted by the photon-energy position of the highest peak for
each single SASE spectrum, distributed into equidistant
bins of ~31 meV. To keep the number of photons per pulse
approximately constant for each spectral bin, we restrict the
pulse energy to between 4.2 and 4.7 pJ. These values result
from casting all FEL shots of the run, whose pulse energy
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FIG. 2. (a) Energy level scheme of the observed ionization
channel. The doubly excited state 2p?> ('D¢) at 59.9 eV can be
reached with two FEL photons (vertical purple arrows) tuned to
half the transition energy. This state primarily decays through
autoionization, emitting an electron (thin black arrow) into the
He™ ionization continuum. (b) Calculated total two-photon cross
section in blue [5]. The blue inset shows the PAD at the peak of
the cross section which features a dominant D symmetry. Addi-
tionally, the calculated one-photon cross section is shown (red,
dashed) at twice the photon energy [22,23]. The red inset shows
the corresponding one-photon P lobe.

ranges from almost zero up to above ~5 pJ due to the
SASE-FEL mode of operation, into a distribution of nine
pulse-energy bins, while keeping a constant number of FEL
pulses per bin. We then select the second highest pulse-
energy bin, excluding outliers in the high-pulse-energy tail
of the SASE distribution. This effectively creates a narrow-
band photon-energy sweep with a resolution better than
0.1 eV that can now be applied to the shot-by-shot recorded
photoionization events of the REMI.

The absorption of two ~30 eV photons leads to the
emission of a fast photoelectron with |p,| ~ 1.6 a.u. With
the condition 1.5 a.u. < |p,| < 1.7 a.u. [cf. red circles in
Fig. 1(b)], the number of events is determined separately
for each bin of the previously described energy sweep and
normalized by the number of pulses in that bin. The result is
plotted in blue color in the upper panel of Fig. 3. It exhibits
a maximum at 29.95 eV, corresponding to the 2p> 'D¢
autoionizing resonance [cf. Fig. 2(b)]. Furthermore we
observe a shoulder extending to higher photon energy,
which we attribute to direct one-photon ionization by the
second harmonic of the FEL, enhanced by the resonant
cross section as depicted by the dashed red line in Fig. 2(b).
Assuming 1% of the fundamental photon flux in the second
harmonic, with the fundamental intensity on the order of
103 W/cm?, the theoretically calculated one-photon and
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FIG. 3. Lower panel: mean FEL spectra sorted by the photon-

energy position of the highest peak in each SASE spectrum,
where the pulse energy is restricted to values between 4.2 and
4.7 pJ. Upper panel: the blue data depict the relative counts of a
fast recoil ion (1.5 a.u. <|p,| < 1.7 a.u.), normalized to the
number of pulses in each bin. The gray data show the relative
counts (scaled by 1072) of direct one-photon ionization events
(|p.] 0.6 a.u.) for each bin. The green curve is obtained by
convoluting the experimental FEL spectra with the theoretical
cross section [cf. Fig. 2(b)], assuming a 1% photon flux of the
second harmonic compared to the fundamental. The red data are
obtained by selecting fast recoil ions (1.5 a.u. < |p,| < 1.7 a.u.)
with the additional condition of a small momentum in the
polarization direction (|p,| < 0.3 a.u.).

two-photon cross section [cf. Fig. 2(b)] is convoluted with
the experimentally measured average FEL spectra per bin
(cf. Fig. 3, lower panel). The photon flux of the second
harmonic has been estimated with an uncertainty on the
order of 50% by the measured count rate of helium ions
with an attenuated FEL beam, efficiently suppressing the
TPSI nonlinear contribution. Furthermore we assume the
second harmonic FEL spectrum is a copy of the measured
fundamental spectrum at twice the photon energy. This
results in the green curve depicted in the upper panel of
Fig. 3, which qualitatively agrees with the experimental
data. For further confirmation, we evaluate the relative
probability of the direct one-photon ionization events at
|Pe| # 0.6 a.u., sorted in the same manner by the SASE
spectral peak positions, where the result is plotted in
gray color in the upper panel of Fig. 3. Because of the
lack of any resonances in this region, a smooth and
featureless trend is observed. To further isolate the non-
linear TPSI of helium and suppress the linear background
of the FEL second harmonic, we can make use of angular
momentum conservation. The second harmonic photoemis-
sion with angular momentum L = 1 is forbidden in the
direction perpendicular to the FEL polarization axis, i.e.,
for p, = 0. We thus set the additional condition of a low
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momentum component along the polarization direction
(.e., |py| <03 au.), where the accordingly reduced
counts are depicted in red color in Fig. 3. As a result,
the peak at 29.95 eV, corresponding to the 2p? 'D® two-
photon resonance, is now even sharper and appears more
symmetric, while the shoulder at 30.05 eV, corresponding
to an enhancement of the one-photon ionization with the
FEL second harmonic, is now efficiently suppressed.

Having identified the signature of the 2p? 'D® doubly
excited state in the experiment we now turn to extracting
the PAD at the peak of this resonance. Selecting the
centermost (i.e., resonant) spectral bins of Fig. 3 alone
does not provide enough statistics for a differential analysis
of the corresponding angular distribution. We thus further
improve the sorting of SASE spectra that lead to resonantly
enhanced TPSI of helium with a new classification scheme.
Hereby we apply a narrow spectral window from 29.9 to
30.0 eV on the measured XUV spectrum of each FEL pulse,
for which we also measure a fast He™ recoil ion in the
REMI. The integrated spectrum in this 0.1 eV window is
normalized by the integrated total spectrum, yielding for
each pulse the relative spectral intensity at the resonant
XUV photon energy. The FEL pulses are accordingly
sorted by this relative spectral intensity into a distribution
of three bins with an equal number of pulses per bin. The
highest and lowest bin we hereafter classify as resonant and
off-resonant datasets. The accumulated FEL spectra for
these two cases are plotted in Fig. 4(a), where in the
following we now analyze the corresponding angular
distributions measured in coincidence with the REMI.

The PAD of fast helium recoil ions (1.5 a.u. < |p,| <
1.7 a.u.) for both the resonant and off-resonant case is
depicted in Fig. 4(b). The off-resonant counts have been
renormalized by the ratio of the total number of incoming
photons for both PADs, as determined from the integrated
spectral intensity distributions shown in Fig. 4(a).
Considering the resonant case in Fig. 4(b), we observe a
local maximum for the electron emission angle at 90°,
which is expected for a dominant contribution of the 2p?
D¢ resonance with total angular momentum L =2
[cf. Fig. 2(b)]. In contrast, for the off-resonant case, the
yield at 90° shows a reduced local maximum, and the
overall shape more resembles that of a p wave [total angular
momentum L = 1, cf. Fig. 2(b)], with a reduced d-wave
content. A more dominant p wave is expected for one-
photon ionization of helium with the second harmonic of
the FEL. This observation is in agreement with the
discussion of Fig. 3, where a background of fast recoil
ions from ionization with the second harmonic of the FEL
has been identified.

In order to quantitatively compare the experimental PAD
to theory, in a first attempt we assume the renormalized off-
resonant PAD as a simple background, and hence subtract it
from the resonant PAD, resulting in the angular distribution
of counts shown in Fig. 4(c). The PAD for two-photon
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FIG. 4. (a) Accumulated FEL spectra, measured with the XUV

photon spectrometer, for high (orange) and low (blue) relative
photon flux on resonance, i.e., between 29.9 to 30.0 eV. (b) PAD
of fast recoil ions (1.5 a.u. < |p,| < 1.7 a.u.), measured with the
REMI, and accumulated for the condition of FEL spectra with
resonant (orange) and off-resonant (blue) pulses, resulting from
the corresponding FEL spectra which are plotted in (a). The
counts of the off-resonant case have been renormalized by the
ratio of the total number of incoming photons for both cases.
(c) Subtracting the measured background (renormalized off-
resonant counts) from the signal (resonant counts) from (b) iso-
lates the PAD of the two-photon double-excitation resonance
shown in (c). The dashed black line depicts the least-squares fit to
the experimental data, together with the best fit parameters and
statistical error bars given by the standard deviation. The solid
green line denotes the theory prediction at the peak of the
resonance with given f, and f5, parameters.

ionization can be described by using a sum of even-rank
Legendre polynomials Py(cosf) up to fourth order and
asymmetry parameters fB;, where @ is the angle of the
measured momentum direction with respect to the laser
polarization direction, which is aligned along the y axis.
Together with the total cross section o, the PAD can be
expressed through

9 =Dt foaleosd) + fiPaleosd)]. (1)
The resulting fit and its f, and f, parameters are shown in
Fig. 4(c) and can be directly compared to theory, where the
angular distribution is extracted at the maximum of the two-
photon cross section [cf. Fig. 2(b)]. The theoretical two-
photon ionization amplitudes utilized in the present study
were obtained in the previous study, Ref. [5]. In Fig. 4 of
that reference, the accuracy is confirmed by the excellent
agreement with the total cross sections and asymmetry that
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were determined in this energy range in the time-dependent
calculations of Boll et al., in Ref. [4]. The general trend of
the theoretical distribution is well captured by the experi-
ment; however a significant discrepancy beyond the stat-
istical uncertainty remains. We have ascertained that both a
finite angular resolution of the measurement, as well as
averaging over a finite energy window across the resonance
can be neglected on the stated results. Both contributions
range within the same order as given by the statistical error
bars of the extracted f,, parameters. Assuming a +10%
systematic uncertainty for the renormalization of the off-
resonant PAD counts yields a systematic shift of the fitted
B, and B, parameters, respectively, by '3 and 7932
Because of the shifts of the f3,, parameters in different
directions, the systematic contribution of a scaled back-
ground thus also cannot fully explain the deviation to
theory. It seems likely that the actual FEL pulse shapes,
with their partially coherent spectrotemporal SASE struc-
ture, have to be considered. Concerning the modeling for an
ab initio theory of correlated two-electron dynamics in
helium, the extension to both high intensity and a typical
average pulse duration on the order of 100 fs still poses a
major challenge, which goes beyond the scope of the
current work. Both of which are however important, with
SASE FEL pulses containing temporal spikes well above
the average intensity level, which are stochastically dis-
tributed over the average pulse duration [24,25], and which
play a crucial role especially when resonant transitions are
involved [11]. Furthermore, concerning the FEL second
harmonic, theory predicts interfering pathways for the
coherent interaction between one- and two-photon path-
ways in this energy region [26]. In the Supplemental
Material [27] we identify a heterodyne effect through the
coherent interaction between the fundamental and second
harmonic. After averaging their relative phase over a full 2z
range, which is compatible with the experiment where we
expect the relative phase to fluctuate from shot to shot, the
calculated PAD is significantly changed, approaching the
experimental one. Coherent interactions may thus be a
likely explanation for the remaining discrepancy between
theory and experiment for the reported differential meas-
urement of the photoelectron angular distribution. This
creates an exciting prospect, triggering new experiments
and theoretical modeling for the exploration of novel
coherent-control schemes with SASE FEL pulses.

In conclusion, we have experimentally resolved the
nonlinear interaction of two photons with two correlated
electrons in helium in the vicinity of the 2p*> 'D° auto-
ionizing resonance. The yield of photoionization was
measured differentially as a function of photon energy
and the photoelectron emission angle, and compared to
theory. The experiment was enabled by the unique combi-
nation of measuring high-resolution recoil-ion momenta
with a cryogenically cooled target in the REMI together
with synchronous recording of the incident FEL spectra on

a shot-to-shot basis. This scheme has been crucial to
identify small yields of nonlinear two-photon processes
in the presence of high count rates of linear events from
one-photon ionization. The spectrally broad SASE FEL
pulses in combination with single-pulse selected spectra
allowed for a simultaneous photon-energy sweep in the
experimental analysis with substantially improved resolu-
tion. This scheme relates to and possibly extends other
spectral-domain ghost-imaging approaches [28] now into
the regime of nonlinear light-matter interaction.
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