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Free-electron lasers and high-harmonic-generation table-top systems
are new sources of extreme-ultraviolet to hard X-ray photons, providing
ultrashort pulses that are intense, coherent and tunable. They are
enabling abroad range of nonlinear optical and spectroscopic methods
at short wavelengths, similar to those developedin the terahertz to
ultraviolet regimes over the past 60 years. The extreme-ultraviolet

to X-ray wavelengths access core transitions that can provide element
and orbital selectivity, structural resolution down to the sub-nanometre
scale and, for some methods, high momentum transfers across

typical Brillouin zones; the possibilities for polarization control and
sub-femtosecond time resolution are opening up new frontiersin
research. In this Roadmap, we review the emergence of this field over
the past10 years or so, covering methods such as sum or difference
frequency generation and second-harmonic generation, two-photon
absorption, stimulated emission or Raman spectroscopy and transient
grating spectroscopy. We then discuss the unique opportunities
provided by these techniques for probing elementary dynamicsin awide
variety of systems.
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Key points

o X-ray free-electron lasers and high-harmonic-generation sources
of extreme-ultraviolet (EUV) to hard X-ray photons deliver intense
ultrashort pulses and enable the extension of nonlinear methods
to much shorter wavelengths.

e EUV to X-ray wavelengths access core transitions that can provide
element and orbital selectivity. These wavelengths also achieve sub-
nanometre structural resolution and high momentum transfer, with
femtosecond and attosecond time resolution.

o Nonlinear EUV/X-ray methods that have emerged include sum or
difference frequency generation, parametric down-conversion, second-
harmonic generation, two-photon absorption, stimulated emission or
Raman spectroscopy and transient grating spectroscopy.

o Nonlinear EUV/X-ray science is developing hand-in-hand with
instrumentation, to improve pulse features and enhance accessibility
with the use of table-top systems or compact accelerators.

e These techniques offer unique opportunities for probing dynamical
events in a wide variety of systems, including surface and interface
processes, chirality, nanoscale transport and multidimensional
core-level spectroscopy.

Introduction

Theinvention of thelaserinthe early1960s started arevolutionin sci-
ence and technology. One of the most salient developments that ensued
wasthebirthofnonlinear optics, enabled by high-intensity and coherent
laser beams. The field began in 1961 with the observation of two-photon
absorption (TPA) by Kaiser and Garrett' and second-harmonic genera-
tion (SHG) by Franken et al.?and was recognized in1981 with the award
of the Nobel Prize in Physics to Bloembergen®. Nonlinear optics has
played akey role in the expansion of laser technology and the birth of
photonics and optoelectronics; more broadly, nonlinear methodsinthe
opticaldomain (ultraviolet, visible, infrared and terahertz frequencies)
have led to major advances in experimental and theoretical physics,
materials science, chemistry and biology.

Indeed, a wide range of methods have been developed, such as
multiphoton absorption that enables excitation of dipole-forbidden
transitions and hence widens the spectroscopic analysis of systems.
SHG, sumfrequency generation (SFG) and difference frequency genera-
tion (DFG) processes that arise from the second-order susceptibility
of a material (*; Fig. 1a) — are routinely used in laser laboratories, in
particular on non-centrosymmetric samples such assurfaces, interfaces
and chiral systems, to provide valuable static and dynamic structural
information. In systems that lack inversion symmetry, second-order
processes donotoccurand the third-order susceptibility (y*) isthenthe
lowest-order nonlinearity. A notable example of a third-order process
is third-harmonic generation* as a laser beam interacts with a crystal,
leading to a tripling of the incoming beam frequency (Fig. 1b). Such
four-wave mixing (FWM) techniques enable (through, for example,
transient grating spectroscopy) the probing of transport phenomena
(such as heat, charge and magnetism) in materials and solutions.

Nonlinear methods have been key to the generation of multi-
colour pulses for use in fundamental studies. They are also the basis

for new imaging techniques — for example, those based on coherent
anti-Stokes Raman scattering (CARS) or stimulated emission depletion
microscopy — that are finding widespread applications, especially in
medicine. They underpin new developments in many fields ranging
from metrology to laser machining and from optical communication
to optical computers’. Pulsed lasers have pushed nonlinear methods to
thenextlevel, enabling ever higher peak powers owingto theincreased
energy per pulse as well as shorter pulse durations. This was recognized
by the 2018 Nobel Prize in Physics. Nonlinear methods have there-
fore become crucial in time-resolved studies, achieving picosecond
time resolution by the early 1970s (refs. 6,7) and femtosecond resolu-
tion later in the 1970s (ref. 8) — bringing about another revolution as
it became possible to access the timescale of nuclear motion within
molecules, materials and proteins, adevelopmentrecognized in1999
with the award of the Nobel Prize in Chemistry to Zewail’.

The full breadth of nonlinear laser methods used in both funda-
mental research and applicationsisbeyond the scope of this Roadmap.
Our purpose is rather to examine recent developments that extend
nonlinear methods to shorter wavelengths, in the extreme-ultraviolet
(EUV) tohard X-rayrange. Aswell as providing element selectivity both
inthe probing andin the excitation, the short wavelengths offer a struc-
tural sensitivity and a change of regime in the definition of symmetry,
asthe excitations are now localized on atoms rather than on extended
orbitals in molecules or bandsin a solid.

The advent of EUV, soft and hard X-ray free-electron lasers (FELs
and XFELs) over the past 10-15 years'°'* and the development of
table-top EUVlight sources based on high-order harmonic generation
(HHG)"*are heralding a new revolution in science. The several orders
of magnitude increase in photon flux per pulse (for XFELs, typically a
factor of10°) compared with conventional pulsed X-ray sources such as
synchrotrons, along withthe pulse duration of femtoseconds to attosec-
onds commonly achieved by high-harmonic generation (HHG) sources
(and nowadays also at XFELs), make these sources game changers
for time-resolved X-ray spectroscopic and scattering methods* .

A number of reviews have covered some of these developments
for HHG sources and XFELs* . In this Roadmap, we survey the capa-
bilities of these light sources and the nonlinear methods they enable.
We focus on experiments — at photon energies > 50 eV (wavelengths
<25 nm) and the current XFEL upper limit of 20 keV — that have been
carried out so far onatomic and molecular systems and on solid mate-
rials. We then elaborate on new perspectives, guided by technologi-
cal and theoretical developments. As most of the EUV/X-ray results
have been obtained at XFELs, owing to their high photon fluxes, this
Roadmap mostly reports work carried out at such facilities. However,
important results have also emerged for table-top HHG sources that are
milestonesin their ownright butare also promising for the transfer of
EUV/X-ray nonlinear methods from large-scale facilities into university
orindustrial laboratories.

Instrumentation and methods

Detailed descriptions of the various HHG and XFEL sources of ultra-
short EUV/X-ray pulses are available*®**, Here, we briefly cover the
general characteristics of these sources that are relevant for EUV/X-ray
nonlinear methods.

X-ray free-electron lasers

XFEL facilities consist of alinear electron accelerator and a series of
undulators (periodic magnetic devices). Electron bunches are accel-
erated to relativistic speeds and then enter an undulator where they
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Fig.1|Schemes for various examples of nonlinear optical methods.

a, Three-wave mixing is a second-order process, arising from the second-order
susceptibility x: two incident photons of energies £, and £, and wave vectors k,
and k, mix to create a third photon, k.. Examples — represented here as the sum
of wave vectors and as transitions between states |a>, |b>and so on — include
SFG, inwhich the frequency of the third photon (®,,,) is the sum of the incident

frequencies (w, and w,); DFG; and SHG, inwhich k, = k, and @, = 2w,. b, Four-wave
mixing originates from the third-order susceptibility Y. THG occurs when

k, =k, =Kk;; for TG, the wave vectors and frequencies of two photons match and
., matches the (different) frequency of the third photon; the combination for
CARS scattering results in w,,, = 2w, - ,; and double sum frequency generation
ariseswhenk, =k, and w,, = 2w, + @,. Image courtesy of Andrei Tokmakoff.

undergo aperiodically alternating, transverse acceleration that releases
photons through the synchrotron process®>*, In FELs, the emitted
electromagnetic field becomes sufficiently strong thatits interaction
with the transverse electron current causes some electrons to gain
and otherstolose energy to the radiation field via the ponderomotive
force. This energy modulation evolves into electron density modula-
tions with a period of one wavelength, such that the electron density
within a bunch becomes distributed periodically in microbunches.
The electrons emit radiation in phase, and the emitted photons add

up coherently. The FEL radiationintensity increases, causing additional
microbunching; the electrons continue toradiatein phase until they are
completely microbunched and saturation is reached, at which point the
radiation power is orders of magnitude higher than that ofincoherent
undulator radiation fromasynchrotron. Thisis known as self-amplified
spontaneous emission (SASE)**. SASE pulses are characterized by a
time-and-energy structure thatis the envelope of a series of subpulses
with random intensity, time duration, spectral bandwidth and phase.
XFEL SASE pulses have durations of tens of femtoseconds and reach
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sub-angstrom wavelengths but have limited temporal coherence, as
the initial amplification arises from the electron-beam shot noise.

The first short-wavelength FEL available to users was FLASH at
DESY (Hamburg, Germany), launched in 2005. It provided EUV pulses
up to 90.5 eV (13.7 nm) and harmonics reaching the water window
(280-530 eV)"°. The first hard X-ray FEL, the Linac Coherent Light
Source (LCLS), was launched in 2009 at SLAC (Stanford, CA, USA)*,
soon followed by the EUV-FEL FERMI at Elettra-Sincrotrone Trieste
(Trieste, Italy)* and the hard XFEL SACLA at the SPring-8 complex
(Hyogo, Japan)®. In 2017, three additional hard and soft XFELs went
into operation: SwissFEL at the Paul Scherrer Institut-PSI (Villigen,
Switzerland)'**®, European XFEL (Hamburg, Germany)**® and PAL-XFEL
at Pohang Accelerator Laboratory (Pohang, South Korea)*’, which all
operate in the SASE mode?”.

Amplification of coherent emission relies on high-gain harmonic
generation, which is obtained by seeding the electron bunch with an
external laser pulse that imposes an energy modulation on the elec-
tron beam. When that energy modulation is converted into a density
modulation, its spectral content includes higher harmonics of the
seed laser*®. This scheme allows full control of the FEL photon output,
through the seed laser. Another notable advantageis the preservation
ofthetemporal coherence of the seed laserin the emitted FEL radiation,
whichensures that pulses have longitudinal coherence — thisis of para-
mountimportance for nonlinear spectroscopic analyses, whichrequire
both phase and wavelength manipulation within a given pulse. FERMI
is the first machine to use the external seeding scheme, the harmonic
up-shifting enabling it to reach output energies >400 eV in the first
harmonic, using a cascade scheme or the principle of echo-enabled
harmonic generation** and pulses of tens of femtoseconds duration.
A similar scheme is being implemented at FLASH, making use of the
higher number of pulses per second possible from superconducting
accelerator of FLASH**. The soft X-ray ATHOS beamline of SwissFEL has
alsoimplemented the seeding scheme, with the goal of reaching even
higher energies using echo-enabled harmonic generation; it will deliver
pulses with durations of tens to hundreds of attoseconds.

High-harmonic-generation sources
HHG sources appeared at the end of the 1980s and have since become
the mainsources of attosecond pulses****. HHG uses an atomic (or even
molecular) gas as the medium, which, under strong field ionization,
launches free electrons that are accelerated under the influence of an
oscillatory laser electric field. Electron-ion recombination, as elec-
trons re-collide with their parention, generates EUV photons*¢. Given
that theinitialionization occurs during ashort time interval around a
maximum ofthelaser electricfield, the duration of the generated EUV
pulse is a small fraction of that of the driving optical laser pulse — it
lies in the attosecond domain. The EUV radiation is generated in the
form of acomb of harmonics of the energy of the driving laser, whose
cut-offenergy scaleswith the square of the wavelength. Hence, HHG with
longer-wavelength laser drivers provides a route to table-top sources
of high-energy coherent X-ray pulses*~*°.Indeed, much effortis being
devoted to pushing the spectral range of the HHG sources to higher and
higher energies, reaching the nitrogen and oxygen K-edges and even
beyond®**!, aswell asincreasing the output pulse energy*. Furthermore,
the increased repetition rate of HHG sources contributes to higher
signal-to-noise ratios***,

Although having lower photon fluxes per pulse than XFELs, the
table-top nature of HHG sources and their generally higher repetition
rates offer more flexibility than XFELs in the planning and performing

of experiments. Furthermore, properties of the emitted HHG radiation
(suchas central frequency, cut-offenergy, pulse duration, polarization
and so on) can be tailored directly by adjusting the driving laser. The
most notable feature of HHG sources remains, however, the generation
of attosecond pulses. Inaddition, advanced schemes based on the syn-
thesis of fields in the infrared have been proposed for the optimization
of the attosecond-pulse generation®. This would not only take the tem-
poralresolution down to the fundamental timescale of electron motion
butalso provide abroad spectral bandwidth for spectroscopy®**° and
high peak powers, which can drive nonlinear processes despite the
generally low energy per pulse. Efforts are also underway to perform
HHGinsolids* and liquids®™*’; however, these dense medialead to lower
cut-off energies than gas-phase media do.

Much of the early work focused on the generation processingases,
liquids and solids and on attosecond science per se!>1718465760-¢7 py,
thereafter, studies have evolved towards applications such as ultrafast
X-ray absorptionspectroscopy*>***%*¢%¢° photoelectronspectroscopy
ingases®*°72, liquids®®*”> " and solids’”’® and nonlinear processes such
astransient grating spectroscopy’””*}, multiphoton ionization®*"*, pulse
compression by FWM®*¢ and SHGY.

77,78

Different nonlinear schemes enabled by new sources

Under moderate- to high-intensity laser radiation, the macroscopic
polarization of matter can be expanded in powers of the external
electric-field amplitude****°, with coefficients x (tensors of rank
N+1) that are commonly referred to as Nth-order susceptibility and
that decrease with increasing N, ensuring that the power series con-
verges to a finite polarization. The second-order susceptibility, Y2, is
the origin of second-order phenomena such as SFG and DFG, which
involve the annihilation of two input photons of different frequencies
andthe generation ofaphotonatathird frequency, and also SHG, which
is a particular case of SFG when the two incident fields have identical
frequency® (Fig.1a).x? is zero for centrosymmetric materials, making
SHG, SFG and DFG particularly suited to the study of interfaces and sur-
faceseither statically or dynamically —indeed, optical-domainSHG is
one of themost popular second-order nonlinear techniques, commonly
used forsuch purposes’ . Going into aresonance in SHG, SFG or DFG
enhances the efficiency of the process and also provides spectroscopic
identification’: by tuning one of the incoming fields over a vibrational
orelectronictransition, and detectingits mixing withasecondincoming
field, the speciesinvolved in the dynamics can be determined.

In contrast to 2, the x® tensors have non-zero elements for any
symmetry and each element consists of 48 terms, representing dif-
ferent sequences of the matter density matrix through the process
(although in some cases x® is determined by only a few dominant
contributions, owing to symmetry)®. FWM is a nonlinear third-order
process in which three coherent electromagnetic fields (frequen-
cies w,,; and wave vectors k, , ;) interact with a sample to generate a
fourth field (w,, k,) thatis coherently coupled to the three input fields®
(Fig.1b). Each of the three fields induces the sample polarization vec-
tor to oscillate at its frequency w; (i =1-3), and the excited sample
then radiates with a certain phase shift. The interference of the three
fields causes beatings at w, = + w, + @, + w;, which drive the polariza-
tion vector and can be regarded as the radiation source giving rise to
the FWM process. This multiplicity of interactions®*’ makes FWM
suitable for studying different types of excitations. Efficient coupling
between the four waves only occurs along aspecific direction, defined
by k,. Along this direction, the emission fromdifferent portions of the
excited volume caninterfere constructively, as long as the coherence
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length of the FWM process exceeds the characteristic dimensions of the
interaction volume®“%*’, This collective response of the system to the
input fieldsleadstoaremarkableincreaseinthe nonlinear signal com-
pared with its linear counterpart, and it may even become dominant
for extended samples. However, it is still unclear whether this behav-
iour, which is well known in the optical regime, is retained at shorter
wavelengths.

FWM s the basis of several coherent nonlinear methods, such as
coherent Raman scattering, transient grating spectroscopy, multidi-
mensional spectroscopy and impulsive stimulated Rayleigh, Brillouin
and Ramanscattering, which involve the generation of dynamic (tran-
sient) gratings arising from the periodic modulations of optical proper-
ties of the sample by different excitations. Coherent Raman scattering
isa multiphoton technique for monitoring Raman-active vibrational
modes of molecules. It leads to stimulated Raman scattering and CARS,
whichwere theoretically predicted and experimentally realized in the
1960s (refs. 98,99) and have since been used extensively in fundamental
studies and microscopy'®.

In transient grating (TG) spectroscopy, an excitation grating (for
example, of charge carriers, chemical species, heat or magnetism) is
created when two pulses of identical wavelength but with different
wave vectors impinge on the sample (Fig. 1b). The decay of the excita-
tion grating is then monitored using a third pulse, which is detected
background-free in a direction determined by the phase-matching
condition. The grating period is A/(2 sin 8),in which 1is the wavelength
oftheincidentbeamsand2@is their crossing angle: using shorter wave-
lengths means smaller grating periods, from micrometre scale at visible
wavelengths to sub-nanometre in the hard X-ray regime (Table 1). The
disappearance of the excitation grating is often due to diffusion, which
has made TG spectroscopy the method of choice for measuring dynam-
icsand transport propertiesinsolids, liquids or gases, with controllable
momentum-transfer and background suppression'’,

TG spectroscopy is a first step in the implementation of multidi-
mensional spectroscopies. These were initially developed for NMR
spectroscopy in the 1970s (ref. 102) and have since been extended
into the optical domain'®, the infrared'®, the visible’® ' and the
ultraviolet'®™"° In these spectroscopies, the two initially incident
pulses have abroad spectral range (or are tunable over a broad range)
and are time-delayed with respect to each other; the time-domain meas-
urements canbe Fourier-transformed into frequency-domain spectra,
which are functions of multiple time delays. These spectroscopies
enable the simultaneous observation of multiple chromophores and/or
transitions inasystem, and their evolution with time, which may reflect
crosstalk between chromophores. Extending these spectroscopies
into the region of core-level transitions would enable the monitor-
ing of time-evolving interactions with element selectivity between
atomsinasystem.

Consideration of the capabilities of short-wavelength nonlinear
methods began more than halfa century ago —in particular, for X-ray
and optical wave mixing™ ", The process is akin to optically modulated
X-ray diffraction in which X-rays scatter inelastically from optically
induced charge oscillations and therefore probe optically polarized
charge. The first experimental realization of nonlinear X-ray meth-
ods was achieved in the early 1980s, as hard X-ray to EUV parametric
down-conversion (PDC) using an X-ray tube as source"®. Theoretical
studies were undertaken systematically from the early 2000s"°7'%¢,
One of the first attempts to demonstrate FWM at EUV energies was
carried out using an HHG source'”. With the advent of XFELs, several
developments have made it possible toimplement nonlinear EUV/X-ray
experiments, as discussed in the next section.

Extending nonlinear science into the short-wavelength regime
brings several advantages in terms of accessible core transitions,
spatial resolution and momentum transfer (in the case of transient
grating spectroscopy) that are summarized in Table 1. Depending
on the element, the various spectral regimes access different core
transitions, such as the M-edges of 3d transition metals for the EUV,
the K-edges of light elements (such as carbon, nitrogen and oxygen)
or the L-edges of 3d transition metals in the soft X-ray range and the
K-edges and L-edges of metals in the hard X-ray range. In addition,
heterodyne detection'*'* should be possible, which will enable the
amplitude and phase terms of a signal to be disentangled, retrieving
the real and imaginary components of the nonlinear susceptibilities
inthe EUV/X-ray range.

Applications
Two-photon absorption and transient absorption
TPAwas one of the first nonlinear techniques to follow from the inven-
tion of the laser’. Moving into the EUV/X-ray domain, however, involves
aconsiderable decrease of nonlinear susceptibility: for example, going
from visible frequencies to keV photons implies at least a1,000-fold
decrease in the TPA cross-section'”. In addition, it is not even clear
whether hard X-ray TPA is dominated by the same mechanisms as in
the optical or even soft X-ray domains. But XFELs (with high fluxes) and
HHG sources (with attosecond-pulse durations) can deliver the high
peak powers needed to compensate for the low nonlinear susceptibility.

Because of its selection rules, TPA accesses partially or fully
dipole-forbidden transitions, thus providing information complemen-
tary tothat obtained using one-photon absorption. Short-wavelength
TPA canalso act as an instantaneous probe of excited-state dynamics
with chemical specificity, as well as providing better sensitivity for
K-shell spectroscopy to connect to the d-states.

Early TPA studies were carried out in the EUV at FLASH"®, then at
the LCLS in the soft X-ray regime'*>* on rare gas atoms. Nonlinear pro-
cesses competing on the Auger timescale were observed: two-photon,

Table 1| Comparison of transient grating spectroscopy in different regimes

Regime Energy range (eV) Momentum transfer (hm™) Spatial scale (hm) Timescale Selectivity
Infrared-optical-ultraviolet <5-10 <0.02 >125 More than a few femtoseconds Valence shells
EUV 10-150 <0.6 >5 A few femtoseconds to attoseconds  Mostly M shells
Soft X-ray 150-2,500 <25 >0.2 Femtoseconds to attoseconds L, M shells
Hard X-ray 2,500-20,000 <200 >0.03 Femtoseconds to attoseconds K, L, M shells

Potentially reachable momentum transfer, spatial and time resolution and selectivity (for 3d transition metals) are shown for the infrared-optical-ultraviolet, extreme-ultraviolet and soft and

hard X-ray regions. EUV, extreme-ultraviolet.
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one-electrondirectionization and two-photon, two-electron sequential
ionizationinvolving transient excited states. The TPA cross-section was
foundtobetwotothree orders of magnitude larger than theoretically
predicted (using non-resonant perturbative scaling' or second-order
perturbation theory™), which was attributed to contributions from
near-resonant states'*.

Inthe hard X-rayregime, TPAwasreported at5.6 keV ongermanium
at SACLA™. The detected signal was the Ge K, emission, which can be
excited by photons above11.1keV. It was concluded that TPA competes
with single and sequential multiphoton processes as in atoms'?>051
and the results were consistent with non-resonant hydrogen-like Z¢
scaling (inwhich Zis the atomic number). This outcome was confirmed
inanexperiment onzirconium at SACLA that used a nanometre-scale
focal spot near 9 keV, halfthe photon energy of the Zr K-edge™®. When
iron and copper foils were illuminated with intense X-ray pulses near
their respective K-edges, emission at nearly twice the incoming pho-
ton energy was reported'”, showing a quadratic dependence with
the incoming intensity that is typical of TPA. Sample damage occurs,
mainly caused by one-photon absorption owing to the high incident
fluxes required for TPA. Using lower pulse energies and fluxes than in
ref. 136, and a shorter pulse duration and more efficient detection at
SACLA, the pulse energy dependence of TPA in metallic copper was
reported by detecting the Cu K, emission'”.

Saturable transient absorption (STA) isanonlinear pump-probe
technique that exhibits a reduction in the relative absorption of the
sample (that is, an increase in transmission) with increasing incident
light intensity. STA is strongly intertwined with TPA and, depending
on the resonances, one or the other processes becomes dominant.
This phenomenon has widely been demonstrated in the visible and
infrared ranges™®, and saturable absorbers have a key role in the pas-
sive mode-locking of femtosecond laser oscillators'’. Because STA is
highly sensitive to the electronic states of the material under study, itis
oftenused asaprobe of dynamics and recovery in pump-probe experi-
ments. For example, it has been used to investigate exciton-exciton
annihilation'’ or charge carrier dynamics and diffusion',

Optical-domain STA involves valence electronic states, whereas
inthe EUV/X-ray range, core transitions are involved, offering the pos-
sibility toinvestigate the underlying processes with element selectivity.
Suchstudies have beenreported at FELs inwhich the STA of the L-shell
transition of aluminium was observed with photon energies of 92 eV
(13 nm)'*?, followed by observations at the tin N-edge at 24 eV (52 nm)'**
and in the hard X-ray range, at the iron K-edge at 7.1 keV (0.17 nm)™*.
In these studies, STA was attributed to depletion of the ground state
by the intense pulses, leading to X-ray-induced transparency. The
intensity threshold for the latter depends on the core-transition energy.
Transitions from deeper core shells have a shorter core-hole lifetime,
thus increasing the intensity necessary to observe STA. In a recent
study, graphite films were investigated using soft X-ray FEL pulses of
varyingintensity'*’: at lower intensities, the nonlinear contribution to
theabsorption wasdominated by STA, owing to ground-state depletion,
but for higher intensities (>10"*W cm™), TPA became dominant.

Although the feasibility of TPA and STA in the EUV/X-ray domains
isnow established, further studies are needed to expand the range of
their applications.

Stimulated X-ray emission and Raman processes

X-ray emission and X-ray Raman spectroscopy can provide informa-
tion about the energy and dispersion of the elementary low-energy
excitations (vibronic, charge, magnon and orbital excitations). The

low emission yield of these techniques calls for intense XFEL excita-
tion pulses with, just as for TPA, risks of sample damage. This can be
circumvented by stimulating the process with a second pulse.

Stimulated emission from a single X-ray fluorescencelineinaneon
gaswas reported shortly after the advent of XFELs'*®. Soon after came
the demonstration of stimulated X-ray emission from a solid-state
sample at the FLASH XFEL under non-resonant silicon L-edge excita-
tion at an energy of 115 eV (ref. 147). The latter produces regions with
high 2p-core-excitation densities, and the spontaneously emitted
radiation from recombination of the 2p-core holes (photon energy of
85eVt0~100 eV) seeds the stimulated emission of soft X-ray photons.
The emission spectrum is determined by a spontaneous process as
intypical resonant inelastic X-ray scattering (RIXS) or X-ray emission
spectroscopy and thus the spectrum conservesall theinformation and
specificity of these methods. By carefully choosing the geometry, the
weak fluorescence signal was substantially enhanced at the expense
of Auger decay, implying minimized electronic damage to the sam-
ple. More recently, stimulated EUV emission was reported from solid
magnesium oxide at FERMI**%, For a hard X-ray inner-shell atomic laser
with a copper target pumped by FEL pulses'”’, the dependence of the
output energy versus the pump pulse energy, detected in transmis-
sion geometry, exhibited a nonlinear enhancement from a pumping
threshold, typical of amplified stimulated emission.

K-shell excitation leads to the K, K;and Ky, (valence-to-core) emis-
sionlines.K,and K;emission carriesinformation about the electronic
and spinstructure of the system, and K, additionally contains finger-
prints of the chemical bonding of the atoms with their neighbours, their
oxidationstate, covalency and so on"*°. However, K lines are typically
an order of magnitude weaker than K, lines, and K, lines are two to
three orders of magnitude weaker than the K, lines. Time-domain
spontaneous K, and K; emissions have already been used to probe
molecular dynamics with femtosecond resolution™'*%; K, emission
was also observed with picosecond resolution at synchrotrons™* and
with femtosecond resolution at XFELs". By externally stimulating the
Ky or Ky transitions, one could enhance the sensitivity of such experi-
ments. An observation and analysis of the gain curve of amplified K,
emission from solutions of Mn(11) and Mn(viI) complexes showed
spectra at amplification levels extending over four orders of mag-
nitude until saturation, and bandwidths below the Mn 1s core-hole
lifetime broadening in the onset of the stimulated emission™°. In a
more recent work,"’ seeded amplified K, emission was also reported
from an NaMnO, solution using two-colour XFEL pulses: the first cre-
ates the 1s core-hole population inversion and the second seeds the
amplified K emission. The latter showed asignal enhancement of >10°
with respect to the conventional K; emission, within the same solid
angle. The upcoming attosecond XFEL pulses™® promise to beat the
core-hole lifetime and drive the system into amplification of specific
emission lines.

Femtosecond stimulated Raman spectroscopy is a nonlinear opti-
cal method that has been implemented for the study of vibrational
dynamics with high spectral and temporal resolution™*'. In the X-ray
regime, RIXS"%'¢""3 js an ideal tool for populating electronic valence
states that areinaccessible by direct excitationin the ultraviolet-visible
domain. Stimulated RIXS (SRIXS) has therefore the potential of signifi-
cantly populating such states'** and when driven by attosecond pulses,
itwould enable direct probing of valence electron wave packets'?'¢516¢
or of coupled nuclear-electronic motion on attosecond timescales™.

SRIXS was first achieved for atoms'®'®” and more recently in

diatomic molecules such as carbon monoxide° or nitric oxide'”.
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Theuse of attosecond X-ray pulses induced electronic population trans-
fer via SRIXS using the broad spectral bandwidth (5.5 eV full width at
half maximum). The impulsive excitation was resonantly enhanced by
theoxygen1s - 2m*resonance of nitricoxide, and the excited states of the
neutral molecules were probed with a time-delayed ultraviolet pulse.

Stimulated resonant elastic X-ray scattering and SRIXS have been
reported near the cobaltL;-edge (770-785 eV) in solid Co-Pd multilayer
samples. An enhancement of four to five orders of magnitude of the
stimulated over the spontaneous RIXS signal was reported”?. How-
ever, for both signals, contributions frominelastic electron-scattering
processes were observed, even for very short pulses, which result in
valence-electron redistribution effects that distort the stimulated
elastic and inelastic spectra owing to overlapping spectral changes.
Therefore, a detailed characterization of these effects is needed to
establish SRIXS asatool for the study of low-lying excitations in solids.

We have already mentioned the two-photon study'® on Cuand Fe
foils, which were excited with photons of energy from just below the
relevant single K-shell threshold to well above the sequential double
K-shell threshold, and the measurements included higher-energy
photons below twice the input energy. The spectrum of emitted
high-energy photons showed both dispersive and non-dispersive
lines that were attributed to double-core-hole-mediated resonant
X-ray Raman scattering, analogous to hyper-Raman scattering, and
two-electron-one-photon fluorescence. This canbe considered as an
anti-Stokes process from a core-excited intermediate state in which
the excess energy is taken up by one or more photoelectrons and lines.
Inall cases, K-shell electrons are excited and subsequently de-excited
during the process.

Sum and difference frequency generation

Inthe X-ray domain, SFG and DFG are akin to optically modulated X-ray
diffractionin which X-raysinelastically scatter from optically induced
charge oscillations and therefore probe optically polarized charge. This
enables the opticallyinduced microscopic field to be determined, asit
isclosely related to theinduced charge>'”, Although the idea has been
around foralongtime™ 7, and further theoretical developments have
beenmade?*'2*12+1517%6 the experimental verification of such processes
had to wait for the advent of XFELs.

A pioneering experiment demonstrated X-ray/optical SFGin a
single crystal of diamond"”’. Optically modulated X-ray diffraction from
the (111) plane generated a pulse at the sum frequency of the incident
optical (1.55 eV) and X-ray (8 keV) pulses. Toincrease the efficiency and
access the atomic-scale motions, the process is phase-matched using
areciprocal lattice vector. The phase-matching geometry determines
the direction of the generated photon, slightly offset from the Bragg
diffracted beam, which should allow the induced charge distribution
to be reconstructed. The implications of this work are far reaching:
it shows that X-ray/optical SFG provides simultaneous access to the
induced charges and the associated microscopic fields that arise when
lightilluminates a material. It also paves the way for X-ray/optical-EUV
SFGand DFG processesto study the ultrafast dynamics at surfaces and
interfaces by directly probing valence charges on atomic timescales
and length scales. The information content of such experiments can
be considered in close analogy to spontaneous RIXS experiments,
but the achievable signal levels should be substantially enhanced in
the nonlinear process through the coherent mixing of the involved
fields and the associated phase-matching conditions (Fig.2). However,
generalization of optical/X-ray SFG is challenging because of its low
efficiency, which depends linearly on the intensity of the optical laser.
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Fig.2|Incoherent resonantinelastic X-ray scattering versus coherent sum
frequency generation. a, Comparison of the spontaneous and incoherent process
of resonantinelastic X-ray scattering (RIXS) and the stimulated coherent process of
sum frequency generation (SFG). In a RIXS process, the element-selective
core-excitation (of energy E,) decays spontaneously into alow-energy excitation
(Eo)- The near isotropically emitted photons must be energy-resolved to determine
the energy loss (E,). In SFGinstead, the coherentinteraction of the optical and
X-ray beams couples the low-energy excitation with the core excitation (E,and £,).
The SFG photon (E,) is emitted into the background-free phase-matching direction
anditdoes not need to be energy-resolved. To map out the low-energy excitation
spectrum for a given core excitation, the optical and X-ray photon energies both
need to be scanned synchronously. b, Calculated®® first-order and second-order
amplitudes of theinduced charge density oscillations in GaAs for an optical field
polarized along the [111] direction. Yellow indicates the electron density and blue
indicates the hole density. Higher-order X-ray/optical sum frequency generation
potential to become anovel time-resolved probe for light-induced charge
dynamicsinsolids on the atomicscale. Part ais reprinted fromref. 264 under
aCreative Commons licence CC BY 4.0; partbis reprinted fromref. 265 under a
Creative Commons licence CCBY 4.0.

Therefore, it requires optical intensities that are often larger than the
radiation damage threshold of most materials, which also need to be
optically transparent, therefore limiting the range of systems that can
beinvestigated.
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We earlier mentioned PDC, whichis similar to X-ray or EUV/optical
DFG: in the first such experiment, using the 002 reflection of an LiF
single crystal, phase-matched PDC of 8 keV (Cu-K,) photons from a
commercial rotating anode into single photons at 7.7 keV was achieved,
withidler photonsinthe EUV at 335 eV. This work was followed by X-ray
to EUVPDC studies at synchrotrons”® ¥ that demonstrated, in particu-
lar, that one can visualize the local optical response to EUV radiation
with atomic resolution’®°, Extending X-ray PDC to the optical domain
— X-ray PDC from 11 keV to 3-4 eV photons at a synchrotron has been
reported™ — could provide a powerful probe of charge oscillations,
for example, in phenomena associated with energies near the Fermi
level of metals or near the bandgap of semiconductors.

Overall, one of the key advantages of optical/EUV or optical/X-ray
SFG and DFG is that the optical pulse can be tuned to vibrational or
valence resonances, whereas the EUV/X-ray pulse can be tuned to spe-
cific core transitions. This tunability provides enhanced flexibility in
terms of resonance conditions corresponding to vibrational or elec-
tronic transitions and core transitions for systems lacking inversion
symmetry. Further enhancement of signals can be achieved using, for
example, plasmonicsin the case of electronic resonances.

Second-harmonic generation

Extending SHG into the EUV/X-ray domain offers the additional advan-
tage of element selectivity. Furthermore, the theory of X-ray nonlineari-
tiesin solids"""*'" assumes that, because all pertinent photon energies
aremuch higher thanthe binding energies of the electronsinlight ele-
ments, the electrons canbe treated as free particles, and the dominant
nonlinearity is plasma-like. EUV/X-ray SHG might thus provide a new
window into electron densities in the future. This nonlinearity is dif-
ferent from the optical-domain nonlinearities in that it is non-local,
second-order and can be observed in centrosymmetric materials,
provided that the electron density is non-uniform.

InEUV/X-ray SHG spectroscopy, theincidentbeamis resonant or
half-resonant with a core-to-valence transition, such that the resulting,
resonantly enhanced, background-free signalis sensitive to core levels
(Fig. 3a). By frequency-resolving the SHG radiation, the symmetry
breaking can be correlated to particular spectral features. The first
demonstration of short-wavelength SHG was made onadiamond crystal
using 7.3-keV photons from the SACLA XFEL with a pump intensity of
10*W cm™ (ref. 182). An SHG efficiency of 5.8 x 10" was reported.
This work was followed by SHG near the carbon K-edge (~284 eV) in
transmission geometry (Fig. 3b) ongraphite thin films at FERMI'®: the
experimental results and theoretical analysis highlighted the effect of
resonant enhancement above the CK-edge and showed the interfacial
sensitivity of the technique in a centrosymmetric sample with the
second-harmonicintensity predominantly arising from the first atomic
surface layer.

SHGwas demonstrated'®* fromanon-centrosymmetricbulk crystal
of GaFeO, using EUV pulses from the SACLA XFEL. The XFEL photon
energy was set to half the energy of the Fe 3p absorption (M-) edge
(53 eV) and the SHG signals were enhanced by a double-resonance
effect met by the O 2s - Fe 3d (interband) and the Fe 3p > O 2s (intra-
band) transitions (Fig. 3c,d). This enhancement offers exciting leverage
inthe study of transition metal oxides, inwhichitis possible to satisfy
the double resonance between the O L;-edges and metal M-edges and
thus enhance the signal. Note that, in contrast to Fig. 3b, this work was
carried out in reflection geometry, for which the wave vectors along
the sample surface are required to match (a condition that is automati-
cally satisfied) and the momentum transfer of the sample in the normal

direction does not give a critical condition in the regime in which the
wavelengthislongerthantheattenuationlength. This pointsto possible
application ofthe method to diverse samples and experimental condi-
tions. The same reflection geometry was implemented to investigate
the broken inversion symmetry in the polar metal phase of LiOsO,,
revealing an enhanced feature above the Li K-edge that reflects the
degree of Liatom displacement’’,

Probingburiedinterfacesusingoptical methods canbechallenging
and does not provide element-specificinformation. Recently, EUV-SHG
was used around 190 eV at FERMI to probe the buried interface of a
boronfilmwithasupportlayer of paryleneN, a prototypical inorganic—
organicinterface. The experiment revealed distinct spectral features
that are not observed in X-ray absorption spectra, demonstrating its
extraordinary interfacial sensitivity. With the help of electronic struc-
ture calculations, the boron-organic separation distance was derived,
but most important, sub-angstrom changes were shown to translate
into spectral shifts of the order of hundreds of millielectron volts that
are easily detected by EUV-SHG'™®,

HHG sources have also been used to carry out ultrafast SHG
experimentsinthe EUV, including one performed above the Ti M-edge
(32.6 eV) of solid titanium using high-power HHG sources®. Com-
parison of the observations with calculations using density functional
perturbation theory and real-time time-dependent density functional
theory suggested resonant contributions from Ti 3p to Ti3d transitions
tothe SHG signal at the Tisurface.

In summary, although EUV-SHG is still interface-sensitive,
hard X-ray SHG seems to respond to the bulk in the case of
non-centrosymmetric crystals. A systematic investigation of such
phenomena would widen the range of applications of EUV/X-ray SHG
and even of SFG and DFG methods.

Four-wave mixing

Extending FWM techniques into the EUV/X-ray domain brings fresh
insightinto the electronic structure and dynamics of the systems under
study.

Before the XFEL era, studies using EUV-HHG pulses had demon-
strated the coupling of fields either all-EUV asinref. 127 or optical and
EUV79808283187 I the latter cases, the transient grating was generated
by optical pulses and the EUV-HHG radiation by a third optical pulse
withinthe excited fringes. Exploiting the grating to disperse the various
harmonics offered an elegant way of monitoring the rotational wave
packets of molecular systems®, as the HHG signal is sensitive to the
alignment of the molecule with respect to the laser polarization. An
insightful use of FWM was demonstrated by combining an attosecond
EUV-HHG pulse and two separately timed, few-cycle, near-infrared
pulses'®®, to characterize the dynamics of the Na* L, ;-edge core excitons
in NaCl. Aninhomogeneous distribution of core excitons underlying
the Na' I'-point spectrum was deconvolved by resonance-enhanced
FWM. In addition, dark excitonic states that are coupled to the
EUV-allowed levels by the near-infrared pulses were characterized
spectrally and temporally. The coherence lifetime of the core-exciton
stateswas <10 fs.

Anexperiment at FLASH™’ extended a similar mixing of two opti-
cal photons with an EUV photon onanLiF sample. Instead of analysing
the spatial dependence of the emitted EUV at the same wavelength
astheincoming beam, a colinear scheme of optical laser and EUV FEL
was used, but the emitted photons were observed at energies offset
from the incoming EUV by two optical laser photons, in both an SFG
scheme and a DFG scheme. Strong enhancements of the signal at the
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Fig. 3| Extreme-ultraviolet and X-ray second-harmonic generation. a, Energy-
level scheme for EUV/X-ray second-harmonic generation (SHG): two input photons
of frequency w generate a third photon of frequency 2w. b, In the transmission
configuration for SHG experiments, the incident beam is focused onto the sample,
and the transmitted beam and the collinear second-harmonic signal (at double
the fundamental photon frequency, 2w) are dispersed by a grating that spatially
separates the second-harmonic signal from the fundamental, which are imaged
onacharge-coupled-device (CCD) camera. A reflection geometry, rather than the
transmission through the sample shown here, has also been used'®*. ¢, In the case
of EUV-SHG on a GaFeO; crystal, the SHG signal /,, has a quadratic dependence
ontheincident power /,, measured using the photoionization of Argasina
shot-by-shot manner (note the logarithmic scale). /,, is shown for photon energy
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Li 1s resonance were observed when either the incoming EUV pulse
or the emitted EUV photons hit the resonance. The signal strength
increased where the localized excitonic EUV resonances overlapped
withan opticallyinduced local resonance, but were below the detection
threshold at delocalized band structure features. This result opens a
new window into probing the localization degree of excitations in mat-
ter using nonlinear spectroscopy and provides an experimental step
towards realizing more complex experiments (Fig. 2).

X-ray diffraction has long been used to probe optically induced
transient gratingsinsynchrotron-based experiments. The X-ray pulse
can probe the grating at a spatial resolution limited by the grating
period. The amplitude of transient surface deformations was deter-
mined with sub-angstrom resolution, and control of the amplitude
and the phase of athermally deformed surface was achieved*"”". This
approachhasalsobeenused to study photoinduced strain (structural

grating) with an amplitude proportional to the optical flux, as well as
magneto-structural phase transformations'®.

Of the various short-wavelength FWM schemes (Fig. 1), TG spec-
troscopy has emerged as one of the most popular as it offers element
specificity, smaller nanometre-scale grating periods and large momen-
tumtransfers (Table1) and also access to new kinematic regions (Fig. 4).
Indeed, in such experiments, the temporal information about the
low-order nonlinear light-matter interaction is mapped into the spa-
tial domain where it can be observed against a zero background*. This
enables measurementsin which only asmallfraction of the molecules
isexcited, asis the case for typical diffracted signals (for more details,
see Figs.5and 6). To fully benefit fromthe capabilities of EUV/X-ray TG
spectroscopy, the probe pulse must also be in the EUV or X-ray range,
which means controlling two such pulses in energy and time — a task
that remains challenging.
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Fig. 4 |Kinematic regions that are accessible using existing techniques. In
energy, timescale and momentum transfer (Q), accessible regions are indicated
for transient grating (TG), Brillouin light scattering (BLS), inelastic ultraviolet
scattering (IUVS), inelastic X-ray scattering (IXS) and inelastic neutron scattering
(INS). Highlighted is the region that becomes accessible using extreme-
ultraviolet transient grating (EUV-TG). Dotted lines indicate energies of collective
excitations with characteristic speeds of sound of 500 ms ™ and 7,000 ms™, which
are commonly associated with, respectively, low-density (such as gases) and
high-density (such as glasses) disordered systems. Adapted with permission from
ref.309, Elsevier.

However, a first major step has been taken'”, using two ultrashort

(60-80 fs) EUV (27.6 nm) pulses from the FERMIFEL to generatea TG on
aSiO, glass and then probe it with a-100-fs optical beam at 392.8 nm.
Theresults (Fig. 6b) clearly show the electronic response attime¢=0,
followed by an appreciable signal up to At =130 ps. For At >10 ps, the
signal was ascribed to thermal relaxation and longitudinal acoustic
modes, whereas at shorter times (<1.6 ps), coherent oscillations owing
tooptical (Raman) phonon modes were observed, demonstrating that
EUV TGs candrive coherent excitations in the sample, an observation
that was confirmed on other systems.

Probing an EUV-generated TG with an optical pulse severely
limits the spatial resolution, as already mentioned. Therefore, in a
subsequent experiment'**'*, the FERMI team demonstrated all-EUV
TG (Fig. 5a) onsilicon or silicon nitride. The third EUV probe pulse was
time-delayed with respect to the first two but was of identical energy.
Thetimebetween the pump and the probe pulses was tuned using the
split-and-delay scheme shown in Fig. 5a. The signal exhibits coherent
phonon oscillations on top of a slowly decaying background (Fig. 6a).
The latter, along with the damping of the oscillations, are related to the
thermal equilibrationtime. Most remarkable is the absence of the elec-
tronicresponse peakat ¢ =0, whichoccursintheall-optical oroptically
probed EUV TGs'* (Fig. 6b). This is because refractive index changes
atoptical wavelengths are highly sensitive to electronic excitations of
the conduction or valence band, whereas at EUV wavelengths, they are
mostly sensitive to changes in the total electronic density, making the

all-EUVtransient grating signal sensitive to the structural response. This
offers a way of distinguishing electronic and nuclear responses in
materials.

The demonstration of EUV TGs'**'* led to a flurry of studies on
the generation of coherent acoustic and optical phonons*'”’; the
element specificity of the EUV-generated resonant TG'*%; the probing
of thermoelastic properties of materials' and the generation, control
and probing of magnetic patterns®°>*"’, The latter three studies used an
all-EUVTG configuration. The work on magnetization TGs, with periods
of a few tens of nanometres in a CoGd alloy*°°, was carried out using
two pump energies: one resonant with the M-edge of Co and the other
(non-resonant) at halfthe energy of the first. In both cases, the probing
wasresonant with the M-edge of Co. It was found that the patterns of a
sample magnetized to saturation (by an external static magnetic field)
appear onasub-picosecond timescale (similar to the electron—phonon
relaxation in a metal) as the sample is thermally demagnetized by the
EUVtransient grating; they decay on timescales of tens of picoseconds,
suggesting that thermal transportis the leading mechanism that erases
the magnetization grating. The transient grating period dependence
was investigated (Fig. 6¢), indicating a transport process. Indeed, on
the timescales of the decay, the lattice, electronic and spin systems are
in thermal equilibrium, and as the temperature grating is erased by
thermal diffusion, the magnetization grating also decays. This result
is also a clear manifestation of the effect of the grating periodicity on
the transportkinetics.

Going to the shorter wavelength regime of hard X-rays opens
up an even smaller range of nanoscale grating periods (Table 1), for
which the nature of transport and, in particular, the crossover from
ballistic to diffusive transport are largely unexplored. The challenge in
this spectral domain is the lack of reflective optics — but this has been
circumvented®*>?® using diffractive optics, namely, the Talbot effect
(Fig. 5b), first to demonstrate the formation of permanent gratings on
solid samples using 3-keV photons from the SwissFEL?** and then to cre-
ateaTGinbismuth germanate at 7 keV, which was probed by an optical
pulse at400 nm (ref. 202). This experiment demonstrated hard X-ray TG
spectroscopy, with the signal (Fig. 6d) exhibiting the same optical phon-
onsasinthenon-resonant EUV-transient grating experiment discussed
earlier. Inthelatter case, they were attributed to a displacive excitation
andinoptical experiments toimpulsive stimulated Raman scattering™*,
but the mechanisminthe case of hard X-rays is yet to be determined.

Morerecently, hard X-ray TG generation was achieved®” by cross-
ingtwo X-ray 30-fsbeams generated by an X-ray split-delay line (Fig. 5a)
atLCLS?®; the TG was then probed by an optical pulse. This result opens
the possibility of delaying one of the two pump pulses and perform-
ing frequency-resolved optical-gating (FROG) detection of X-ray TG
measurements —animportant development towards multidimensional
core-level spectroscopy.

It has been shown that hard X-rays caninteract and even manipu-
late magnetic orders (such as domains), just like EUV radiation but with
theadvantage of smaller grating periods, down to afew nanometres*”’.
For example, manipulation of magnetic domains has been achieved
through impinging high-intensity permanent gratings at 7keVin a
sample of thulium-substituted yttriumiron garnet with perpendicular
magnetic anisotropy. This experiment also indicates that by reducing
the X-ray flux, transient excitation of magnetic orders, such as mag-
nons, can be triggered and subsequent dynamics can be probed at
the characteristic scales of the collective excitations. Although using
permanent gratings, this experiment implies that magnetic TGs could
also be generated using hard X-rays with nanoscale periods.
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Thelatest experiments have explored optically probed hard X-ray
TG spectroscopy in solutions and all-hard X-ray TG spectroscopy in
solids; results are being analysed at present.

Theoretical developments

Emerging nonlinear experimental capabilities, and the advances they
entail, require robust theoretical and computational tools to model
and support the interpretation of signals, as well as to inspire innova-
tive experiments®’®. These studies operate either in the static regime,
developing and utilizing efficient and accurate electronic-structure
methods for the calculation of core-hole states***?", or in the
time-dependent regime through the calculation of molecular dynam-
ics using different numerical methods****%. The computation of
time-resolved X-ray signals poses theoretical challengessuchasaccurate
and practical calculations of core-excitation energies”°>>?*?** which
are required to pre-screen possible experiments and make optimal
use of beam time.

The idea to probe optically induced charge distributions using
optical/X-ray wave-mixing dates back to the 1970s"'*"""*%, Subse-
quently, the experimental realizations of X-ray PDC to EUV"$78780 o
to UV-visible' photons have been interpreted convincingly using
theoretical models”*¥?2¢, complementary to those used for the analy-
sis of optical/X-ray SFG and DFG. The advent of XFELs also initiated
theoretical work aimed at interpreting the first results, essentially on
the multiphoton processes in atoms, yielding good agreement with
experiment5122,131,134,2277230.

Theoretical efforts have been made over the past 10-15 years to
explore and propose new experiments that can exploit the capabilities
of XFEL and HHG sources. Some of these are discussed in the next sec-
tion. The success of optical/X-ray SFG"” at an XFEL prompted renewed
theoretical activity inthis area, including the development of ageneral
theoretical framework for the interaction of general Floquet systems
with an X-ray pulse'>"?*>2, The Floquet theory is used to describe
non-perturbatively the laser-driven electronic system. The scattering
probability of anarbitrary non-resonant X-ray pulse from suchasystem
isobtained using the density-matrix formalism. These studies show how
the time-dependentelectron density of acrystal can be reconstructed
from energy-resolved scattering patterns.

Carefulinspection of the multipoint correlation functions appear-
ing in the expression of time-resolved X-ray diffraction signals shows
thatdiffraction also occurs from coherences ontop of the usual popu-
lation contributions*****, The diffraction from coherences is usually
neglected because it does not scale with the total number of electrons
in the system, but rather depends on the few electrons involved in an
optical transition. However, it is of interest to extract the coherence
terms from the signal because they contain direct information on the
motionofthechargesatanygiventime. These provide newsignatures of
elementary dynamic phenomenain molecules and solids******?*'such
as electronic coherence created at conical intersections**, evolving
electron and nuclear densities and structural changes.

The simplest way to access these phenomenais to perturbatively
disturb the molecular system with an optical field, and, at the first
order in this actinic field, this corresponds to a two-point correla-
tion function of a dipole operator and the charge density operator.
Becausethe charge density interacts with the square of the field vector
potential, the signal is reminiscent of an SFG process from the field
perspective, and is therefore named X-ray sum frequency diffraction®*.
In a more general perspective, the actinic excitation can be treated
non-perturbatively, typically numerically, leading to the more general

ultrafast X-ray diffraction signal of non-equilibrium states that is only
accessible by ultrabright, femtosecond XFEL pulses®.

Using real-time time-dependent density functional theory
simulations, DFG has been extended to the resonant case (known as
resonant-DFG or re-DFG) in core transitions of specificatomsinamolec-
ular system'*>'>*, Compared with the third-order stimulated Raman
process, re-DFGis a parametric process and therefore does not excite
the molecule. The expected re-DFG signal strength is estimated to be
stronger than the competing stimulated Raman process.

Outlook

The aforementioned survey of ultrafast EUV/X-ray nonlinear theoretical
and experimental techniques shows therich perspectives they offerin
terms of fundamental science and possible applications. In the follow-
ing, we discuss upcoming technical, methodological and theoretical
developments and how they can shape the future of the field.

Source and method development
Sources. As for the optical domain, the development of nonlinear
EUV/X-ray science has been enabled by and will expand hand-in-hand
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Fig. 5| Experimental set-ups for extreme-ultraviolet/X-ray transient grating.
a, Principle of the split-and-delay scheme used for the all-extreme-ultraviolet
transient grating experiment at FERMI. The incident pulse (red) is split using
plane mirrors (PM1, PM2) and, passing via solid-state filters (SSFs) and focusing
mirrors (FMs), is used to excite the sample. The probe beam (green) is deflected
and time-delayed using a set of adjustable plane mirrors (PM3 and PM4, witha
delay line, DL) before being also sent on to the sample. b, In this X-ray free-
electron laser (XFEL) scheme, on the basis the Talbot effect, the hard X-ray
transient grating is probed by an optical pulse (red) and excitations detected
using a charge-coupled-device (CCD) camera. Part areprinted with permission
fromref.195, AAAS; part b reprinted fromref. 202, Springer Nature Limited.
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Fig. 6 | Representative extreme-ultraviolet/X-ray transient grating signals.
a, The signal intensity for all-extreme-ultraviolet (EUV) transient grating (TG)
(both pump and probe have awavelength of 13.3 nm) on a sample of Si;N, is
shown as afunction of the time delay At (between excitation and probe) for the
TG period L; =28 nm. At At < 0, the signal is absent because there is no grating in
the sample to diffract the probe beam. The signal appears after At = 0 and exhibits
coherent phonon oscillations (at the wavelength ;) on top of acomponent that
is slowly decaying (red line) via thermal transport'***'°. b, Early time response of
the all-EUV-TG signal for L;; = 85 nm (black dots) and the EUV-TG signal probed
by optical pulses (blue dots, L;; =280 nm)***'**, The much slower rise of the
all-EUV-TG signal depends on L;¢. The maximum signal is delayed by one-half
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oftheacoustic oscillations period, indicating that the dominant contribution

to the signal originates from density changes. ¢, L;; dependence of the all-EUV-TG
magnetization signal of a 9-nm-thick film of Co, 5,Gd, ,, deposited on asilicon
nitride membrane and probed at the M, ;-edge of Co (59.6 €V/20.8 nm): shown
for Ly =43.6 nm (yellow circles) and L;; = 87.2 nm (blue circles). In both cases, the
external magnetic field was 40 mT. Solid lines are exponential fits with an offset
correction. d, Hard X-ray TG signal of bismuth germanate at 7.1 keV (L;; = 770 nm),
probed at 400 nm. Coherent optical phonon oscillations can be seen riding on

an exponentially decaying signal (fitted blue line). Parts aand b reprinted with
permission fromref.195, AAAS; part c reprinted with permission fromref. 200,
ACS; partdreprinted fromref. 202, Springer Nature Limited.

withinstrumentation. Inreturn, the drive for nonlinear science is moti-
vating several upgrades to existing XFELs, aimed atimproving the emit-
ted pulse features: ranging from time duration to spectral purity and from
repetition rate tomulticolour generation. Besides the external-seeding
upgrades mentioned earlier, SASE FELs are moving towards self-seeding
schemes®”, which provide pulses of more stable energy, and durations of
hundreds of attoseconds but with random intensities™®, The upgraded
LCLS-Il machine promises a major jump in capabilities owing, in par-
ticular, to an increased repetition rate (from 120 Hz to the megahertz
regime), which will enhance signal-to-noise ratios.

Many of the theoretical schemes'®>'¢8169244245 b roposing stimu-
lated X-ray Raman, emission and/or multidimensional X-ray spec-
troscopy rely on the use of spectrally broad, attosecond pulses that
wouldinaddition need to be phase-locked and temporally controlled.

Experimental demonstrations of stimulated X-ray Raman and emission
spectroscopy are realizing these predictions and showing the way
forwardl47,l70*172,246.

Animportant goalinbroadening the use and applications of non-
linear EUV/X-ray methods is to make them more accessible by develop-
ingsmaller, table-top systems. HHG sources are making progress in this
respectand interms of repetition rate and energy or pulse stability>**
Their ultrashort duration means high peak powers, which, forexample,
favour second-order processes such as TPA while minimizing sample
damage.

Major efforts are being made to develop compact and eco-
nomic accelerators. A new technology that could reduce the size of
particle accelerators is plasma wakefield acceleration?". Laser wake-
field accelerators can sustain accelerating gradients more than three
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orders of magnitude higher than those of current (radio-frequency
based) accelerators and are considered an attractive option for driving
compact XFELs. The realization of such devices remains a challenge
owing to the relatively poor quality of electron beams from a laser
wakefield accelerator. Nevertheless, amplified undulator radiation
at27 nmhasbeenreported witharound 10" photons per pulse?*¥, and
infrared FEL radiation with the typical exponential growth of its energy
over six consecutive undulators has been demonstrated*’. Compared
with SASE, the seeded FEL pulses have energies two orders of magni-
tude larger and a three-times-higher stability. The seeded configura-
tion was also demonstrated at 270 nm with control over the radiation
wavelength?°.

Pulse characterization. TG spectroscopy can also be implemented
tocharacterize ultrashort pulses, overcoming the limitation of instru-
mentation electronics that are too slow. This is routinely done in the
optical regime by FROG methods in which by spectrally resolving a
nonlinear signal as a function of time delay, it is possible to obtain
femtosecond or attosecond resolution owing to the radiation-matter
interaction that provides an ultrafast ‘shutter’™". Inarecentstudy, tran-
sient grating-FROG was applied at FERMI**’to measure the pulse length
and coherence on a shot-to-shot basis by means of an EUV-transient
gratingand anoptical probe onaslowly responding medium (an Si;N,
film) — thus not only demonstrating the applicability of the method at
short wavelengths but also providing a valuable tool to characterize
EUV-HHG and FEL pulses.

Multidimensional covariance signals. Most nonlinear spectroscopy
protocols were originally designed for coherent, phase-controlled
pulses. Although seeded FELs at EUV frequencies (such as FERMI) do
provide coherent pulses®*>**** soft to hard X-ray FELs mostly involve
noisy SASE pulses®. Their stochastic nature presents abottleneck for
the implementation of nonlinear spectroscopies that require repro-
ducible, phase-controlled X-ray pulses. Correlation methods — based
on, for example, a covariance analysis or ghost imaging — represent a
promising route to overcoming this issue and retrieving information
from noisy stochastic signals'’**>2%8, These methods exploit the fact
that each measured signal is uniquely related to the FEL pulse gener-
ating it. They have been proposed to record the so-called transient
ultrafast electronic coherences by attosecond stimulated X-ray Raman
signals (TRUECARS) signals (which are discussed below).

Spectral covariance methods can be extended to abroad range of
time-resolved X-ray signals, as long as different frequency-dispersed
observables, suchastheincident and transmitted pulse intensity pro-
files, can be measured and correlated. For instance, a correlation analy-
sisof the frequency-resolved diffraction signal would enable separation
of elastic and inelastic diffraction patterns and thus the imaging of
the motion of electrons directly involved in the studied molecular
dynamics®®. This calls for the development of new detection methods,
as well as improvements in the characterization of the X-ray pulses
available at FEL sources®***°,

Open questions and future developments

We now discuss some of the experimental and theoretical possibilities
offered by nonlinear X-ray/EUV science and the questions that must be
answered in order to expand the use of the methods, described above.

Surface and interface processes. There is an acute need to probe
photocatalytic or electrocatalytic processes at surfaces or at buried

interfaces, such as in batteries. The existing schemes®*' 2% usually

combine a wide variety of methods that are largely not surface- or
interface-specific (ambient pressure ultraviolet or X-ray photoelectron
spectroscopy, electron or X-ray diffraction, X-ray absorption or emis-
sion spectroscopy and others) making them complex and, at times,
difficult to interpret. The capabilities opened up by core-level SHG,
SFG and DFG (eventually combined with valence excitations for SFG
and DFG) offer aunique approach to probe processes in systems such
as heterojunctions and non-centrosymmetric materials with element
selectivity, surface specificity, ultrahigh temporal resolution and
under ambient conditions. They have the potential to become routine
methods for the characterization of catalytic processes, even in the
laboratory, as SHG has been demonstrated using HHG sources®. Such
studies could be further extended to biological surfaces, for example to
membranes, to probe ion exchange therein.

X-ray/optical SFG and DFG processes can be regarded as the
coherently stimulated conversion of aspontaneous X-ray decayintoa
low-energy excited state’®* (Fig. 2a). First-order X-ray/optical mixing
has been demonstrated"”’, and we have indicated how another level of
insight into the charge distribution can be gained by mixing the X-ray
photon with one or more optical photons to generate a photon with
energy that is the sum (or difference) of the energies of the incoming
X-ray and optical photons™’ (Fig. 2b). Multiple Fourier components
of both the first-order and second-order scattering processes (that
is, for the mixing of one or two optical photons, respectively) have
been calculated® for the optically induced charge distributionin a
GaAs unit cell (Fig. 2¢), indicating the feasibility of such experiments.
Higher-order studies can deliver new views of functional matter, in
which the dynamics of low-energy excitations determine the interaction
withthe environment. Applications range frominformation technology
for data processing and storage to highly specific sensing devices.

Chirality. Chirality remains one of the most active areas in applied
spectroscopy, owing to demand from the pharmaceutical and chemical
industries. The most-used method s circular dichroism spectroscopy,
which has intrinsically weak signals (typically 0.1% of the total absorp-
tion). Moving into the X-ray domain enhances the signals, in principle,
as the higher-order terms of the Hamiltonian for light-matter inter-
action scale as the inverse of the radiation wavelength, and element
selectivity is possible. Efforts are ongoing to implement steady-state
and time-resolved linear X-ray circular dichroism (and also helical
dichroism)?**?"! but further enhancements in signal intensity and
selectivity could be achieved by moving to the nonlinear regime.

It was found in the 1990s that optical-domain SHG exhibits
large chiral-specific responses on thin films and macromolecular
assemblies”> >, Furthermore, theoretical and experimental studies
have confirmed the viability of detectable SFG signals inisotropic chiral
media”’?*, Implementing X-ray SHG and optical/EUV or optical/X-ray
SFG and DFG would provide a further degree of selectivity both on the
optical side (vibrational or electronic excitations) and the EUV/X-ray
side (core transitions).

Chiral crystals have alattice structure withawell-defined handed-
ness owingto the lack ofinversion, mirror-plane or other roto-inversion
symmetries. They are often topological solids in that the bulk is insu-
lating, whereas the surfaceis conducting. Their electronic structureis
thesubject of intense investigations?*>?** but remains largely unchar-
acterized. Using optical/EUV or optical/X-ray SFG and DFG with circu-
larly polarized pulses would help unravel their topological electronic

properties, in particular when it comes to higher-fold chiral fermions®*,
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Inparallel, theoretical developments are needed to properly describe
their electronic structure.

In the mid-1990s, Masahide Terazima proposed using a TG to
enhance the detection of circular dichroism®®. His idea was to use two
beams that are linearly polarized at 90° to each other which creates
acircularly polarized excitation grating that can then be detected
background-free by athird probe pulse. Furthermore, only the differ-
enceinabsorptionis detected as the TG signal. Recent developments
in the fields of EUV/X-ray chirality”%?"?%?% and EUV/X-ray TG spec-
troscopy 3290202287 syggest promising prospects for such studies®®,
Inaddition, nonlinear chiral signals offer away to control which chiral
pathway contributes to the final signals by using various polarization
and pulse-geometry configurations®’. X-ray Raman optical activity can
be considered afourth-order nonlinear process, involving two interac-
tions with theincoming beam and two interactions with the spontane-
ously emitted photons®*, When four classical fields are involved, it is
possible to design a large class of chiral X-ray FWM techniques®%?%’:
numerous pseudoscalars can be constructed from four-point-corre-
lation functions and theirreducible tensor formalism proves useful to
categorize the set of allindependent combinations of incoming beam
polarizations needed to extract them. Such techniques combine the
advantages of nonlinear X-ray techniques such as stimulated X-ray scat-
tering (for example, probing a large manifold of states using a single
technique) with the sensitivity of inversion breaking of chiral signals.

Conical intersections. As already discussed, using stimulated X-ray
Raman and X-ray emission, signal levels can be substantially enhanced
owing, in particular, to the formation of a directed emitted beam that
carries all the information and that can be very efficiently detected
background-free. Furthermore, attosecond pulses from XFELs make it
possible tobeat the core-hole lifetime and further enhance the stimu-
lated signals. Such experiments could thus preserve the high informa-
tion content of RIXS, but the higher signal levels enable access to new
parameter spaces (such as external fields, chemical compositions
and pressure) in which systematic studies have been inhibited by the
required long acquisition times. New schemes are being imagined
to exploit these stimulated signals in order to address outstanding
scientific questions.

An elementary molecular process that has received much atten-
tion is the passage through conical intersections: when the adiabatic
states become degenerate, electronic and nuclear motions become
strongly coupled, which opens ultrafast, non-radiative relaxation
channels that can either go back to the reactant geometry or lead to
photochemical pathways that generate new products, otherwise not
accessible in the electronic ground state. Ultrafast conical intersec-
tions thus determine the outcome of photo-induced processes, such
asthe primary event of vision”**' and the photostability of DNA nucle-
obases against ultraviolet radiation?”’. Their spectroscopic detection
remains a formidable challenge because it requires precise temporal
resolution and a broad, few-electronvolt observation bandwidth.
Ultrafast X-ray absorption or emission spectroscopy have been pro-
posed as tools for their detection®"?>, such that the temporal and
spectral profiles of the conical-intersection passage are read off by
the changesinthe absorption or emission lines, with the pump-probe
delay encoding the dynamics of the system. Efforts are ongoing in
this direction®*72%,

Also proposed is a probe of electronic coherence emerging at
conical intersections, denoted TRUECARS*"***?**_Here, the X-ray
probe pulse is tuned off-resonance with any material transition, and

astimulated Raman process between electronic states is induced. No
probe photon is absorbed, but the spectrally dispersed probe pulse
exhibits an energy redistribution on interaction with the molecule,
stemming from Stokes and anti-Stokes Raman processes and leading to
characteristicgainand loss features in different spectral regions. This
signalrequiresthe electronic states to be ina coherent superposition,
facilitated by conical intersections through wave-packet bifurcation
and subsequent population of both electronic states. The signal is
background-free from state populations that dominate the transient
absorption signal and it provides an unambiguous and direct probe
of conical intersections. It has been proposed for the monitoring of
conicalintersections innucleobases?”**’, bichromophoric molecules®*
and dendrimers®®.

The aforementioned multidimensional covarianceis exemplified
inTRUECARS, which requires phase-controlled pulses, but it would be
similarly applicable for other frequency-resolved signals. For stochastic
FEL pulses lacking phase control, the TRUECARS averaged over inde-
pendent repeated measurements are expected to vanish. However,
spectrally and temporally resolved information can be retrieved by an
analysis of the spectral covariance between the signal and the incident
pulseintensity. This two-frequency covariance map provides informa-
tion by exploiting the correlations between the spectral components
of the stochastic pulse, and for TRUECARS it offers the same depth of
physical information that could be obtained using phase-controlled
pulses®**. Theimplementation of covariance methods at FELs requires
knowledge of the correlation properties of the field, such as the n-point
spectral correlation functions®’.

Nanoscale transport. EUV-TG methods are now well-established tools
to probe the lattice, electronic and magnetic dynamics of materials.
The ability to tune the grating period offers a window of opportunity
for the study of various nanoscale to mesoscale transport phenomena,
provided that an all-EUV geometry is used'”. The nanoscale is hard to
reach using present techniques, exceptinafewrare cases’” —however,
the demonstration of hard X-ray TG**>?® opens it up, provided an all-
X-ray TG configuration is adopted. This capability is being expanded
to probe nanometre grating periods withadequate resolution. Recent
data from experiments at SACLA and LCLS are being analysed. The
extension of hard X-ray TG spectroscopy to (bio)chemical systems
would offer access to short-range electron-'’ and energy-transfer®°2-3%*
processesin biosystems as well as to chemical dynamics and diffusion
in solutions. Indeed, in order to study diffusion, an experiment was
carried out at the SwissFEL making a TG at the Fe K-edge of ferrioxalate
inan aqueous solution”, which was probed with 800-nmand 400-nm
pulses. Further extensions into the all hard X-ray TG spectroscopy
are envisaged.

Thefullexploitation of short-wavelength TG techniques calls, how-
ever, for aconvincing demonstration of its element specificity. This is
alsoanecessary condition for the extension of EUV/X-ray TG to multidi-
mensional spectroscopies. Studies reporting effects owing to specific
core-transition edges'**reflect the increased absorption coefficient at
the edge, but no genuine dynamics launched via excitation of specific
atoms has so far beenreported. A corollary to thisissue is the descrip-
tion of the generation mechanism of the excitation. The EUV-TG gener-
ated optical phonons of bismuth germanate'*® at 2.7 THz were similarly
observedinahard X-ray transient grating experiment®** (Fig. 6d) and,
in opticalimpulsive stimulated Raman scattering experiments**,and
were attributed to a displacive excitation®”. The fact that they appear
in all three types of experiments calls for an understanding of the
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generation mechanism of these phonons if one wants to exploit EUV
or X-ray TG techniques for manipulating and controlling the dynamic
properties of materials.

EUV-TG spectroscopy is the analogue of a time-domain EUV
Brillouin scattering experiment. As such, EUV-TG experiments can
fill the gap between optical and X-ray or neutron Brillouin scatter-
ing (Fig. 4). All-EUV-TG spectroscopy has high potential to be devel-
oped into a characterization tool — such as for nanoscale thermal
transport, up to the Brillouin zone boundaries, in semiconductors
and nano-devices — directly measuring the phonon mean-free-path,
demagnetization dynamics of ferromagnets, collective dynam-
ics of disordered systems (glasses and liquids), disentangling the
electronic-magnetic-lattice channels and more. Anew areato explore
at the nanoscale is supercritical fluids, and in particular, given their
importance in several applications, their non-equilibrium dynamics
associated with cluster transitions and density fluctuations in binary
mixtures.

Multidimensional core-level spectroscopies. Finally, the availability
of tunable, attosecond and time-delayed multicolour pulses at HHG
and XFEL sources is opening the way for EUV/X-ray multidimensional
spectroscopies that will enable the direct interrogation of different
atomic centres in a system on the timescale relevant for coherent
electronic processes®®. The full understanding of the entire range of
core-level nonlinear methods described earlier (stimulated Raman'"*"7,
stimulated emission, multiphoton absorption' and so on) and the
establishment of element specificity in TG experiments'* are all ingre-
dients necessary for the development of multidimensional core-level
spectroscopiesinwhichthe crosstalk between different atomic centres
(such as those suspected in two-centre metal complexes®*®) can be
monitored in real time. The theoretical framework for such experi-
ments exists'>****2% and we are confident that these experiments
will berealized in the near future.

Published online: 25 September 2023
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