Strong-field extreme-ultraviolet dressing of atomic double excitation
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Abstract:

We report on the experimental observation of strong-field dressing of an autoionizing
two-electron state in helium with intense extreme-ultraviolet laser pulses from a free-
electron laser. The asymmetric Fano line shape of this transition is spectrally resolved,

and we observe modifications of the resonance asymmetry structure for increasing free-



electron-laser pulse energy on the order of few tens of pJ. A quantum-mechanical
calculation of the time-dependent dipole response of this autoionizing state, driven by
classical extreme-ultraviolet (XUV) electric fields, reveals a direct link between strong-
field-induced energy and phase shifts of the doubly excited state and the Fano line-shape
asymmetry. The experimental results obtained at the Free-Electron Laser in Hamburg
(FLASH) thus correspond to transient energy shifts on the order of few meV, induced
by strong XUV fields. These results open up a new way of performing non-perturbative
XUV nonlinear optics for the light-matter interaction of resonant electronic transitions

in atoms at short wavelengths.

Quantum mechanics provides a consistent description of the structure and dynamics of atoms,
the constituents of our macroscopic world. In particular, it describes how bound excited states
in atoms are formed through the Coulomb interaction of the positively charged nucleus and
the negatively charged electrons. With the obvious exception of the ground state, such states
possess a finite lifetime, with singly excited states decaying through photon emission via the
interaction with the radiation field. For two-electron excitations of neutral atoms, the
Coulomb interaction between the electrons is much more effective such that at least one
electron will eventually be ionized, which typically marks the leading contribution to the
decay of the excited state for the case of light atoms. Thus ionization is a fundamentally
important and very basic effect that accompanies the physics of multi-electron excitations in
atoms [1]. An interesting situation arises if the interaction of such states with the radiation
field is significantly increased which nowadays can be achieved by using extreme ultraviolet
(XUV) or x-ray light sources. In addition, the properties of these radiation fields can often be
well controlled, thus providing a unique toolbox for exploring the dynamics of excited states,
e.g., by performing time-resolved investigations with lab-based attosecond high-order
harmonic generation (HHG) sources [2,3], or facility-based femtosecond XUV/x-ray free-
electron lasers (FELs) [4,5]. The latter deliver particularly high intensities for XUV/x-ray
nonlinear optics [6] with ultrafast time resolution and site-specific core-level access [7], and

nowadays even approach the attosecond regime [8].

The helium atom consists of two electrons bound to a nucleus, representing the ideal case of a
Coulombic three-body system, which serves as a benchmark for developing a theoretical
description [1,9,10] and most importantly also for controlling the dynamics of two bound
electrons with strong external electric fields [11-13]. A unique fingerprint for the dynamics of

two active electrons in helium are doubly excited states, whose spectroscopic signature



manifests in asymmetric Fano line shapes [14], where the excited state rapidly decays through

autoionization which is caused by the direct interaction between the two electrons.

Using femtosecond near-infrared (NIR) laser fields at moderate intensities, a control of the
two-electron dynamics in helium has been demonstrated both in theory and experiment,
enabled by probing with weak HHG attosecond XUV pulses [15-24]. On the other hand,
strongly driving an autoionizing state directly with intense short-wavelength fields, as
proposed theoretically in [11,12], has not been demonstrated experimentally. Very recently,
this topic has received new theoretical interest [25-27], now coming experimentally within
reach with state-of-the-art FEL pulses. The latter have nowadays indeed become the
workhorse for the study of resonant nonlinear light-matter interaction in the XUV and x-ray

spectral domain [28-35].

Here, we use intense FEL pulses to directly drive a two-electron transition in helium. This is
conceptually realized with an absorption measurement in Fraunhofer-type transmission
geometry (see Fig. 1a). That is, the FEL pulses (depicted in black color), which are spectrally
wider than the resonance profile, are attenuated upon propagation through a moderately dense
helium gas target. The narrow resonant absorption line can thus be spectrally resolved and is
imprinted on the transmitted pulses (depicted in red color), which represents the directly
measured quantity of this experiment. In our case, we tune a strong XUV pulse to an isolated
dipole-allowed transition in helium, namely the 1s? (*S°) to 2s2p (*P°) two-electron transition.
It should be noted that such direct coupling of a two-electron transition with a single-
frequency (within the pulse bandwidth) electric field is only possible due to the electron-
electron interaction within the system. Related to the spectral bandwidth criteria discussed
above, one enters a regime where the dressing XUV pulse duration is shorter than the lifetime
of the excited state. The autoionization decay thus subsequently evolves in an essentially
field-free environment, temporally after the initial excitation and dressing during the pulse.
This is conceptually similar to Fano line-shape modifications upon strong-field NIR dressing
as reported in Ref. [19]. In brief, a field-induced energy shift AE occurs within a finite time
window AT during the interaction with a short pulse. This interaction may occur only within a
fraction of the autoionization lifetime, which eventually translates into a phase shift A¢g of the
absorption response that is encoded into a measureable change in the Fano lineshape
asymmetry via ¢ = 2-arg[q — i]. In the following, we consider this transient energy shift to be
caused by the XUV field alone, acting at the same time as both excitation and dressing

interaction, which is also depicted in Fig. 1b.



To illustrate the expected line-shape modifications of the Fano resonance in helium in intense
XUV fields we start with a computational model. Following [11,14], the spectrally isolated
2s2p resonance, reached via a dipole-allowed single-photon transition from the ground state,
is well represented by an expansion consisting of the ground state y[1s?], the doubly excited
state w[2s2p], and its interaction with the single-electron continuum we[1SEp], whereby the
weak-field resonant transition and configuration interaction is well known [36,37]. The total
wavefunction is expanded as ¥(t) = cg(t)-z,//[lsz] + Ce(t) w[252p] + JdE-ce(t)-we[1SEp], with the
time-dependent complex-valued expansion coefficients ci(t). Within the standard approach of
adiabatically eliminating the continuum {i.e., ¢g(t) = 0; see, e.g., Ref. [38]}, the problem
essentially reduces to solving the time-dependent Schrédinger equation of a two-level system,
which consists of the two bound-state two-electron configurations with coefficients cy4(t) and
ce(t), respectively. The system is driven by an external electric field F(t) within the rotating-
wave approximation, and eventually vyields the complex-valued dipole response
d(t) p <¥(b)|7|P(t)>. The absorption spectrum A(w) is then obtained through
A(w) 1 o-A{d(w)/F(w)}, (see, e.g., Ref. [39]), with the positive-frequency Fourier transform
of the dipole response d (w) and the electric field F (w), respectively, in complex

representation.

Using this model, we now demonstrate how the excitation and dressing with short XUV fields
leads to a transient energy shift, which eventually translates into a modification of the Fano
line shape. Therefore we calculate the time-dependent dipole response d(t) of the system
driven by a single Gaussian-shaped XUV pulse of 5-fs full-width-at-half-maximum (FWHM)
duration, and centered close to resonance, slightly red detuned, at 60.10 eV photon energy.
The interaction with the external XUV field is considerably shorter than the 17 fs exponential
(1/e) autoionization decay time reported in the literature [36,37]. With the small detuning we
expect a positive transient energy shift of the upper state of the coupled two-level system. The
calculated XUV-intensity-dependent absorption spectrum is plotted in Fig. 2a together with
selected lineouts at low, intermediate and high XUV intensity (see Fig. 2b—d). One clearly
observes a decrease of the on-resonance absorbance with increasing intensity. Furthermore,
the resonance shape appears more symmetric for increasing XUV intensity. This is further
quantified by fitting the absorption response with the Fano line profile
oe)=a - [(q+e)°/(L+&)-1]+b, with the amplitude a, offset b, Fano asymmetry
parameter g and the reduced energy ¢ = 2-(w — wy) / I" with spectral energy E = /i, resonance

energy E, = hw, and autoionization decay energy width #I". The result of the fit, together with



the g asymmetry parameter, is shown in Fig. 2b—d. This quantifies and confirms the observed
trend of more symmetric line shapes (i.e., increasing magnitude of q) with increasing XUV
intensity. Now applying the conversion ¢ = 2-arg[q — i] as introduced above and in Ref. [19],
one can relate these asymmetry changes to phase shifts A¢ = ¢ — ¢o , where ¢o =-5.590 rad is
the offset phase of the original Fano asymmetry qo = —2.77 when the system is driven by a
weak field. The resulting A¢’s are also reported in Fig. 2b—d. To prove that these phase shifts
indeed relate to the integrated energy shift AE(t) upon field-dressing during the excitation, we
plot in Fig. 2e the transient phase evolution ¢@e(t) = arg[ce(t)] of the complex expansion
coefficient of the 2s2p excited state. Hereby, the trivial time evolution of ¢¢(t) when driven by
a weak field has been subtracted, which directly reveals the dressing-field-induced phase shift
shown in Fig. 2e. The numerical values, quantified temporally after the dressing, are shown
and agree well with those obtained through fitting the Fano line shapes (cf. the values printed
in Fig. 2b—d), revealing a common systematic increase in magnitude with the dressing field
strength. The slight discrepancy on the order of a few percent can be attributed to the effect of
a finite pulse duration, which is not captured within a single g parameter fit of the line shape.
Indeed it is well known that other parameters of the external field (pulse duration, intensity,
detuning, etc.) influence the underlying strong-field autoionization dynamics [11]. We also
compute AE(t) =—7-0/0t[¢e(t)] which directly reveals the transient energy shift during the
pulse, and is plotted in Fig. 2f. As expected, we observe a shift to positive energies due to the
slightly red-detuned central photon energy, where the energy shift effectively corresponds to
the generalized Rabi frequency. We would like to stress that such transient energy shift on a
time scale shorter than the state's lifetime is not captured by a spectral shift of the absorption
line, but is directly encoded into its asymmetry profile, in close conceptual similarity to
previous strong-field-NIR dressing effects reported in Ref. [19].

Now we present an experimental proof of this concept, observing Fano asymmetry changes in
helium absorption spectra with intense FEL pulses. The experiment has been carried out at the
focused open-port Beamline BL2 at the Free-Electron Laser in Hamburg (FLASH) [40]. The
FEL is operated in single-bunch mode at 10 Hz repetition rate, and the integrated energy
contained in each pulse is measured with a parasitic gas monitor detector (GMD) [41]. This
detector is installed upstream of the experiment and yields pulse energies up to ~100 pJ,
whereas the averaged pulse energy over all 12,500 pulses contained in the measurement is
around ~75 uJ, with typical pulse-to-pulse fluctuations due to the inherent FEL generation

process via self-amplified spontaneous emission (SASE). The FEL beamline transmission is



estimated to be ~50 % photon flux, which is due to several carbon-coated grazing-incidence
XUV mirrors for the optical beam transport. This yields ~50 uJ maximum pulse energy
available on target. The central photon energy is measured to be 60.1 eV with 0.4 eV FWHM
spectral intensity bandwidth of the averaged photon spectral distribution. Based on the
average pulse energy and typical FEL operation conditions [42], the pulse duration, on
average, is estimated at 75fs FWHM. It should be noted however that the stochastic
substructure of the FEL pulses, with spiky structures in the time domain with durations of
typically only a few femtoseconds [43,44], is important and has to be considered to draw a
connection to our model simulation introduced above, which will be further discussed below.
With an ellipsoidal focusing mirror, a spot size of typically 25 um FWHM is reached. The on-
target photon fluence thus reaches the order ~10 J/cm? which compares well with the
parameter range of the model simulation. With an attenuating gas absorber filled with
molecular nitrogen, and installed upstream of the experiment, the photon flux can be
continuously lowered all the way to almost zero. Using a parasitic spectrometer with a
variable-line-space (VLS) grating [45], reference spectral photon distributions are recorded
for each individual FEL pulse. The XUV light is transmitted through a dense helium target,
contained in a gas cell at ~100 mbar backing pressure, and 3 mm interaction length, which is
much smaller than the centimeter-scale Rayleigh length of our focusing geometry. With an
on-resonance photoabsorption cross section of ~10 Mbarn [37,46] and following Beer—
Lambert’s attenuation law, optical densities (ODs) in between OD 1 and OD 2 are reached.
The transmitted spectral intensity Spe(w) IS measured with a second VLS-grating-based
spectrometer, fully resolving the 37 meV wide absorption line within the on average 0.4 eV
wide XUV spectrum (see also Fig. 1a). The experimental absorbance Aexp(w) is determined
via Aexp(@) = —100910[<She(@)>/<Sref(w)>], quantified in dimensionless OD units, where Se(w)
denotes the incoming XUV spectral intensity distribution as measured with the upstream
parasitic VLS spectrometer. The mean value <...> over several 10’s to few 100’s individual
single-shot FEL spectra are taken to average over slight spectral discrepancies between the
two independent spectrometers. It is Aexp(w) that can be directly compared to the absorption

response A(w) obtained in theory.

In Fig. 3a we show the experimental absorption spectrum Aexp(w) as a function of the on-
target pulse energy. A clear decrease of the resonant absorption is observed, in agreement
with the model results shown in Fig. 2a, which confirms that the XUV photon fluence

assumed in the model calculation agrees well with the experimental on-target parameters.



Furthermore, with increasing photon flux we observe the transition from a typical Fano shape
into a more symmetric absorption line. This is further substantiated by the spectral lineouts,
shown in Fig. 3b—d, at high, intermediate and low pulse energy, respectively, where q is
quantified again through a fit of the Fano resonance profile. A clear increase in magnitude of
q is observed with increasing photon flux. A conversion to field-dressing-induced phase shifts
yields Ag, = —(10£50) mrad, A¢, = —(100£50) mrad, and A¢, = —(280£50) mrad, for on-target
pulse energy E, = 2.5 WJ, E4 =22 WJ, and E, = 42 pJ, respectively. The reported error hereby
represents an order-of-magnitude estimate of the fit. The trend of an increasingly negative
phase shift with increasing photon flux also agrees well with the model predictions presented
in Fig. 2. We note that changes of the resonance profile have also been predicted by recent
theoretical calculations [25-27], whereas here we identify the mechanism of dressing-induced
phase shifts on a timescale shorter than the autoionization lifetime, which we believe is the
main reason for twisting the Fano line into a more symmetric shape with higher XUV photon

fluence.

Finally we would like to comment on the influence of the stochastic FEL pulse shapes. The
pulse duration of the model simulation described above relates to the typical duration of an
individual intensity spike contained within the FEL pulse [47,48]. Several such spikes
typically are randomly distributed within the ~75-fs-timescale average pulse duration, which
is considerably longer than the 17 fs autoionization lifetime of the 2s2p state. This rather rapid
decay time, compared with the average pulse duration, thus imposes an effective gate on the
influence of a successive intensity spike within the same FEL pulse. The stochastic FEL pulse
can thus be regarded as an averaged sequence of individual “micro-experiments”, where each
intensity spike within the pulse creates an independent absorption signal. Hereby, the most
intense such spike interacts with the largest fraction of helium atoms within the target volume,
thus the measured absorption signal is expected to be dominated by the strongest intensity
spike. Therefore, we can identify the few-femtosecond strong-field XUV dressing effects as
introduced in Fig. 2 as the leading mechanism for explaining the experimentally observed
Fano asymmetry changes with stochastic FEL pulses. Going beyond this basic model is
obviously required, however, to explore further details that are contained within the
measurement. For instance, looking more closely at Fig. 3, in addition to its asymmetry
change, the line profile seems to also shift slightly to higher XUV energy with increasing
pulse energy. To explain such energy shift, the system needs to be dressed also after the initial

excitation, i.e., during a substantially longer timespan within the autoionization lifetime. Such



line shifts can thus be attributed to more complex FEL pulse shapes. A detailed investigation
of this and other effects however goes beyond the scope of this first report of the main

observation of strong-field XUV-dressing effects that lead to Fano asymmetry changes.
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Fig. 1: Conceptual design of the measurement and the physics scheme. a) An intense XUV
pulse (violet shading and arrows) is focused through a dense gas medium, tuned to the
resonance of a single-photon two-electron excitation. The transmitted XUV light is spectrally
dispersed after a grating (cyan to magenta color gradient) and measured with an XUV-CCD
camera. The average transmitted experimental spectra without (black curve) and with (red
curve) the helium target are plotted. b) Energy level scheme of the helium atom. The two-
electron ground state (1s?) is resonantly coupled (violet arrow and shading) to the two-
electron excited state (2s2p), which is embedded in the single-electron ionization continuum
(1sEp). Strong-field dressing leads to a transient energy shift AE during the interaction with

the pulse duration AT which translates into a phase shift A¢ of the dipole response.
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Fig. 2: Model simulation of transient excitation and dressing of the 2s2p Fano line in helium
with a 5-fs-duration (FWHM) Gaussian-shaped pulse centered at photon energy 60.10 eV. a)
Intensity dependence of the resonant absorption, indicated in color scale in units of
normalized optical density (OD). b)-d) Lineouts (blue solid lines) of the resonant absorption
[as shown in &)] for a high [b) 1.1-10" W/cm?], intermediate [c) 5.6-10" W/cm?], and low [d)
1.9-10" W/ecm?] XUV intensity. The fit of the Fano line shape (orange dashed lines) reveals a
change of g and corresponding relative phase shift A¢ due to the dressing during the pulse. e)
Time-dependent phase evolution g(t) of the 2s2p excited state for low (1.9-10" Wi/cm?;
green line), intermediate (5.6-10* W/cm?; orange line), and high (1.1-10* W/cm?; blue line)
XUV intensity. The numerical values and horizontal dotted lines denote the phase shifts after
the dressing, which agree well with the results obtained through fitting the line profiles for the
respective photon fluence [b)-d)]. f) Transient energy shift AE(t) = —7-0/0t[¢e(t)] for the three

XUV intensity settings with the line colors corresponding to the curves shown in e).
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Fig. 3: Measured absorbance of intense XUV FEL pulses transmitted through a dense helium
target, retrieved from an average over at least 50 and up to 300 single-shot FEL spectra for
each pulse-energy bin. a) Pulse-energy dependence of the resonant absorption, indicated in
color scale in units of the optical density (OD). b)-d) Lineouts (blue solid line) of the resonant
absorption [as shown in (a)] for a high [(b) 42 wJ], intermediate [(c) 22 pJ], and low [(d)
2.5 WJ] pulse energy. The fit of a Fano spectral profile (orange dashed line) quantifies the
increasing magnitude of g with increasing pulse energy, which agrees well with the predicted
results of the model calculation in Fig. 2. In the weak-field limit [(d)] the orange dashed line

is drawn according to the resonance parameters reported in literature (q = -2.8).



