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Abstract: The development of novel coherent and brilliant sources, such as soft X-ray Free Electron
Laser (FEL) and High Harmonic Generation (HHG) enables new ultrafast analysis of the electronic
and structural dynamics of a wide variety of materials. Soft X-ray FEL delivers high brilliance beams
with short pulse duration, high spatial coherence and photon energy tunability. In comparison with
FELs, HHG X-ray sources are characterized by a wide spectral bandwidth and few to sub-femtosec-
ond pulses. The approach will lead to time-resolved reconstruction of molecular dynamics, shed-
ding light on different photochemical pathways. The high peak brilliance of soft X-ray FELs facili-
tates investigations in nonlinear regime, while the broader spectral bandwidth of the HHG sources
may provide the simultaneous probing of multiple components. Significant technical breakthroughs
in these novel sources are under way to improve brilliance, pulse duration, and to control spectral
bandwidth, spot size, and energy resolution. Therefore, in the next few years, the new generation
of soft X-ray sources combined with novel experimental techniques, new detectors, and computing
capabilities will allow the study of several extremely-fast dynamics, such as vibronic dynamics. In
the present review, we shortly discuss recent developments in experiments, performed with soft X-
ray FELs and HHG sources, operating near carbon K-absorption edge, being a key atomic compo-
nent in biosystems and soft materials. Different spectroscopy methods such as time-resolved pump-
probe techniques, nonlinear spectroscopies and photoelectron spectroscopy studies have been ad-
dressed in an attempt of a better understanding of fundamental physico-chemical processes

Keywords: Soft X-ray FEL; HHG pulses; time-resolved X-ray spectroscopy; Carbon K-edge; Conical
intersections; EuUPRAXIA@SPARC_LAB;

1. Introduction

X-ray spectroscopy is one of the fundamental spectroscopic techniques in material
science due to its element and site selectivity in providing information on local structural
and electronic configurations and properties [1-7]. For instance, the large binding energy
difference of the carbon (C), nitrogen (N), and oxygen (O) core level electrons (about 100
eV) can be easily resolved with existing spectrometers, allowing investigation of structural
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and/or electronic dynamics of the materials containing these elements. The capability to
probe core-electronic states and unoccupied valence/Rydberg states makes core-level
spectroscopy a unique tool for probing and recognizing features of different molecules,
including excited-state lifetimes, electronic energies, vibrational distributions, and spin
states.

Soft X-rays in the range from 1 nm to 10 nm (1240-124 eV)) are particularly suited for
investigating linear and nonlinear effects in biomaterials, nanomaterials, polymers, and
organic molecules. X-ray spectroscopy at soft X-ray energies represents a wonderful tool
for dynamical and structural analysis. Many technological materials widely used in in-
dustrial applications are made of light elements such as C, N, and O atoms, all of which
have their K-absorption edge at soft X-ray energy range. Among them, carbon is a key
element of bio-materials and the major component of soft materials. Moreover, after the
creation of the core-hole, C K-edge absorption spectra are characterized by sharper fea-
tures and a high spectral contrast because of its longer core-hole lifetime and small vibra-
tional broadening, a great advantage in comparison to spectroscopy at the O and N K-
edges [8].

In order to study ultra-fast and broadband dynamics, low density species and states,
and nonlinear effects, great efforts have been made to commission or upgrade X-ray
sources to deliver higher and higher pulse energies, shorter pulse durations, and high
repetition rates [9][10]. X-ray sources have significantly improved thanks to the operation
of X-ray free-electron laser (FEL) and X-ray high harmonic generations (HHG), which ex-
tend the time resolution of X-ray spectroscopic techniques to the investigation of the elec-
tronic structures of materials and to probe their dynamics upon controlled excitation.
Nowadays, they allow also the analysis of ultrafast electronic and structural dynamics in
different materials excited by X-ray pulses at the carbon K-edge.

Novel X-ray FEL sources provide, highly bright, coherent, wavelength tunable pho-
ton pulses in the femtosecond (fs) domain [11] and seeded FELs provide soft X-ray beams
showing laser like high order coherence [12]. For instance, with a peak spectral brilliance
in the range of 10%° to 10% (photon/s.mm?mrad?0.1%bandwidth) and a repetition rate from 10
Hz to 100 kHz, soft X-ray FEL allows high-resolution X-ray experiments and the observa-
tion of strong non-linear behaviors. Alternatively, HHG sources offer a full time-spatial
coherent fs and sub-fs pulse in a very broad X-ray spectral range (> 300 e¢V). Many HHG
sources exhibit similar repetition rates and/or shorter pulses suitable to observe single-
shot absorption spectra and simultaneous probing of multiple components. These exper-
iments may support time-resolved reconstruction of many molecular dynamics giving in-
formation on different photochemical pathways [13]. The energy tunability of FELs allows
excitation-energy-sensitive methods, e.g., spectroscopic techniques and advanced diffrac-
tion methods. Moreover, coherence enables X-ray imaging [14] and correlation spectros-
copy techniques [15]. Ultra-short pulsed configurations allow in-situ and time-resolved
experiments. Finally, further developments are also expected in the future due to the pos-
sibility of controlling the beam polarization in such sources.

In this review, we summarize the results achieved by some pioneering experiments
near the C K-edge performed with FELs and HHG sources, emphasizing their unique
characteristics. Different time-resolved pump-probe spectroscopies will be presented,
such as X-ray absorption spectroscopy, photoelectron spectroscopy, and non-linear spec-
troscopy. These techniques, taking advantage of the unique combination of brilliance,
high energy spectral resolution, coherence, fs pulse duration, and energy and polarization
tunability, enable us to investigate the time-resolved evolution of various chemical bonds
in catalytic reactions [16] and charge and energy conversion processes, surface plasmon-
induced effects in nanostructures [17,18], fundamental properties of amorphous materials
such as glass [19,20], and the dynamics of molecules going through conical intersections.

In Section 2, we present three different experiments performed with FELs at the C K-
edge, i.e., time-resolved X-ray absorption spectroscopy (2-1), non-linear spectroscopy (2-
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2), and photoelectron spectroscopy (2-3) the methods which have been applied to investi-
gate catalytic reactions, non-linear effects, and the electronic structure dynamics of photo-
excited chiral molecules, respectively. Finally, in section 3, we briefly summarize the re-
sults of two recent transient X-ray spectroscopy studies performed with HHG sources at
the C K-edge, investigating ultrafast dynamics (3-1) and broad-band dissociation pro-
cesses (3-2) in organic molecules near conical intersections. Perspectives are briefly out-
lined at the end of this review.

2. Carbon K-edge studies using FELs
2.1. Probing Catalysis in Real Time: Observation of Transient Precursor States

In heterogeneous catalysis, systems such as small gas molecules on a metal surface,
reactants adsorbed on surfaces are converted to products, which are eventually desorbed
via various intermediates. The chemical bond-breaking reaction, which triggers the de-
sorption of chemisorbed gas molecules and/or their fragmented segments from the sur-
face, is one of the most interesting and complex processes. To achieve a complete under-
standing of these surface chemical processes, a collection of detailed information on the
different steps occurring during the formation and breaking of surface chemical bonds is
mandatory [21].

A reference example is represented by the investigation of the transient dynamics of
CO interaction with the Ru (0001) transition metal surface. Long-term investigations into
the surface-adsorbed CO interaction with Ru (0001) have revealed frustrated rotational
motion of CO molecules, which leads to desorption into the gas phase. However, prior to
their desorption, an intermediate state of weakly bonded CO occurs, referred to as a pre-
cursor states, with a short residence time and a low population of the species. Precursor
states support the adsorbed molecules to recover rotational and translational energies be-
fore completely breaking the adsorption bond at the surface and entering the gas phase
[8,22-24]. Ultrafast pump-probe techniques using soft X-ray FELs could probe the dynam-
ics of molecule desorption by promoting the minimum required population of molecules
in transient states suitable for their detection within short time scales. The hot electron
and its phonon mediated excitation of the chemisorbed CO molecules is induced by a
synchronized fs optical laser pulse excitation of the Ru (0001) substrate.

During the desorption process, the element-specific time evolution of occupied and
unoccupied valence electronic states around adsorbed CO molecules on the Ru(0001) sur-
face, could be monitored at the O K-edge using both X-ray emission spectroscopy (XES)
and X-ray absorption spectroscopy (XAS) [8]. This experiment, performed using the sur-
face science end station (SSE) at the soft X-ray hutch (SXR) at SLAC using the National
Accelerator Laboratory's Linac Coherent Light Source (LCLS), identified both the pres-
ence of the precursor state and a translational motion of the CO molecule parallel to the
surface [24]. This motion was detected prior to the emergence of the precursor state, show-
ing that time-resolved experiments are an excellent method for detecting short-lived sur-
face species. However, the vibrational broadening of the O K-edge resonance absorption
peak in the XAS spectrum, due to multiple excited states that become occupied after the
generation of the Ols core-hole, limits the analysis of important aspects of the time evo-
lution of precursor states.

Because of the reduced vibrational broadening, XAS experiments were performed at
the C K-edge, looking at the 1s—t* resonance, at the FEL DIPROI beamline of the FERMI
facility (Trieste, Italy). This experiment provided details on the time evolution of the de-
sorption precursor state Following the core-hole generation, the excitation at the C K-edge
generated sharp spectral features in comparison to those of O [25]. In this experiment, an
ultrafast laser pulse, with a duration of 100 fs (< timescale of molecular motions) set at the
central wavelength of 400 nm and with a pulse energy of 150 uJ delivered to the sample to
optically pump the chemical reactions. The excited states were probed by soft X-ray pulses
shorter than 50 fs at 287 eV (near the C K-edge of chemisorbed CO) at 10 Hz repetition rate.
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The probe beam was synchronized to the pump with a shot-to-shot temporal jitter of less
than 6 fs. The XAS spectroscopy has been used to investigate changes in the molecular
orientation using optical pulsed laser excitations with the pump polarization normal to
the surface combined with the variable probe polarization (the FEL) tuned from horizon-
tal to vertical, i.e., in-plane and out-of-plane. The temporal dynamics was explored by
changing the pump to probe delay from -2 to 150 ps. Spectra were collected by tuning the
incident X-ray energy by the standard procedure, i.e., tuning the seed laser wavelength
and the resonance conditions of the undulators. The FERMI FEL spectral bandwidth is 0.3
eV, a value limiting the resolution of any precursor-related peak.
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Figure 1. (a) Dynamics of optically excited CO chemisorbed on Ru (0001) due to optical laser
irradiation, CO molecules rotate and shift toward higher coordinated sites from on-top sites. After
converting into the precursor state, CO molecules rotate isotropically, bonding the surface for sev-
eral ps before desorption or re-adsorption by the surface (b) Time-dependent evolution of the inte-
grated intensity of the characteristic states estimated from horizontal (H) and vertical (V) linear po-
larized X-ray absorption spectra. (¢) Comparison between the H and V spectra at 8-10 ps delay,
which clarifies that there must be an additional state between the chemisorbed and precursor states.
(Reused from [25] with the permission of PCCP Publishing).

Figure 1 shows pump probe XAS spectra and its layout, clarifying how results could
allow us to draw a picture of fast chemical reactions occurring during the desorption of
the chemisorbed CO on the Ru surface. The entire process can be summarized as follows:
The intensity changes between in-plane and out-of-plane X-ray absorption spectra to-
gether with a redshift (~0.08 eV) of the peak positions confirm the occurrence of rotation-
ally and translationally excited chemisorbed CO molecules upon absorption of the pho-
tons of the pump laser and the generation of hot electrons at the surface within 100 fs. The
rotating molecules move during the first ps time domain, from the on-top site towards the
bridge or the hollow site, characterized by higher coordination and different potential en-
ergy surfaces. Later, the hot electrons gradually heat up the phonon system within the
metal crystal triggering coupled electron-phonon modes to excite chemisorbed CO mole-
cules into precursor states within a few picoseconds. In the precursor state, CO molecules
rotate isotopically and freely interact with the surface for several ps before desorption or
re-adsorption occurs. Polarization dependent XAS measurements provided further infor-
mation on ultrafast reorientation effects and confirmed that chemisorption and precursor
states are separated by an entropy barrier, as shown in Figure 1(b) and 1(c). Some excited
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molecules are trapped before crossing the barriers, creating new adsorption states. Actu-
ally, thanks to the sharp resonance peak at the C K-edge, this additional absorption reso-
nance was clearly resolved.

The prospect of exploring surface chemistry and catalysis using X-ray lasers at the C
K-edge can be enhanced by further development of coherent sources. Given the narrow
linewidth of the CO gas's C K-edge in the X-ray absorption spectrum (<0.18 ¢V), the higher
resolution of the FEL probe ensures better resolved spectral characteristics. For this class
of experiments, a high repetition rate from the source is advantageous to compensate for
the low cross-section of the effects that is not easily compensated even at the high intensity
of X-ray FEL pulses. The FEL probe can also be combined with an intense THz pump to
provide information on selectively triggered CO oxidation on Ru (0001). It has been
demonstrated that the ultrashort intense electric field of the THz pulse can orient only the
CO oxidation producing CO:z as compared to optical excitations which induce both CO
desorption and CO oxidation with the preference for the desorption pathway due to heat-
ing [3][26]. Actually, an intense THz pump combined with a powerful FEL probe repre-
sents a unique tool to investigate the feasibility to tune chemical processes.

2-2 Intense FEL induced nonlinear effects

An intense radiation-matter interaction is referred to as a "non-linear response" when
it modifies a material's optical properties in such a way that its optical response is nonlin-
early dependent on the intensity of the incident field [27]. Nonlinear phenomena, includ-
ing second harmonic generation, two-photon excitations, and saturable absorptions have
been extensively studied at optical and UV wavelengths. Extending non-linear studies to
shorter wavelengths offers a unique chemical- and element-specific probe. However, the
lake of extremely bright X-ray sources with a high degree of spatial and temporal coher-
ence has hindered the investigation of non-linear effects in the X-ray domain. Following
the availability of X-ray FELs delivering extremely bright, ultrashort and highly coherent
pulses, these studies are now possible.
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Figure 2. (a) Total electron yield (TEY) X-ray absorption spectrum of a 500 nm graphite sample in
the linear regime. Nonlinear effects in X-ray measurements were observed at the three discrete pho-
ton energies shown with the dashed lines. The non-resonant and resonant regions are shaded in
blue and orange showing below and above the C K-edge, respectively. (b) the experiment lay-
out.(Reproduced from [28] with the permission of Elsevier Publishing). Schematic view of the dominant
processes of (c) second harmonic generation (SHG) and (d) two-photon absorption. I(w) and I'(w)
represent the intensity of the incoming and transmitted beams, respectively [28-30].
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The observation of nonlinear effects in graphite at the C K-edge was achieved at the
EIS-TIMEX end station at the FERMI FEL-2 facility in different experiments [28-30].
Graphite samples 100-700 nm thick were exposed to a tunable soft X-ray seeded FEL pulse
25 fs (FWHM) long and with a spot size of 350 um? at different photon energies: 260.5 eV
(non-resonant), 284.18 eV or 285.7 eV (on-resonance), and 307 ¢V and 309.2 eV (above res-
onance). The transmitted beam was detected by a CCD camera after attenuation with alu-
minum or nickel filters, spectrally and spatially separating the beam going through the
spectrometer. The measured absorption spectrum of graphite in linear regime and the ex-
perimental setup are shown in Figure 2 (a) and (b), respectively.

2.2.1. Second harmonic generation by graphite

The second harmonic generation (SHG) process in infrared, visible to ultraviolet pho-
ton energy ranges is generated by the interaction of an intense coherent beam with a me-
dium characterized by a broken inversion symmetry, such as surfaces and interfaces, that
generates a doubled frequency field. According to the resonance effect, the perturbation
theory points out that the SHG signal increases by tuning the photon energy of the ultra-
short soft X-ray pulse to the binding energy of the absorption edge of the material under
investigation [11,29]. The pulse energy (~1-5 uJ) dependence of the soft X-ray SHG below
and above the C K-edge for graphite with different thicknesses shows the resonance en-
hancement of the second harmonic signal. According to [29] the SHG signal at soft X-ray
wavelengths should be an interface specific probe.

The phenomenon is evident when the required pulse energy onset is one order of
magnitude lower than that of the off-resonant incident pulse. It is also independent of the
thickness of the sample, confirming the surface sensitivity of the process. The resonance
enhancement property at the interface supports elemental and chemical-sensitive spectro-
scopic techniques with a broad potential for applications in many scientific areas. SHG
spectroscopy with a soft X-ray FEL may provide element-selective information from a
multi-element material or from non-homogeneous structures [31], in ultrafast dynamics
at heterojunction systems, interfaces of 2D materials or buried interfaces in a layered sam-
ple. The ability to preserve coherence allows this approach to be combined with lens-less
coherent imaging techniques such as atomic electron tomography with aberration-free
resolution [32]. In addition, as significantly smaller fields are required for soft X-ray SHG,
almost damage-free measurements can be performed by exploiting the higher repetition
rate of FELs combined with large and efficient 2D detection systems.

2-2-2 Two-photon absorption by graphite

Two-photon absorption (TPA) is a fundamental third-order non-linear optical pro-
cess in which two photons are absorbed simultaneously. TPA effects are only observed
on-resonance, i.e., just below the carbon 1s—m* transition in graphite, in X-ray intensity
dependent transmission measurements for different sample thicknesses, i.e., by gradually
decreasing the transmission. The transmission above and below the resonance is constant
in the experiment's intensity range (< 10%°photon.cm?. s), and the source behaves as a non-
linear absorption-free probe at off-resonance energies near the K-edge. It is mandatory to
account for this effect when analyzing time-resolved soft X-ray absorption spectroscopy
with a FEL [28]. The results showed that TPA is a bulk probe, possible in centrosymmetric
systems, at soft X-ray energies, is element selective and similarly to SHG, is significantly
enhanced for energies of the incident photon near the absorption edge of an atom of the
material. It is also worth mentioning that the interpretation of TPA's strength can be ham-
pered by FEL's energy fluctuations [28,30].

2-2-3 Saturable absorption by graphite

Soft X-ray induced transparency or saturable absorption (SA) using FEL radiation is

another phenomenon that has recently observed at the C K-edge which is being competi-

tive with TPA and depends on the pulse intensity. Experiments at photon energies of 285.7
eV and 309.2 eV were performed on 80 nm thick graphite sample to match the 1s—n* and
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1s—0o* transitions of carbon were performed on an 80 nm thick graphite sample. Trans-
mission measurements vs. intensity of the X-ray pulses, pointed out sub-linear and super-
linear trends for transitions to m* and o* states, which refer to TPA and SA non-linear
effects, respectively. Observations and theoretical calculations both suggest that the de-
pletion of the core by an intense FEL pulse drives the SA effect, depending on the rate of
the Auger decay, which is ~7 fs in graphite. At higher intensities TPA dominates at both
photon energies with a different onset [30]. These results are useful to better understand
soft X-ray absorption and scattering data at high intensities.

2-3 The electronic structure of photo-excited chiral molecules

Chiral molecules, such as chiral amino acids, are characterized by broken mirror sym-
metry, in other words they cannot be superimposed on their mirror image. Despite having
identical chemical structure, optical isomers or enantiomers exhibit distinct chemical char-
acteristics when they interact with other chiral systems, such as circularly polarized light
or chiral reactants. Understanding and controlling the chiral activity of photoexcited states
can be accomplished by probing the dynamics of these molecules. Photoelectron circular
dichroism (PECD), which is the asymmetric ionization of a randomly oriented enantio-
meric sample using circularly polarized radiation, is a promising technique for investigat-
ing the chirality of molecules in the gas phase. Here we must introduce the chiral asym-
metry factor which is defined as the normalized difference between the angular distribu-
tion of left- and right-handed circularly polarized light.

Recent time-resolved PECD investigations of valence-shell to the Rydberg state exci-
tations showed that the method may probe ultra-fast intramolecular relaxation providing
unique information on alignment, vibrational relaxation, and electronic conversion [33].
However, the source of the asymmetries was not resolved, i.e., it was not clear if it is in-
duced by the initial orbital or by the chirality of the surrounding effective potential. To
recognize the origin of an asymmetry, an ultrashort, high-brilliance circularly polarized
soft X-ray source such as a FEL directly inducing a core-level ionization, may allow a po-
tentially localized and chemically sensitive in-situ probe of the photoelectron scattering
by a chiral molecular potential.

Experimental data confirmed that a soft X-ray FEL source is very effective in time-
resolved PECD for studying dissociating chiral cations [34] and for time-resolved photo-
electron spectroscopy (XPS) applied to site-specific analysis suitable to distinguish the
contributions of different atoms of the same chemical element simultaneously probed [35].
Following these promising results, Facciala et al. investigated at the C K-edge the chirality
of fenchone, a prototypical organic molecule, using both time-resolved XPS and PECD
[36]. The experiment was carried out at the FERMI-FEL, currently the only facility that
delivers high-temporal coherent and circular polarized pulses in this energy domain. The
authors used seeded FEL pulses with circular polarization at 300 eV, duration ~15 fs and a
repetition rate of 10 Hz synchronized with the pump to the interaction region in a quasi-
collinear geometry (angle ~0.6°). Figure 3 displays the layout of the experiment apparatus
and the investigated molecule.

Core-level photoelectron spectroscopy (PES) and PECD C K-edge ionization experi-
ments of the ground state, i.e., without pump, of fenchone by FEL radiation identified the
binding energy of weak peak of the carbonyl 1s (C1) upshifted respect to the other carbon
sites with an asymmetry up to 20%. The TR-PES results and corresponding calculations
are presented in Figure 3 (a-e), where the chiral asymmetry factor (oo) is defined as the
normalized difference
between the left- and right-handed CPL angular distributions. Time-resolved experiments
using PES and PECD, looking at the excited state, were carried out at different pump-
probe delays in the range 200 fs - 1000 fs. A linearly polarized UV laser at 400 nm with a
pulse duration of 75 fs was used to excite molecules from a localized orbital to a diffuse
molecular 3s Rydberg state through a two-photon absorption process. The excitation not
only triggers the ultrafast relaxation dynamics, but also redistributes the valence electron
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density, inducing a short-term chemical shift of the core electron binding energies that
enhances the site-specificity.
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Figure 3: Left: Experimental layout. The linear horizontal (LH) polarization visible pump and the
circularly polarized X-ray probe, noted by CPL in the schema, are focused quasi-collinearly in the
molecular beam of S - (+)-fenchone optical isomers. Inset left: A 3D model of the S-(+)-fenchone with
only carbon (labeled from 1 to 10) and oxygen atoms displayed in black and red, respectively, and
hydrogen atoms were omitted for the sake of simplicity. Right: (a-e) experimental and calculation
results of TR-PES; (a) PES at ta = 200 fs (dashed line), and ¢z = 100 fs (dotted line), difference
AG(tg) = Gy(tg) — Gy (ty) of the sliding averaged PES Gy (solid line and 1o error-bars). (d) AG(t)
for all the measured delays t. (a, d) The energies E1, Ez and Es are indicated by dashed green, violet
and red lines, respectively. (e) 64(t) for Ei, E2 and Es indicated by green, violet and red dots, respec-
tively, along with the 1o error-bars. A single exponential of 3.3 ps decay time, corresponding to the
measured lifetime of the 3s Rydberg state is shown with solid lines. (b, ¢) Calculated binding ener-
gies for the ground state (b) and excited 3s Rydberg state (c), indicated by red (C1), blue (Cz2, Cs) and
orange (from Cs to Cio) dots and vertical lines, where the vertical offset is intended for sake of clarity
only. Theoretical PES in (b) and (c) are shown with dashed and dotted line, respectively. (Reused
with permission [36]. Copyright @ Creative Commons Attribution license (CC BY 4.0) (2022), by Michele
Devetta)

Calculations confirmed the wide separation among carbon at Ci1, Cz, and Cs sites in
the time-resolved PES spectra (see Figure 3c). In comparison, time-resolved PECD exper-
iments enabled the observation of the chiral electronic structure and of the relaxation dy-
namics following the excitation. The chiral asymmetry and the binding energy of the 1s
carbon states of this molecule in the excited 3s Rydberg state change due to the different
local chiral surroundings of each excited carbon atom. Experimental observations and cal-
culations demonstrated that the asymmetry factor at the shifted binding energy of the C1
atom originates from the ground state and it is further up-shifted, whereas the positive
contribution of C23 originates from the excited 3s Rydberg state and resolve the Ci3 (Ce-
C1(=0)-Cs) contribution by the upshift. Time-resolved PECD measurements performed in
the excited states allowed to study the local chirality of the electronic environment sur-
rounding these sites, blended by the contributions of all other sites present in the ground
state. These findings contribute to TR-chiral XPS, a novel enantio-specific, site- and chem-
ical-specific spectroscopic method suitable to investigate chiral molecules.

However, in these experiments, the time-resolved PECD signal cannot be resolved in
the whole energy range of interest because of the weak response associated with the low
excitation efficiency (~12.5 %). Using a high flux and a short excitation pulse, the excitation
efficiency could be enhanced. A high repetition rate FEL probe would provide a more
intense photon flux to the sample, maximizing the chiral response and allowing PECD
measurements. Finally, it must be underlined that faster responses of chiral vibrational
dynamics, up to 100 fs, need to be explored yet.
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3. Carbon K- edge studies with HHG sources
3.1 Ultra-fast electronic and structural dynamics of organic molecules at Conical intersections

In quantum mechanics, potential energy surfaces for the motion of atomic nuclei are
defined by the interplay of molecular energy vs. molecular geometry. The underlying po-
tential energy landscape determines the structural dynamics of any photoexcited mole-
cule. Both electronic and nuclear degrees of freedom are addressed in the separated elec-
tronic and nuclear coordinates, which refer to the so-called Born—-Oppenheimer approxi-
mation where the dimension of the potential energy surface equals the nuclear degree of
freedom. In the adiabatic approximation the time dependent Schrodinger equation is
solved for electrons at given fixed nuclear positions and then electronic energies as a func-
tion of the fixed nuclear coordinates are obtained. When two potential energy surfaces
collide, degeneracy regions in the electronic potential energy surfaces occur. The latter
known as conical intersections (Cls) are regions where electrons and nuclei become cou-
pled and evolve on comparable timescales so that the Born-Oppenheimer (adiabatic) ap-
proximation breaks down. Because of the presence of Cls in the electronic energy land-
scape, ultrafast non-radiative relaxation pathways may occur through electronic state
transitions involving dynamical changes in the molecular geometry [37,38].

(@)
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Figure 4. (a) Experimental setup. CCD, charge-coupled device. (b) the optical density (OD) of the
unexcited target and (c) it changes under the action of the pump pulse (AOD). (d) The experimental
AOD as a function of pump-probe delay. The dashed red box indicates the signal assigned to the D1
state of C2Ha*. (e) scheme of the conical intersection between the D1 and Do states of C2Ha* mediating
the electronic relaxation (Reused from[39],Copyright © 2021, American Association for the Advancement
of Science).

The development of novel HHG and FEL sources with significant time and spatial
resolutions recently enabled direct, real-time tracking of the coupled electron-nuclear dy-
namics in photoexcited molecules. Moreover, the most recent advances in attosecond tran-
sient absorption spectroscopy (ATAS) using novel sources have made it possible to study
the coupled electro-nuclei dynamics close to Cls with extreme time resolutions. The ex-
tension of the ATAS method's to C K-edge provides a chance to access the fastest chemical
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reactions in various organic compounds [39—41]. Recently, ATAS has been applied to
study the fast electronic relaxation dynamics of a prototypical organic chromophore: the
ethylene (Cz2H4), within a time frame shorter than the single vibrational period [39]. The
experimental apparatus and the ATAS results obtained in this experiment are presented
in Figure 4 (a-e). The layout of the experiment shown in Figure 4(a), includes a laser, which
is used to generate pulses with an average energy of 2.5 m] centered at 1.8 um, compressed
down to 10 fs i.e., the time resolution of the experiment. Pulses were splits in two compo-
nents, one served as the pump while the other was used to generate the soft X-ray probe
going through a helium-filled gas target for the high-order harmonic generation (HHG).
Both pump and probe pulses propagated co-linearly and were focused on the sample with
different delays. The transient absorption spectra were collected by measuring the X-ray
supercontinuum transmission through the spectrometer (grating/X-ray CCD in the fig-
ure).

The pump-off experiment demonstrated that the C 1s— 7* transition dominates the
soft x ray absorption of the neutral C2Hs in its electronic ground state (So), followed by the
onset of the broad continuum absorption (Figure 4b). Upon excitation, a shift of the 1s—
7t* transition to higher energies together with the appearance of an absorption peak cor-
responding to the 1s— 7 transition into a single occupied molecular orbital is also ob-
served. Changes in the optical density in the pump-on spectrum measured are observed
looking at the logarithmic ratio of pump-on to pump-off intensity (Figure 4c). The transi-
ent spectra (Figure 4d). revealed also periodic oscillations of the 1s— m and 1s— 7t* fea-
tures at 281 eV and 286 eV, respectively, together with a short-lived transient centered at
284 eV (dashed red box in Figure 4(d)). A comparison with simulations revealed that the
two first features can be assigned to Do states while the latter to the D1 state. A fast elec-
tronic relaxation occurs in ~6.8 fs through the conical intersection, which is accessed by
stretching the C=C bond as mapped by the ATAS method. The relaxation time of Di— Do
is shorter than the single C=C stretching vibrational period and the energy differences
between D1 and Do results from the different occupations of the two orbitals lying below
the rt* orbital (see Figure 4e). The electronical and the structural relaxations of the Do state
are probed by the periodic oscillations of 1s— 7 and 1s— 7* transitions and opposite en-
ergy shifts. Data confirm the ability of the transient soft X-ray absorption spectroscopy in
mapping structural dynamics by looking at the spectral position of X-ray absorption struc-
tures. This approach represents an element sensitive method for tracking ultrafast elec-
tronic and structural dynamics of simple molecules.

This investigation visualizes electronic relaxation faster than the shortest vibrational
periods and points out the fundamental role of sub-femtosecond spectroscopy for a better
understanding of excited-state dynamics in molecules through the clear separation of elec-
tronic and structural dynamics. At the C K-edge, attosecond spectroscopy is going to pro-
vide a wide range of opportunities to study a broad class of organic molecules at the as
time scale useful, for instance, to reconstruct isomerization reactions, for instance [42,43].
It may also enable studies of solvated molecules giving access to solvation effects on the
time scales of conical intersection dynamics [44] and electronic decoherence due to the
electronic coherent control over CI dynamics.

3.2 Time-resolved photodissociation reactions of molecular cations

The HHG technique has been used to create a tabletop soft X-ray supercontinuum
within the range of 150 to 350 ¢V. In this domain, we may look at yet unexplored photo-
chemical reactions in the lowest electronic states of CF4+* and SFeé* molecular cations in the
gas phase [45]. By considering the alteration of the dipole selection rules by molecular
symmetry and the sensitivity of time-resolved X-ray absorption near edge structure
(XANES) spectroscopy to chemical shifts and symmetry lowering, the splitting of the orig-
inally triply degenerated orbitals of CF4 and SFs into doubly degenerated or nondegener-
ate orbitals was observed. Moreover, since in this experiment, soft X-ray pulses probe the
spatial arrangement of molecules' unoccupied valence orbitals, modifications occurring
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during photochemical dissociation processes that transform the molecule from neutral to
cation can be also recognized. To generate high harmonics, a long-wavelength beam of
1800 nm with 2.5 m] of energy at 1 kHz is traveling through a high-pressure neon gas
cell. The generated X-ray radiation was then directed to the sample gas cell together with
ultra-short 800 nm pulses focused on the sample surface. The latter pulses, having a peak
intensity of 5x10™ W/cm? acted as pump.

TDDFT calculated spectrum
— Experimental absorption spectrum o'
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Figure 5 (a) High-harmonic spectrum at the carbon K-edge and transmitted spectrum through CF4
gas. (b) Transient absorption spectroscopy at the C K-edge. Absorbance A(t) =In[Io/I(t)] as a function
of the NIR pump-X-ray probe time delay. Negative time delays correspond to unpumped condition.
The intensity axis, as well as the color scale, are linear. The calculated stick spectrum in the upper
panel is the comparison between experiments and calculation (c) Orbital diagram illustrating se-
lected transitions (reused from [45],Copyright © 2017, American Association for the Advancement of Sci-
ence.).

The transmitted soft X-ray radiation passing through a grating produced an energy
spectrum was collected using a microchannel plate (MCP) detector. Data for the CF.are
presented in Figure 5(a) and 5(b). The broadband spectrum through the CF. gas (Figure
5(a)) is characterized by an absorption peak at 298 eV, which could be assigned to transi-
tions 1s—b5t2 and 6t2 to unoccupied triply degenerate orbitals, o*. Upon the ionization of
the CFsby the pump pulse, the molecule dissociates spontaneously into CFs* and F as it
has been presented schematically in the Figure 5(c). The evolution of the molecules during
the dissociation process was tracked by time resolved X-ray absorption spectroscopy with
different pump-probe time delays (Figure 5(b). An increase in the absorbance, a red shift
of the maximum and a progressive splitting into multiple bands were observed. Such
changes in the absorption spectrum are the signature of the symmetry decrease driven by
the photodissociation from the initially tetrahedral CF+" to the trigonal planar CFs* mole-
cule and the energy decrease due to the Jahn-Teller effect [46].

In addition to the two cases quoted before, there are several other examples where
theoretically foreseen phenomena can be investigated using these novel X-ray sources.
For example, time-resolved X-ray absorption spectroscopy at the C K-edge can visualize
the vibronic dynamics of the photoexcited ICN dissociation processes moving through
the gas phase CI when X-ray ultrashort and intense pulses are used as probe. According
to simulations, the broadband I-CN bond breaks and the vibronic behavior of molecular
fragments occurs on a time scale of less than 100 fs [47]. The process is visible in experi-
ments with HHG sources with a spectral resolution up to 1.2 eV and a time resolution of
few fs [39].

The position of conical intersections, where non-adiabatic effects control transition
probabilities among different electronic states, is crucial for light-driven molecular reac-
tions. The results and timing of nonadiabatic molecular dynamics are clear signatures of
relaxation processes. Recent theoretical and experimental findings demonstrate that the
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position of CI can be affected by strong hydrogen bonds in protein-related non-aromatic
amino acids, causing photoexcited molecules to radiatively relax [48]. We are convinced
that in the near future the mechanisms occurring near the C K-edge in photoexcited mol-
ecules in the CI domain will be observed and recognized using time-resolved soft X-ray
spectroscopies with FEL or HHG sources.

3. Conclusion and Outlook

Soft X-ray spectroscopies using modern pulsed sources represent powerful tools to
exploit challenging scientific and technological phenomena. Bond-breaking, structural
isomerization, polarization dependent phenomena, non-adiabatic dynamics of photoex-
cited molecular systems, and non-linear effects, which are briefly summarized in this short
review, are just some of the ultrafast chemical reactions that could be probed by soft-X-
ray FELs and HHG sources at the C K-edge. The progresses in pulse duration, spectral
resolution, spectral control, and spot size of these novel sources operating in the water
window and below the C K-edge will be strategic for investigating these effects accurately
and comprehensively. A FEL pump can offer an elemental selective excitation combined
with the HHG source probe, which can provide more information in comparison with the
experiments based on HHG probe that use an optical pump. Recent investigations demon-
strate that FEL pulses of a few femtoseconds (1-2 fs) duration is achieved through the su-
perradiant cascade approach in seeded FELs [49,50]. Moreover, novel experimental tech-
niques have been proposed for monitoring ultrafast dynamics and will be tested in the
next years at different facilities [38,47,51-55].

Keefer et al. recently suggested experimental techniques looking at the transient re-
distribution of wultrafast electronic coherence in the attosecond Raman signal
(TRUECARS). This approach could be used to monitor Cls dynamics of the uracil RNA-
nucleobase [38,51]. Different features of a soft X-ray FEL, e.g., high energy, broader fre-
quency tunability and the capability to generate attosecond pulses could be used to ex-
plore the vibronic coherence, a mechanism that appears when molecules pass through
conical intersections. Upon a laser stimulated Raman process, phase-controlled hybrid
broadband/narrowband, attosecond and femtosecond X-ray pulses can be used to probe
this non-adiabatic process.

HHG sources, generates single-shot absorption spectra allowing living-cell imaging
with a fs time resolution, are also capable of generating attosecond pulses with a high
intensity [52]. Time-resolved photoelectron spectroscopy with attosecond pulse trains
could be used to resolve the electronic coherence in the time domain as well as the elec-
tronic states involved in the CIs in the energy domain with an acceptable energy resolu-
tion [53]. In this configuration, a FEL source is supposed to be competitive with a HHG
source [44].

The approach to polarized resonant soft X-ray scattering (P-RSoXS) is similar to that
of small angle X-ray scattering (SAXS). This new method that selects individual elements
and specific bonds may returns spatial and spectral information about orientation features
in amorphous soft materials too. The sensitivity to soft X-ray transition dipoles provides
the basis for a quantitative characterization of the molecular orientation at the nanoscale
which can offer a strategic tool for the investigation of polymer nanocomposites and mem-
branes as well as more complex chemically heterogeneous systems such as long polymeric
chains [47,54].

A wide variety of theoretically simulated ultra-fast dynamics, e.g., vibronic dynamics
[48,56,57] could be explored with these next generation soft-X-ray sources combined with
innovative experimental methods, detectors, and computational capabilities. A high rep-
etition rate FEL sources combined with more efficient detection systems will be extremely
useful to perform damage-free measurements of non-linear effects.

With limited cross-sections and/or low-populated species, high repetition-rate FEL
sources will be very attractive. In addition, the spectral resolution enhancement will give
more insight into spectral characteristics. One of the next generation soft X-ray FEL
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sources is EUPRAXIA@SPARC_LAB, a facility under development in Italy at the Labora-
tori Nazionali di Frascati of the INFN. This radiation facility is an essential component of
the European EuPRAXIA project that intends to establish a plasma accelerated FEL facility
promising size and cost savings [58—-60]. Two beamlines are planned: a seeded FEL in the
VUV range 25-7 eV (50-180 nm) oriented to the study of atomic and molecular systems
named ARIA [61] and a SASE SXFEL operating in the water window 310- 200-¢V (4-6 nm)
named AQUA [62]. Their construction will expand FEL research and technology to new
concepts and opportunities, also relying on the plasma-based acceleration. The AQUA
beamline spectral domain matches the core absorption edge of carbon, and it will be ideal
to perform experiments similar to those reviewed in this paper [63].

To enhance beam transfer, manipulation, and detection, innovative, low-loss, and
compact optical devices such as beam-splitting off-axis zone plates [64], monochromators
[65], and microchannel plate (MCP) devices can be introduced in soft X-ray beamlines.
For example, using MCP devices, X-ray pulses can be delivered to the sample while pre-
serving the source brilliance. In the soft X-ray range, these small-footprint optical devices
are particularly efficient and may keep the coherence of the radiation emitted by these
sources [66]. MCPs may act as condensing and focusing lenses, and their compact size and
short operating distance may also allow to reduce the overall length of beamlines [67-69].

At the experimental station, a wider variety of materials and larger molecules may
be handled by the new sample delivery techniques for substances and materials in both
liquid [70] or gas phase [71]. Finally, using the most advanced data collection techniques,
such as ghost imaging, we may also improve the resolution while reducing the time of
data acquisition and storage for time- and energy-resolved experiments [15,72,73].
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