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Rabi oscillations are periodic modulations of populations in two-level systems
interacting with atime-varying field'. They are ubiquitous in physics with applications
in different areas such as photonics?, nano-electronics®, electron microscopy* and
quantum information®. While the theory developed by Rabi was intended for fermions
ingyrating magnetic fields, Autler and Townes realized that it could also be used to
describe coherent light-matter interactions within the rotating-wave approximation®.
Although intense nanometre-wavelength light sources have been available for more
thanadecade’?, Rabi dynamics at such short wavelengths has not been directly
observed. Here we show that femtosecond extreme-ultraviolet pulses from a seeded
free-electron laser'® can drive Rabi dynamics between the ground state and an excited
state in helium atoms. The measured photoelectron signal reveals an Autler-Townes
doublet and an avoided crossing, phenomenathat are both fundamental to coherent
atom-field interactions™. Using an analytical model derived from perturbation theory

ontop of the Rabi model, we find that the ultrafast build-up of the doublet structure
carries the signature of aquantum interference effect between resonant and non-
resonant photoionization pathways. Given the recent availability of intense
attosecondand few-femtosecond® extreme-ultraviolet pulses, our results unfold
opportunities to carry out ultrafast manipulation of coherent processes at short
wavelengths using free-electron lasers.

The advent of free-electron laser (FEL) facilities, providing femtosec-
ond light pulses in the gigawatt regime at extreme-ultraviolet (XUV) or
X-ray wavelengths, has opened up many prospects for experimentsin
isolated atoms and molecules in the gas phase'*". Over the past decade,
pioneering results concerning multi-photon ionization of atoms™ and
small molecules” have been obtained using pulses from self-amplified
spontaneous emission (SASE) FEL sources®. However, these pulses
are prone to a low degree of coherence and poor shot-to-shot repro-
ducibility owing to the instability inherent to the SASE process. As a
result, despite theoretical predictions to observe Rabi dynamics at
short wavelengths'® 2., its effects on the measured spectra were only
indirect?*?, Instead, XUV pulses from a SASE FEL have been used as a
pump that allowed subsequent ultrafast Rabi dynamics to be driven by
laser pulses at near-infrared wavelengths®. In this regard, XUV pulses
from a seeded FEL, such as FERMI (Free Electron laser Radiation for
Multidisciplinary Investigations)'®, with its high temporal and spatial
coherence, and large peak intensity can allow the study of coherent

light-matter interactions® and phase-dependent interference effects
of the wavefunction®

According to the Rabi model!, ifatwo-level atominitially inits ground
state |a),issubjected toaninteraction with afield of frequency w that
couplesittothe excited state |b), the probability for excitation varies
sinusoidally intime as P,(t) = |§|Zsin2 (%).The oscillating population
leads to a symmetric structure in the frequency domain, known as an
Autler-Townes (AT) doublet. The splitting is given by the generalized
Rabi frequency W=/02+ Aw?, where Aw = w — w,,, is the detuning of
the field with respect to the atomic transition frequency, w,,. The Rabi
frequency for light-matter interaction within the dipole approximation
is Q = eEyz,,/h, with E;being the electric field amplitude, z,, the transi-
tion matrix element, 2 the reduced Planck constant and e the elemen-
tary charge. In addition to the periodic population transfer P,(t), the
coherentdynamicsis further associated with sign changes of the oscil-
lating amplitudes for the two states. For fermions, such sign changes
of the wavefunction can be connected to rotations in real space’ that
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have been measured for neutron beams in magnetic fields*. Analogous
sign changes in quantum optics were studied using Rydberg atoms to
determine the number of photons in a cavity?. Recently, the sign
changes in Rabi amplitudes have been predicted to strongly alter AT
doubletstructures in photo-excited atoms, when probed by attosecond
XUV pulses?,.

Here we investigate the Rabi dynamics at XUV wavelengths in helium
atoms induced by an intense pulse from the FERMI seeded FEL
that couples the two levels |ay =1s? (S,) and |b) =1s4p ('P,), with
hw,, = €,—€,=23.742 eV (ref.?). The terme, (€,) denotes the energy of
thestate |a) (|b)). The dynamicsis probed insitu by recording photo-
electrons ejected from the state |b) or |a) during the ultrashortinter-
action, with one or two XUV-FEL photons, as illustrated in Fig. 1a.
Tointerpret thisnonlinear dynamics, we have developed ananalytical
model by partitioning the Hilbert space into the two-level system and
its complement. We expand the time evolution in the form of aDyson
series, whereinthe zeroth order, the two-level system undergoes Rabi
oscillations. The photoionization dynamics from the excited (ground)
state is treated by first (second)-order time-dependent perturbation
theory describing the FEL interaction with the complement of the
two-level system (see Supplementary Information for details). The
resulting AT doublet structure depends on whether the photoelectron
is originating from the ground state, |a), or the excited state, |b), as
showninFig.1b. The narrow spectral bandwidth of the XUV-FEL pulse
(20-65 meV; Methods) enables efficient coupling of |a) and |b) with
the dipole element z,, = 0.1318a,, with a, being the Bohr radius®’.
As shown in Fig. 1c, several physical effects can impede the duration
of Rabi cycling: spontaneous emission sets afundamental limit at about
4 ns (ref. *), whereas one-photon ionization from the excited state (1)
and two-photon non-resonant ionization from the ground state (1)
restrict Rabi cycling at progressively higher intensities. The present
experiment (diamond) canbe driven coherently, asit takes place over
an ultrafast time duration, with the estimated full-width at half-
maximum (FWHM) of the driving FEL pulse duration being 56 +13 fs
(ref.??). Thisis three orders of magnitude shorter than the lifetime for
photoionization of the Rabi cyclingatom7,,, = 100 ps (see Supplemen-
tary Information for details). Thus, the Hamiltonian for a two-level
system H = %hwbaéz + n0cos(wt)d,, where 6,and 6, are Pauli operators,
canbe satisfied by atime-dependent wavefunction of the form|¥(t)) =
a(t)e /Mgy + p(t)e #/7| by Within the rotating-wave approxima-
tion, the amplitudes of the ground and excited states are expressed
as:

at) = {cos%—iA—wsinM}exp(iAwt/z)
2 w 2 a
_ o we
b(t) = IWsm 2 exp(-iAwt/2),

provided that the electric field canbe approximated as a flat-top shape
intime. The sign changes associated with these Rabi amplitudes are
essential to understand the ultrafast build-up of AT doublets from |a)
or |b), by absorption of two or one resonant XUV-FEL photons. The AT
doublet emerges owing to a destructive interference effect between
photoelectrons ejected before and after the first sign change, which
is found to occur at 1/2 and 1 Rabi period for the amplitudes a(t) and
b(t) with Aw = 0, respectively. Thisisinagreement with the results from
the analytical model presented in Fig. 1b. The contribution from the
excited state, |b), can be understood as the Fourier transform of the
time-dependent amplitude b(t). Similarly, the contribution from the
groundstate, |a), canbe related to the Fourier transform of a(t) through
anon-resonant wave packet composed of complement states, |c), as
illustrated in Fig. 1a. Thus, the observation of a doublet from either
state |a) or state |b) is a direct measurement of Rabi dynamics in the
energy domain.
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Fig.1|Rabioscillationsinduced by an XUV-FEL pulse. a, The sinusoidal
energy transfer between the XUV-FEL coupled states |a) and |b) (black
horizontal lines) is associated with sign changes of state amplitudes between
adjacentRabi cycles (+and -). Photoelectrons can be ejected from excited state
|b), by one (I) photon, or by two (II) photons from |a) through complement
states, |c) (grey horizontal lines). Thisresultsin the time-dependent build-up
ofanultrafast AT doublet structure. b, The build-up of an ultrafast AT doublet
for1/2,1and 3/2 completed Rabi periods is shown for I-photonionization from
|b)y (dashed, magentaline) and Il-photonionization from |a) (solid, blackline)
using the analytical model described in the Supplementary Information.

¢, Domains of photoionization from 1s>-4p Rabi cycling helium atoms with the
dominant photon process: I (red shaded area) and Il (blue shaded area). Rabi
cyclingis limited by spontaneous emission (zg), I-photon ionization from |b)
(7,) and ll-photonionization from |a) (7,) at progressively higher intensities
ofthe FEL field. 7, is the lifetime of the Rabi cycling atom subject to
photoionization. The boundary between the two domains is determined by
7,=T,. The diamond marks the experiment: on the boundary between the
landIldomains and close to asingle Rabi cycle.

Measured photoelectron spectra, shown in Fig. 2a, exhibit an AT
splitting of 7Q =80 + 2 meV (see Methods for details about the blind
deconvolution procedure used here; the reported uncertainty is
obtained from afit of the symmetric AT doublet with two Voigt profiles
with the same width). The corresponding Rabi period 2n/Q = 52 fs,
givenits proximity to the FWHM of the XUV-FEL pulse, suggests that
the experiment was performed in a regime of ultrafast AT doublet
formation close to a single Rabi cycle. A slight blue detuning of the
XUV light, by about 11 meV relative to the atomic transition?, is
required torecord asymmetric AT doublet (black squaresin Fig.2a).
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Fig.2|Asymmetry of the ultrafast AT doublet. a, Deconvoluted experimental
photoelectronspectrawith asymmetric AT doublet (black squares) at 23.753-eV
photonenergy, and the asymmetric ones at +13-meV detuning (blue diamonds
andred circles, respectively). b, Abinitio photoelectronspectra using TDCIS at
three photon energies with asymmetric AT doublet at 24.157-eV photon energy
(dashed blackline) and the asymmetric ones at +13-meV detuning. Thered

This blueshiftis one of the major experimental results, and identify-
ingits physical originis among the main objectives of the theoretical
efforts presented in this work. A strong asymmetry is observed when
the FEL frequency isdetuned to thered (red circlesin Fig.2a) or blue
(blue diamonds in Fig. 2a) side of the symmetric doublet. The asym-
metry of the AT doublet is qualitatively well reproduced by ab initio
numerical simulations for helium within the time-dependent
configuration-interaction singles (TDCIS) approximation®, asshown
inFig.2b. Gaussian pulses were used with parameters chosen to match
the experimental conditions with an effective intensity of
2 x 10" W cm™ (as obtained from Q) and a pulse duration (FWHM) of
56 fs (see Methods for details). It is worth noting that the Rabi dynam-
icsissensitive to the exact shape of the driving pulse. For instance, a
Gaussian pulse caninduce more Rabi oscillations than a flat-top pulse
with same FWHM by a factor of ./1/(2In 2) = 1.5 as follows from the
areatheorem?*. Thus, the calculated photoelectron spectrafrom the
analytical model using flat-top pulses in Fig. 1b for 3/2 Rabi periods
agree well with those from the TDCIS calculations using Gaussian
pulses with a FWHM close to a single Rabi period in Fig. 2b. Clearly,
the AT doublet manifests itself between 1and 3/2 Rabi periods. The
differenceinkinetic energy (about 0.4 eV) of the symmetric AT dou-
blet between experiment and theory (Fig. 2aand Fig. 2b, respectively)
is attributed to electron correlation effects not included in the
TDCIS calculations that increase the binding energy beyond the
Hartree-Fock level. The observed asymmetry in the AT doublet can-
not be explained by abreakdown of the rotating-wave approximation
because the experiment is performed at a resonant weak-coupling
condition®: w = w,, and Q/w,, = 0.34%. Instead, we express the Rabi
amplitudes from equation (1) in terms of their frequency components
and find that a(¢) has two asymmetric components that are propor-
tional to (1 + Aw/W), whereas b(t) has two symmetric components
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(blue) curve corresponds tored (blue) detuned light. c,d, Thesameasinb, but
using the analytical model for 3/2 Rabi periodsin the case of one-photon
ionization from |b) (c) and two-photonionization from |a) (d). Theloss of
contrast observedinthe experimental spectraarises owing to macroscopic
averaging of the target gas sample (see Supplementary Information for
details). a.u., arbitrary units.

that are proportional to £Q/W. Using the analytical model with 3/2
Rabi periods, we confirm that the AT doublet from |b) is symmetric,
whereas that from |a) is asymmetric, as shown in Fig. 2c and Fig. 2d,
respectively. Quite remarkably, the observed asymmetry in the
experiment suggests that the photoelectron signal contains signifi-
cant contributions from the two-photonionization process from |a).
We question how thisis possible given that the electric field amplitude
E,=0.02388 atomic units implies an ionization-probability ratio of
10*:1in favour of the one-photon process from |b).

We propose that the two-photon signal from |a) can compete with
the one-photon signal from |b) owingto superposition of intermediate
(complement) states, which are illustrated as grey bound and con-
tinuumstatesinFig. 3a. This leads to agiantlocalized wave, |p,, ), com-
pared with the normalized wavefunction for |b), as shown in Fig. 3b.
The largest contributions to the giant wave come from the
dipole-allowed complement states that are close to the one-photon
excitation energy. The scaling factor owing to atomic effects is calcu-
lated to be about 1:10* in favour of the two-photon process (see
Extended Data Table 1 for the matrix elements). Thus, we can explain
why the XUV-FEL pulse is intense enough for the non-resonant
two-photon process from the ground state to be comparable to the
one-photon process from the resonant excited state. In general, addi-
tion of two pathways leads to quantum interference that depends on
theirrelative phase. From Fig.3b, we notice that the giant wave oscillates
out of phase with the excited state close to the atomic core, which
affects the signs of the matrix elements (Extended Data Table 1). The
ultrafast build-up of the AT doublet can be used to study the resulting
interference phenomenon in time. To understand this phenomenon,
we have used the analytical model to perform calculations where the
one-and two-photon contributions are added coherently to simulate
the angle-integrated measurements. In Fig. 3¢, we show how the
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Fig.3|Quantuminterference withagiantwave. a, Energy-level diagram for
the photontransitions thatlead to quantuminterference. b, The summation of
contributions fromthe non-resonant (grey) statesin aleads to the formation
ofagiantwave, |p,,). Theexcited state |b) is shown for comparisonwitha
magnification factor of 10 (dotted black line). Both wavefunctions are computed

resonant case (Aw = 0) leads to astrongly asymmetric AT doublet after
one Rabi period. Figure 3d indicates that ablue detuning (Aw = 62 meV)
leads to the symmetric AT doublet at an earlier time between 0.5 and
1Rabi periods. The advancement of the AT doublet in time follows from
the faster Rabi cycling at the rate of generalized Rabi frequency. Thus,
we have found that the blueshift of the symmetric AT doubletis due to
quantuminterference between the one-photon (I) and two-photon (II)
processes. A general loss of contrast in the AT doublet structures is
found by considering the effect of an extended gas targetin our model.
However, the two-photon doublet was found to be less sensitive to the
volume averaging effect when compared with the one-photon doublet
(see Supplementary Information for details), allowing us to clearly
observe the AT doublet in the measured photoelectron signal.

To provide further evidence insupport of the coherent interaction
between the helium atoms and the XUV-FEL pulses, we show that the
ultrafast emergence of the AT doublet canbe interpreted in terms of
the dressed-atom picture with coupled atom-field energies
€.=(e,+€,+hw+hW)/2. One photon energy above these coupled
energies implies final photoelectron kinetic energies e'f"= €,+hw,
where /,=-¢€,=24.5873 eV is the ionization potential of helium.
InFig.4a, kineticenergies are labelled with the uncoupled atom-field
states®, |a,1) and |b, 0). The experimental results in Fig. 4b can
be understood as one photon above |q, 1) at large detuning of the
XUV-FEL pulse. This is because the interaction is weak far from the
resonance with the atom remaining mostly in its ground state |a),
such that two photons are required for photoionization. The region
closer to the resonance is influenced by quantum interference
between the one-photon (I) and two-photon (II) processes that leads
to suppression of |, 0) and enhancement of |a, 1), with both coupled
energies appearing briefly to form an avoided crossing in kinetic
energy. Itis noted that the avoided crossing appears atablue detun-
ing from the resonant transition, Aw = O (denoted by the dashed
vertical line), revealing the quantum interference between the two
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pathways from the ground state |a@) and the excited state |b). Similar
results were obtained from the TDCIS simulations (Fig. 4c) and the
analytical model with contributions from both |a) and |b) for 3/2 Rabi
periods (Fig. 4d). The observed blue detuning for the experimental
avoided crossing (about 11 meV) is well reproduced by TDCIS calcula-
tions (about 14 meV). The enhanced shift of the AT doublet to blue
detuning in the analytical model is an effect of the pulse envelope
that can be reproduced with TDCIS using smoothed flat-top pulses.
This indicates that the amount of blueshift of the AT doublet can be
coherently controlled by the exact profile of the FEL pulse.

Our results show thatitis now possible to simultaneously drive and
interrogate ultrafast coherent processes using XUV-FEL pulses. Previ-
ous attempts to understand Rabi dynamics at short wavelengths have
relied on the strong-field approximation, where the influence of the
atomic potential is neglected, leading to an inconsistent AT doublet
when compared with numerical simulations®. In contrast, our ana-
lytical model includes the full effect of the atomic potential and Rabi
dynamics in the two-level subspace, whereas the remaining transi-
tionsto and withinthe complement of the Hilbert space are treated by
time-dependent perturbation theory. Consequently, we could establish
aunique mechanism in the form of a giant Coulomb-induced wave
from the ground state to explain why the non-resonant two-photon
process can compete with the resonant one-photon process and gen-
erate quantum interference effects at the high intensities provided by
the XUV-FEL beam. With this model, we now understand how ultrafast
Rabidynamics atshort wavelengths areimprinted on photoelectrons
from weakly ionized atoms. Our experimental approach of using pho-
toionization as anin situ probe of Rabi dynamics does not rely on any
additional laser probe field, and, hence, is easily applicable to other
quantum systems. We think that such photoionization processes are
of interest to different domains: the one-photon domain connected to
the symmetric excited-state dynamics (I) and the two-photon domain
connected to the asymmetric ground-state dynamics (II), asshownin
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Fig.4|Avoided crossing phenomenainthe energy domain. a, Photoelectron
kinetic energies, for one photon above the energy of the dressed-atom states,
asafunction of detuning.b-d, Photoelectron spectraasafunctionof the
photonenergy retrieved experimentally (b), using TDCIS (c) and using the total
analytical model for 3/2 Rabi periods (d). Ineach case, the dashed whiteline

Fig.1c.Attheboundarybetween these domains, quantuminterference
ismanifested in the photoelectron signal. The experimental blueshift
of the symmetric AT doublet, reported in our work, is an observation
of this type of effect. Owing to substantially different angular distribu-
tions from domains I and Il (Extended Data Table 1), we predict that
the boundary regime will exhibit intricate angular dependencies of
the photoelectrons that could be the subject of upcoming experi-
ments. Studying more complicated Rabi dynamics, affected by rapid
photoionization® or autoionization decay”, are natural extensions of
our work. Coherent population inversion with core-excited states and
ultrafast core ionization with simultaneousionic-state excitation” are
examples of configurations achievable at short wavelengths. Given the
ongoing developments of seeded FEL facilities around the world**
capable of providing light pulses down to few-angstrém wavelength,
our findings can inspire future studies involving coherent control in
multi-electronic targets, such as molecules, and nano-objects with
site specificity, opening up pathways for steering the outcomes of
photo-induced processes across ultrafast timescales.
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Methods

Experiment

The experiment was carried out at the low-density-matter beamline
of FERMI*°, A pulsed Even-Lavie valve, synchronized with the arrival
ofthe FEL pulse served as the target source. The target gas jet was esti-
mated to be a cone with a diameter of 2 mm at the interaction region.
We measured the photoelectron spectra at and around the 1s* > 1s4p
transition in helium, using a 2-m-long magnetic bottle electron spec-
trometer (MBES). The gas jet, FEL beam and magnetic bottle axes are
mutually perpendicular, with the first two being on the horizontal
plane of the laboratory, and the last one in the vertical direction. Before
entering into the flight tube of the MBES, the photoelectrons were
strongly retarded tobelow 1-eV kinetic energy to achieve high spectral
resolution (E/AE = 50). To suppress any short-term fluctuation arising
fromtheinstability of the FEL, we performed a ‘round trip’ scan across
the wavelength range, 52.50 nm « 51.80 nm. Empirically, the FWHM
of the XUV-FEL pulse duration (r,,,) can be approximated® tobe in
between (Tyeeq/n”?) and (71,.eq/6n">). Here 7., ~ 100 fsis the duration
(FWHM) of the seed pulse (wavelength 261.08 nm) and n = 5is the har-
monicorder for the undulator. Itleads tot,,,, = 56 + 13 fs, which matches
wellthe FWHM of about 66 fs, obtained from the simulation of the FEL
dynamics using PERSEO*. The spectral bandwidth (FWHM) of the pulse
was estimated using PERSEO to be around 0.13 nmat the central wave-
length of 1 =52.216 nm. Extended Data Fig.1a and Extended Data Fig. 1b
show the simulated spectral and temporal profiles of the FEL pulse,
respectively. At best focus, the spot size (FWHM) was estimated to be
12 pm. We measured the energy per pulse at the output of the FEL undu-
lator to be around 87 pJ, which refers to the full beam including all
photons contained in the transverse Gaussian distribution. To consider
those, we used 40 as the FEL beam diameter at best focus, where
0=12/2.355=5.1 pm. Hence, the beam waist (w,) is given by w,=20=
10.2 um, along with a Rayleigh length of mw3/A = 6.3 mm. The peak
intensity was estimated to be about 1.4 x 10 W cm™ This clearly shows
that the FEL pulses were intense enough to drive the coherent Rabi
dynamics. However, this peak intensity alone does not directly cor-
relate to the ultrafast Rabi dynamics, as the Rabi frequency is propor-
tional to the E-field strength, and Rabi cycling requires sufficient area
of the pulse for the AT doublet to emerge. Furthermore, given the
shot-to-shot fluctuations of the FEL pulse parameters, we have used
the observed AT splitting to extract the average interaction strength
inareliable manner without any need for simulated values of the pulse
duration or experimental mean pulse energy.

Data analysis

Tofilter the measured photoelectron spectra on a shot-to-shot basis,
we used the photon spectrum recorded by the Photon Analysis
Delivery and REduction System (PADRES) at FERMI to determine the
bandwidth (FWHM) of the XUV pulse. Any shot without the photon
spectrum was rejected: out of 355,000 shots, 354,328 shots were
retained. All the shots with more than 65-meV FWHM width were
discarded (Extended DataFig. 2a). It is noted that the simulated value
of the photon bandwidth (59 meV) lies within the filtering window of
20-65 meV.Inaddition, we chose only the shots with integrated spec-
tral intensities ranging from 0.8 x 10° to 1.6 x 10° in arbitrary units
(Extended DataFig. 2b). Thefiltered shots were sorted into 30 photon-
energy bins, uniformly separated from each other by about 13 meV and
covering the entire photon energy window of the wavelength scan
(Extended Data Fig. 2c). Overall, only 304,192 shots (filtering ratio of
0.857) out of the raw data were retained. The measured photoelectron
spectra, following shot-to-shot filtering, are shown in Extended Data
Fig. 3. The avoided crossing is only faintly visible here. To obtain the
clearavoided crossing from Fig. 4b, we deconvoluted the photoelectron
spectra for three photon energies near the 1s?> > 1s4p transition
using the Richardson-Lucy blind iterative algorithm*2. To reduce the

noise introduced during the deconvolution, we incorporated the
Tikhonov-Miller regularization procedure into the algorithm®.
The outcomes are shown in Extended Data Fig. 4. Following deconvo-
lution, the values of FWHM for the Gaussian instrument-response func-
tionswerefoundtobe 70.9 £1.2 meV, 69.6 + 2.4 meVand 69.4 £ 1.4 meV,
for the three photon energies. These values match well the combined
resolution of about 65 meV, obtained from the photon bandwidthand
thekinetic energy resolution of the MBES. No filter, either metallic or
gaseous, was used along the path of the FEL beam. Hence, aminor con-
tribution (<5%) from the second-order light canbe noticed asan asym-
metric tail close to 22.8-eV kinetic energy (Extended Data Fig. 4a,b).
Torule out any artefact from the fluctuations of the FEL pulse proper-
ties, we used another filtering criterion for the photon bandwidth
(1-45 meV) and the integrated spectral intensity (1 x 10° to 3 x 10° a.u.).
The corresponding deconvoluted photoelectron spectraat23.753 eV
is shown in Extended Data Fig. 5, along with that from Fig. 2a. No sig-
nificant change in the AT doublet structure due to change in filtering
criteria could be seen. Finally, for atransform-limited Gaussian pulse,
T,.vcanvarybetween 30 fsand 90 fs from shot to shot that encompasses
its empirical value of 56 + 13 fs. As 72, is significantly higher than the
absolute value of the simulated group-delay dispersion of the FEL pulse
of -690 fs?, no effect due to the linear chirp was considered in the
theoretical calculations.

Numerical simulations using TDCIS

The ab initio numerical simulations are performed using the
time-dependent (TD) configuration-interaction singles (CIS)
method®#***¢ in the velocity gauge. The CIS basis for helium is
constructed using Hartree-Fock orbitals that are computed using
B-splines. Exterior complex scaling is used to dampen spurious reflec-
tions during time propagation of TDCISY. The vector potential of the
XUV-FEL pulse is defined as

2
A(t) :Aosin(wt)exp[—ZIn(z);z}. 2)

The central frequency, w, is set close to the CIS atomic transition fre-
quency, w,, = 0.887246 atomic units = 24.1432 eV, between the Hartree—
Fock ground state |ay = 1s2 ('S,) and the singly excited state |b) = 1s4p
(*P,). The duration of the pulse is set to 7= 56 fs and the peak intensity is
setto/=(wAg)? [a.u.]x 3.51x 10" [W cm 2] =2 x 10" W cm 2 TheCIS
dipole matrix element between the ground state and the excited state
is given by z,,,= 0.124a, and the ionization potential is related to the 1s
orbital energy in Hartree-Fock /, = —€,=24.9788 eV, in accordance
with Koopmans’ theorem. Photoelectron distributions are captured
using the time-dependent surface flux (t-SURFF)*® and infinite-time
surface flux (iISURF)* methods. The high kinetic energy of the photo-
electrons ensures a proper description of the physics by the surface
methods.

Data availability

Raw datawere generated at the FERMI large-scale facility. Derived data
supportingthefindingsofthisstudyareavailablefromthe corresponding
authors uponrequest.

Code availability

Codesusedinthisstudy are available fromthe corresponding authors
uponreasonable request.
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Extended Data Table 1| Dipole transition elements

Final state |b) |p20)

s-wave  0.009311 0.1056

d-wave 0.01298 -1.300

Values of the dipole transition elements z{ computed using CIS functions.
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