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Abstract: 

Novel sources of Extreme Ultraviolet (EUV) to hard X-ray photons, such as High-Harmonic 

Generation (HHG) table-top systems and X-ray Free Electron lasers (XFEL) is providing the 

scientific community with short-wavelength (sub-200 nm), intense, coherent, tuneable and 

ultrashort pulses. These specifications enable non-linear optical and spectroscopic methods 

in the short wavelength regime, akin to what occurred with Terahertz (THz) to Ultraviolet (UV) 

non-linear optics and spectroscopy over the past sixty years. The wavelength range of core-

transitions provides element-specificity, orbital-selectivity, structural resolution down to the 

sub-nanometer scale and, for some of the methods, high momentum transfers across typical 

Brillouin zones. In addition, polarisation control and sub-femtosecond temporal resolution 

open up new frontiers in Science. In this Roadmap article, we first review the emergence of 

this nascent field over the past ten years or so, including methods such as sum/difference 

frequency generation and second harmonic generation, 2-photon absorption, stimulated 

EUV/X-ray emission/Raman and transient grating spectroscopy. We then discuss the unique 

opportunities offered by these methods and the novel perspectives they provide for probing 

elementary dynamical events in a wide variety of systems. 
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I. Introduction: 

The advent of the laser in the early 1960s represented a revolution in science and technology 

that is affecting our lives to this day. One of the most salient developments of this revolution 

has been the birth of non-linear (NL) optics enabled by the high intensity and coherent laser 

beams. Indeed, the first observation of two-photon absorption (TPA) by Kaiser and Garrett1 

and second harmonic generation (SHG) by Franken et al2 in 1961, initiated the field, 

culminating in its recognition by the Physics Nobel Prize awarded to N. Bloembergen in 1981.3 

Optical-domain (ultraviolet, visible, infrared, terahertz) NL methods constituted a major 

advance in experimental and theoretical physics, in materials science, in chemistry and in 

biology. NL optics have played a key role in the expansion of laser technology into fundamental 

sciences and applications, leading to the birth of photonics and optoelectronics. Indeed, a very 

wide range of methods have been developed, such as multiphoton absorption that enables 

excitation of dipole-forbidden transitions and widen the spectroscopic analysis of systems. 

Processes such as SHG and sum/difference frequency generation (SFG/DFG, see figure 1 top) 

are due to the second-order susceptibility (χ(2)), and are routinely used in laser laboratories, in 

particular on non-centrosymmetric samples, e.g., surfaces, interfaces and chiral systems, to 

provide valuable static and dynamical structural information. They allow generating electric 

fields at wavelengths different from those of the incoming laser pulses and as such, are very 

much used for fundamental studies. In systems without inversion symmetry, second-order 

processes do not occur and in this case, the third-order susceptibility (χ(3)) has to be considered 

as the lowest order nonlinearity. A notable example of third-order processes is third-harmonic 

generation (THG) of a laser beam interacting with a crystal, which leads to a tripling of the 

incoming beam frequency (see Figure 1, bottom).4  These four-wave mixing techniques further 

enhance the above capabilities and allow, e.g. via transient grating spectroscopy, to probe 

transport phenomena (heat, charge, magnetism, etc.) in materials and solutions.  

NL methods have been key to generate multicolour pulses for further use in fundamental 

studies. They are also the basis for introduction of new imaging methods, e.g. based on 

Coherent Anti-Stokes Raman Scattering (CARS) or stimulated emission depletion (STED) 

microscopy, that are finding widespread applications, especially in medicine. They have also 

enabled a number of new developments ranging from metrology to laser machining and from 

optical communication to optical computers to mention a few.5  

Pulsed lasers pushed NL methods to the next level because they enable higher and higher 

peak powers for NL phenomena due to the increasing energy per pulse as well as shorter pulse 

durations. As a consequence, NL methods have been key to fundamental time-resolved 

studies, first with picosecond time resolution at the end of the 1960s,6,7 then with 

femtosecond (fs) resolution at the end of the 1970s,8 bringing about another revolution as it 

became possible to access the time scale of nuclear motion within molecules, materials and 

proteins that are activated by an initial (pump) pulse. These developments were recognized 

with the Chemistry Nobel Prize to A. Zewail in 1999.9 The span and breadth of NL laser 

methods in both fundamental research and in applications is beyond the scope of this article 
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and we refer the reader to the many excellent books and review articles that are regularly 

published in this field. Our purpose here is to examine the recent developments that have led 

to NL methods being extended to shorter wavelengths that enter the region of core-

transitions, i.e. the extreme ultraviolet (EUV) to the hard X-ray range. Definitely, in addition to 

providing element-selectivity both in the probing and in the excitation, the short wavelengths 

imply a structural-sensitivity and a change of regime in the definition of symmetry, as now the 

excitations are localised on atoms rather than on molecules or bands in a solid. At such short 

wavelengths, matter does appear much more structured than in the macroscopic limit seen 

by wavelengths that are much longer than atomic distances. 

The advent of extreme ultraviolet (EUV), soft and hard X-ray Free Electron Lasers (XFELs) over 

the past 10-15 years,10–14 as well as the development of table-top EUV light sources based on 

high-order harmonic generation (HHG)15–21 are heralding a new revolution in Science. The 

several orders of magnitude increase in photon flux per pulse (for XFELs, typically a factor of 

106) compared to conventional pulsed X-ray sources such as synchrotrons, along with the fs 

to attosecond (As) pulse duration commonly reached by HHG sources, and nowadays also at 

XFELs, make these sources game changers for time-resolved X-ray spectroscopic and 

scattering methods.22–25 In addition to pushing the limits of these linear pump-probe methods, 

the high fluxes and peak powers of XFELs and HHG sources are enabling the NL revolution in 

EUV/X-ray science. This field is nascent, but the past ten to fifteen years have already brought 

a handful of results, which promises a development akin to what happened following the birth 

of the laser in the early 1960s.  

There has already been a number of reviews that have partly dwelt with these developments, 

either using HHG sources or XFELs.25–27 However, in this Roadmap article, we survey the 

capabilities offered by these light sources and the NL methods they enable. We focus on 

experiments, at photon energies >50 eV (<25 nm) and the current XFEL upper limit of 20 keV, 

that have so far been carried out on atomic and molecular systems, on chemical systems and 

on solid materials. We then elaborate on the perspectives, guided by technological and 

theoretical developments, that are enabled by these novel methodologies. As most of the 

EUV/X-ray results have been obtained at XFELs due to their high photon fluxes, this article 

mostly reports work carried out on such facilities. However, important results have also been 

demonstrated on table-top HHG sources which, in addition to being important milestones, are 

also promising in view of transferring the EUV/X-ray NL methods from large scale facilities to 

the university or industrial laboratories. 

II. Instrumentation and Methods 

Excellent reviews28–33 already provide a detailed description of the various HHG and XFEL 

sources of ultrashort EUV/X-ray pulses. In addition, strident progress is continuously being 

done in enhancing their capabilities. This is the reasons why here, we will only briefly recall 

the general characteristics of these sources of relevance for EUV/X-ray NL methods. 

II.1 X-ray Free electron lasers (XFELs) 
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X-ray Free Electron Lasers (XFELs) facilities consist of a linear electron accelerator followed by 

a series of undulators i.e. periodic magnetic devices. The electron bunches are accelerated to 

relativistic speeds and, once in the undulator, they undergo a periodically alternating 

transverse acceleration releasing photons through the synchrotron process.32,33 In FELs the 

emitted electromagnetic field becomes sufficiently strong and its interaction with the 

transverse electron current causes some electrons to gain and others to lose energy to the 

radiation field via the ponderomotive force. This energy modulation evolves into electron 

density modulations with a period of one wavelength, such that the electron density in a 

bunch becomes distributed periodically in micro-bunches. The electrons emit radiation in 

phase, and the emitted photons add up together coherently. The FEL radiation intensity 

increases, causing additional electron microbunching, which continues to radiate in phase 

until the electrons are completely micro-bunched and a saturation is reached at which the 

radiation power is orders of magnitude higher than that of the incoherent undulator radiation 

of a synchrotron. This is known as the Self Amplified Spontaneous Emission (SASE) process.34 

SASE pulses are characterised by a time/energy structure that is the envelope of a series of 

sub-pulses with random intensity, time duration, spectral bandwidth and phase. XFEL SASE 

pulses have tens of femtosecond duration and sub-Å wavelengths but limited temporal 

coherence, as the initial amplification arises from the electron-beam shot noise.   

The first short wavelength FEL to be available to users was FLASH at DESY (Hamburg, Germany) 

in 2005, which provided extreme ultraviolet (EUV) pulses up to 90.5 eV (13.7 nm) and 

harmonics reaching the water window (between 280 and 530 eV).10 The first hard X-ray FEL, 

the Linac Coherent Light Source (LCLS), was launched in 2009 in Stanford,12 soon followed by 

the EUV-FEL FERMI in Italy (Trieste)35 and the hard XFEL SACLA in Hyogo (Japan).13 In 2017, 

three additional hard and soft XFELs went into operation: SwissFEL (Paul Scherrer Institut-PSI. 

Villigen, Switzerland),14,36 European XFEL (EuXFEL, Hamburg, Germany)37,38 and the Pohang 

Accelerator lab (PAL, Pohang, South Korea),39 which all operate on the SASE mode.29 

Amplification of coherent emission relies on the High Gain Harmonic Generation (HGHG) 

process, which is obtained by seeding the electron bunch with an external laser pulse that 

imposes an energy modulation on the electron beam.  The energy modulation is converted 

into a density modulation, microbunching, whose spectral content includes higher harmonics 

of the seed laser.40 This scheme allows full control of the FEL photon output by acting on the 

seed laser. Another notable advantage is the preservation of the temporal-coherence of the 

seed in the emitted FEL radiation, which ensures pulses with longitudinal coherence. The latter 

is of paramount importance for NL spectroscopies, which require both phase and wavelength 

manipulation within a given pulse. FERMI (Trieste) is the first machine based on the external 

seeding scheme. The optical pulse harmonic up-shifting allows reaching output energies >400 

eV in the first harmonic, using a cascade scheme or the ECHO-enabled harmonic generation 

(EEHG) principle41–43 and pulses of 10’s fs. A similar implementation is currently being realised 

at FLASH, making use of the higher number of pulses per second enabled by the 

superconducting accelerator.44 The soft X-ray ATHOS beamline of swissFEL has also 
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implemented the seeding scheme, with the goal of reaching even higher energies using EEHG. 

Furthermore, it will deliver pulses with durations of tens to hundreds of As’s. We will mention 

additional upcoming developments in the Outlook section. 

II.2 High-Harmonic-Generation (HHG) sources: 

HHG sources appeared at the end of the 1980s and have since evolved into the main sources 

of As-pulses.45,46 HHG uses an atomic (or even molecular) gas as medium, which under strong 

field ionization (SFI) launches free electrons that are accelerated under the influence of the 

oscillatory laser electric field. Upon re-collision with their parent ion, EUV photons are 

generated by electron–ion recombination.47 Given that the initial ionization occurs during a 

short time interval around a maximum of the laser electric field, the duration of the generated 

EUV pulse is a small fraction that of the driving optical laser pulse, i.e. it lies in the As-domain. 

The EUV radiation is generated in the form of a comb of harmonics of the energy of the driving 

laser (E=hc/), whose cut-off energy scales with λ2. Hence HHG with longer wavelength laser 

drivers provides a route to table-top sources of high-energy coherent X-ray pulses.48–50 Indeed, 

much effort is being devoted at pushing the spectral range of the HHG sources to higher and 

higher energies reaching the N and O K-edges and even beyond,51,52 as well as increasing the 

output pulse energy.53 Furthermore, the increased repetition rate of HHG sources allows 

experiments with higher signal-to-noise ratios.54,55 Although having relatively 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 such as central frequency, 

cut-off energy, pulse duration, polarisation, etc., can directly be tailored by acting on the 

driving laser. The most notable feature of HHG sources remains however, the generation of 

As-pulses. In addition, advanced schemes based on the synthesis of fields in the IR have been 

proposed for the optimization of the As-pulse generation.56 This not only breaks into the 

temporal resolution of the fundamental time scale of electron motion, but it also provides a 

broad spectral bandwidth for spectroscopy24,57 as well as high peak powers, which can drive 

NL processes despite the generally low energy per pulse. Efforts are also undertaken aimed at 

performing HHG in solids58 and liquids,59,60 however these dense media lead to lower cut-off 

energies than gas phase media.  

Much of the early work focused on the generation process in gases, liquids and solids and on 

attosecond science per se,15,17,18,47,58,61–68 but thereafter, studies have evolved towards 

applications such as ultrafast X-ray absorption spectroscopy,24,25,50,57,57,69,70 photoelectron 

spectroscopy in gases,30,71–73 liquids69,74–77 and solids,78,79 and non-linear processes such as TG 

spectroscopy,80–84 multiphoton ionization,85,86 pulse compression by 4-wave mixing,87 and 

SHG.88 Below, we discuss some of these achievements. 

 

II.3 Different non-linear schemes enabled by the new sources: 
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Under high intensity laser radiation, the macroscopic polarisation of matter P⃗⃗⃗  , which is 

responsible for optical signals, can be expanded in powers of the external electric field 

amplitude (E):4,89,90 

(1) 

where χ(N) is a tensor of rank (N+1), usually referred to as Nth-order susceptibility, while  P⃗⃗⃗  (N) is 

the polarisation to Nth-order in E⃗⃗ . The value of χ(N) decreases with increasing N ensuring that 

the power series converges to a finite P⃗⃗⃗  . Figure 1 sketches the main NL methods due to χ(2) 

and χ(3). The number of independent non-zero elements of χ(N) is reduced when the material 

symmetry is taken into account;4 e.g. all 27 elements of χ(2) vanish in isotropic materials. χ(2) is 

at the origin of 2nd-order phenomena such as sum- (SFG) and difference-frequency generation 

(DFG) or SHG, which is a particular case of SFG when the two incident fields have identical 

frequency (for more details see Figures 2 and 3 and the text below).90 Second order 

susceptibility is zero for centrosymmetric materials making SHG and S/DFG particularly suited 

for the study of interfaces and surfaces. S/DFG (Figure 2) involves the annihilation of two input 

photons at frequencies ω1 and ω2, accompanied by the generation of a photon at frequency 

ω3.90 

As already mentioned, SHG is one of the oldest2 and most popular 2nd order NL techniques 

(Figure 1). It is a special case of SFG in which the two incoming beams have identical 

frequencies, and is commonly used in the optical-domain to probe surfaces and interfaces, 

either statically or dynamically.91–94 Going into a resonance in SHG or S/DFG enhances the 

efficiency of the process, while providing spectroscopic identification.95 By tuning one of the 

incoming fields over a vibrational or electronic transition, and detecting its mixing with a 

second incoming field, one can identify the species involved in the dynamics.  

Different from χ(2), the χ(3) tensors have non-zero elements for any symmetry and each 

element consists of 48 terms, representing different sequences of the matter density matrix 

along the process, even though in some cases χ(3) is determined by only a few dominant 

contributions due to symmetry.96 Four-wave mixing (FWM) is a NL third-order process 

whereby three coherent electromagnetic fields having frequencies ω1,2,3 and wave vectors 

k⃗ 1,2,3 interact with a sample to generate a fourth field (ω4, k⃗ 4), coherently couple to the three 

input fields (see figure 1).89 Each of the three fields induces the sample polarisation vector (P⃗⃗ ) 

to oscillate at its frequency ωi (i = 1–3), and the excited sample then radiates with a certain 

phase shift. The interference of the three fields causes beatings at ω4 = ± ω1 ± ω2 ± ω3, which 

drive P⃗⃗⃗   and can be regarded as the radiation source that gives rise to the FWM process. This 

multiplicity of interactions,89,90 makes FWM suitable for studying different types of excitations. 

In FWM, the field E⃗⃗ 4(ω4, k⃗ 4) is generated by P⃗⃗ 3, which reflects the coupling between the four 

waves: 
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(2) 

where k⃗ 4 = ±  k⃗ 1 ±  k⃗ 2 ±  k⃗ 3 is the phase-matching (momentum conservation) condition. 

Equation (2) provides insights into the measured homodyne FWM signals (|E4(ω4, k4)|2), which 

are proportional to |χ(3)|2, |Ei|2 (i = 1–3) and their phase factors. The latter indicates that an 

efficient coupling between the four waves only occurs along a specific direction (see figure 1 

bottom), defined by k⃗ 4. Along this direction, the emission from different portions of the 

excited volume can interfere constructively, as long as the coherence length of the FWM 

process (LFWMc) exceeds the characteristic dimensions of the interaction volume.89,97,98 The 

latter is defined by the overlap region of the fields while LFWMc= π/Δk⃗ , where Δk⃗  is the wave 

vector mismatch with  k⃗ 4. 

This collective response of the system to the input fields leads to a remarkable increase of the 

NL signal compared to its linear counterpart, which may even become dominant for extended 

samples. To date though, it still remains unclear, if this behaviour, that is well-known in the 

optical regime, is retained for shorter wavelengths. The specific direction of the FWM signal 

ensures a high signal-to-noise ratio. FWM is the basis of several coherent NL methods, such 

as coherent Raman scattering, Transient Grating (TG) spectroscopy, multi-dimensional (MD) 

spectroscopy, and impulsive stimulated Rayleigh, Brillouin and Raman (ISRS) scattering (see 

Figure 1, bottom). These methods involve the generation of dynamic (transient) gratings due 

to the periodic modulations of the sample’s optical properties by different excitations that 

ultimately drive the time evolution of the excitation gratings.  

Coherent Raman scattering (CRS) is a multi-photon technique based on Raman-active 

vibrational modes of molecules. The two major techniques in CRS are stimulated Raman 

scattering (SRS) and coherent anti-Stokes Raman scattering (CARS), which were theoretically 

predicted and experimentally realized in the 1960s.99,100 They have ever since been extensively 

used in fundamental studies and from the beginning of the 1980’s, their use in microscopy  

has successfully been implemented.101  

TG spectroscopy is based on the creation of an excitation grating (of charge carriers, chemical 

species, heat, magnetism, etc.) when two pulses of identical wavelength  but with different 

wave vectors impinge on the sample at t=0 (Figure 1). The decay of the excitation grating is 

then monitored by means of a third pulse that is detected background-free in a direction 

determined by the phase-matching condition. In TG spectroscopy, the grating period is given 

by L =
λ

2sinθ
, where λ is the wavelength of the incident beams and 2θ their crossing angle. 

Using shorter wavelengths enables smaller grating periods, going from microns in the visible 

to sub-nm in the hard X-ray regimes (Table 1). The disappearance of the excitation grating is 

often due to diffusion, which has made TG the method of choice for measuring dynamics and 

transport properties in solids, liquids, or gases, with controllable momentum-transfer and 

background suppression.102  
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TG spectroscopy is a foregoing step in the implementation of MD spectroscopies, which were 

initially developed for nuclear magnetic resonance (NMR) spectroscopy in the 1970s,103 and 

have since then been extended into the optical domain104 in the infrared,105 the visible106–108 

and the ultraviolet.109–111 In these spectroscopies, the two initially incident pulses have a broad 

spectral range (or are tuneable over a broad range) and are time delayed with respect to each 

other. The time-domain measurements can be 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 in a system, and their 

evolution with time, which may reflect cross-talk between chromophores. Extending them 

into the region of core-level transitions would enable the monitoring of time-evolving 

interaction with element-selectivity between atoms within a given system. This aspect will be 

discussed in the Outlook section. 

The capabilities of short-wavelength NL methods started to be considered over half a century 

ago, in particular, X-ray/optical wave mixing.112–118 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 polarised charge. The first experimental realization of NL X-ray 

methods was achieved in the early 1980s as hard X-ray to EUV parametric down-conversion 

(PDC) using an X-ray tube as source!119 However, theoretical studies were systematically 

undertaken from the early 2000s.120–127 One of the first attempts aimed at demonstrating 

FWM at EUV energies was carried out using an HHG source.128 With the advent of XFELs, 

several developments have made it possible to implement NL EUV/X-ray experiments, as 

discussed below.  

Extending NL science into the short-wavelength regime brings several advantages in terms of 

accessible core-transitions, spatial resolution and momentum transfer (in the case of TG 

spectroscopy), that are summarised in table I. 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 (C, N, O, …) or the L-edges of 3d transition metals in the 

soft X-ray range, and the K- and L-edges of metals in the hard X-ray range. In addition, 

heterodyne detection129,130 should be possible, which will enable disentangling the amplitude 

and phase terms of a signal, and therefore retrieve the real and imaginary components of the 

NL susceptibilities in the EUV/X-ray range. 

 

III. APPLICATIONS 

III.1 Two-photon absorption (TPA) and Transient absorption: 

Two-photon absorption (TPA) was one of the first NL techniques enabled by the birth of the 

laser.1 The EUV/X-ray domain involves a rapid decrease of NL susceptibility, e.g. going from 

visible frequencies to keV photons implies at least a 1000-fold decrease of the TPA cross-

section.123 In addition, it is not even clear whether hard X-ray TPA is dominated by the same 
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mechanisms as in the optical or even, soft X-ray domains. Because higher-order NL processes 

require intense X-ray pulses, this implies strong single-photon and sequential multiphoton 

processes, creating highly charged states. XFELs (due to their high fluxes) and HHG sources 

(due to their As-pulse durations) enable the high peak powers needed to compensate for the 

low NL susceptibility. Because of its selection rules, TPA accesses partially or fully dipole-

forbidden transitions, which provide information complementary to that obtained using one-

photon X-ray absorption. Short-wavelength TPA can also 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, as discussed later. 

Early TPA studies were carried out in the EUV at FLASH,131 then at the LCLS in the soft X-ray 

regime123,132 on rare gas atoms. NL processes competing on the Auger time scale were 

observed: two-photon, one-electron direct ionisation and two-photon, two-electron 

sequential ionisation involving transient excited states. The TPA cross-section was found to be 

2-3 orders of magnitude larger than theoretically predicted (non-resonant perturbative 

scaling133 or second-order perturbation theory134), and were attributed to contributions from 

near-resonant states.135 

In the hard X-ray regime, TPA was reported at 5.6 keV on Germanium at SACLA.136 The 

detected signal was the Ge Kα emission, which can be excited by photons above 11.1 keV. The 

authors concluded that TPA competes with single and sequential multiphoton processes as in 

atoms,123,131,132 and the results were consistent with non-resonant hydrogen-like Z-6 scaling. 

This was confirmed in an experiment on Zirconium at SACLA that used a nanometer-scale focal 

spot near 9 keV, half the photon energy of the Zr K edge.137 Upon illuminating Fe and Cu metal 

foils with intense X-ray pulses near their respective K-edges, Haber et al126 reported emission 

at nearly twice the incoming photon energy, which showed a quadratic dependence with the 

incoming intensity, typical of TPA. 

As indicated earlier, sample damage occurs, mainly caused by one-photon absorption due to 

the high incident fluences required for TPA. Using lower pulse energies and fluences than in 

ref.137, and a shorter pulse duration and more efficient detection at SACLA, Tamasaku et al138 

reported the pulse energy dependence of TPA in metallic copper, by detecting the Cu Kα 

emission.  

Saturable transient absorption (STA) is a NL pump-probe technique that exhibits a reduction 

in the relative absorption of the sample (i.e. an increase in transmission) with increasing 

incident light intensity. STA is strongly intertwined with TPA and, depending on the 

resonances, one or the other process becomes overwhelming. This phenomenon has widely 

been demonstrated in the visible and infrared ranges,139 and saturable absorbers play a key 

role in passive mode-locking of femtosecond laser oscillators.140 Because STA is highly 

sensitive to the electronic states of the material under study, it is often used as a probe of 

dynamics and recovery in pump-probe experiments. For example, it has been used to 

investigate exciton-exciton annihilation,141 or charge carrier dynamics and diffusion.142  
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Optical-domain STA involves valence electronic states, while in the EUV/X-ray range core 

transitions are involved, offering the possibility to investigate the underlying processes with 

element-selectivity. Such studies have been reported at XFELs where the STA of the L-shell 

transition of aluminium was observed with photon energies of 92 eV (13 nm),143 followed by 

observations at the tin N-edge at 24 eV (52 nm)144 and in the hard X-ray range, at the iron K-

edge at 7.1 keV (0.17 nm).145 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 

smaller core-hole lifetime, thus increasing the intensity necessary to observe STA. In a recent 

study, Hoffmann et al146 investigated graphite films using soft X-ray FEL pulses of varying 

intensity. With the help of simulations, they concluded that at lower intensities the NL 

contribution to the absorption is dominated by STA, due to ground-state depletion, but for 

higher intensities (>1014 W/cm2), TPA becomes dominant. 

While the feasibility of TPA and STA in the EUV/X-ray is now established, further studies would 

be needed to expand their range of applications. 

III.2 Stimulated X-ray Emission/Raman processes 

X-ray emission and X-ray Raman spectroscopy can provide information 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 excitation 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 fluorescence line in a Neon gas was reported shortly 

after the advent of XFELs.147 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 excitation at 

an energy of 115 eV.148 The latter produces regions with high 2p-core excitation densities. The 

spontaneously emitted radiation from recombination of the 2p-core holes (photon energy of 

85 eV to ~100 eV) seeds the stimulated emission of soft X-ray photons. The emission spectrum 

is determined by a spontaneous process as in a typical resonant inelastic X-ray scattering 

(RIXS) or X-ray emission spectroscopy (XES) and thus, it conserves all the information and 

specificity of these methods. By carefully choosing the geometry, the weak fluorescence signal 

was significantly enhanced at the expense of Auger decay, implying a minimised electronic 

damage to the sample. More recently, Jonnard et al149 reported stimulated EUV emission from 

solid magnesium oxide (MgO) at FERMI. In the hard X-ray regime, Yoneda et al150 reported 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 transmission 

geometry, exhibited a NL enhancement from a pumping threshold, typical of amplified 

stimulated emission (ASE).  

K-shell excitation leads to the K𝛼, K𝛽 and KVtC (valence-to-core) emission lines. K𝛼, K𝛽 emission 

carry information about the electronic and spin structure of the system, while KVtC additionally 
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contains exquisite fingerprints of the chemical bond of the atoms with their neighbours, their 

oxidation state, the covalency, etc.151 However, K𝛽 lines are typically an order of magnitude 

weaker than K𝛼 lines, while KVtC lines are 2-3 order of magnitude weaker than the K𝛼 lines. 

Time-domain spontaneous K𝛼 and K emission have already been used to probe molecular 

dynamics with fs-resolution,152–154 while KVtC emission was observed with ps-resolution at 

synchrotrons,155 and more recently, with fs-resolution at XFELs.156 By externally stimulating 

the K𝛽 or KVtC transitions, one could enhance the sensitivity of such experiments. In a recent 

article, Kroll et al157 reported the observation and analysis of the gain curve of amplified K𝛼 

emission from solutions of Mn(II) and Mn(VII) complexes, finding spectra at amplification 

levels extending over four orders of magnitude until saturation, and bandwidths below the 

Mn 1s core-hole lifetime broadening in the onset of the stimulated emission. In a more recent 

work, they also reported observation of seeded amplified Kβ emission from a NaMnO4 solution 

using two-colour XFEL pulses, the first creates the 1s core-hole population inversion and the 

second seeds the amplified Kβ emission. The latter showed a signal enhancement of > 105 with 

respect to the conventional Kβ emission, within the same solid angle. The upcoming As XFEL 

pulses158 promise to beat the core-hole lifetime and drive the system into amplification of 

specific emission lines. 

Femtosecond stimulated Raman spectroscopy is a NL optical method that has successfully 

been implemented for the study of vibrational dynamics with high spectral and temporal 

resolution.159,160 In the X-ray regime, resonant inelastic X-ray scattering (RIXS)151,161–163 is an 

ideal tool for populating electronic valence states that are inaccessible by direct excitation in 

the UV-visible. Stimulated RIXS (SRIXS) has therefore the potential of significantly populating 

such states164 and when driven by As-pulses, it would allow a direct probing of valence 

electron wave packets122,165,166 or of coupled nuclear-electronic motion on As-timescales.167  

SRIXS was first achieved for atoms,168,169 and more recently in diatomic molecules such as 

CO170 or NO.171 The use of As X-ray pulses was shown to induce electronic population transfer 

via SRIXS using the broad spectral bandwidth (5.5 eV full width at half maximum). The 

impulsive excitation was resonantly enhanced by the oxygen 1s → 2π* resonance of nitric 

oxide (NO), and the excited states of the neutral molecules were probed with a time-delayed 

UV pulse. 

Stimulated resonant elastic (SREXS) and inelastic (SRIXS) X-ray scattering were recently 

reported near the cobalt L3 edge (770-785 eV) in solid Co/Pd multilayer samples. A 4 to 5 

orders of magnitude enhancement of the stimulated over the spontaneous RIXS signal was 

reported.172 However, for both signals, contributions from inelastic electron scattering 

processes were observed, even for very short pulses. This results in valence electron 

redistribution effects that distort the stimulated REXS and RIXS spectra due to overlapping 

spectral changes. Therefore, a detailed characterization of these effects is needed in order to 

establish stimulated RIXS as a tool for the study of low-lying excitations in solids. 
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We already mentioned the 2-photon study by Haber et al126 on Cu and 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, analogous to hyper-Raman scattering, and 2-electron/1-photon 

fluorescence. This can be considered as an anti-Stokes process from a core-excited 

intermediate state where the excess energy is taken up by one or more photoelectrons and 

lines. In all cases, K-shell electrons are excited and subsequently de-excited during the process. 

III.3 Sum/difference frequency generation  

In the X-ray domain, S/DFG is akin to optically-modulated X-ray diffraction in which X-rays 

inelastically scatter from optically induced charge oscillations and therefore, probe optically 

polarised charge. This additionally allows the optically-induced microscopic field to be 

determined as it is closely related to the induced charge.173,174 Although the idea has been 

around for a long time,112–118 and further theoretical developments have more recently been 

made,121,124,125,175,176 the experimental verification of such processes had to await the advent 

of XFELs.  

In a pioneering experiment, Glover et al177 demonstrated X-ray/optical SFG in a single-crystal 

of diamond. The observation included the optically modulated X-ray diffraction from the (111) 

planes that generates a pulse at the sum-frequency of the incident optical (1.55 eV) and X-ray 

(8 keV) pulses. In order to increase the efficiency and access the atomic-scale motions, the 

process is phase-matched using a reciprocal lattice vector. The phase-matching geometry 

determines the direction of the generated photon, slightly offset from the Bragg diffracted 

beam. This should allow reconstructing the induced charge distribution. 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 light illuminates a 

material. It also paves the way for X-ray/optical-EUV S/DFG processes to study the ultrafast 

dynamics at surfaces/interfaces by directly probing valence charges on atomic time 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 NL process through the coherent mixing of the involved fields and the 

associated phase-matching conditions (see Figure 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. Therefore, it requires optical intensities that are often larger than the radiation 

damage threshold of most materials, which in addition need to be optically transparent, 

therefore limiting the range of systems one can investigate. 

We earlier mentioned PDC, which is similar to an X-ray or EUV/optical DFG. In the first such 

experiment,119 using the 002 reflection of a LiF single crystal, Danino and Freund observed 

phase-matched PDC of 8 keV (Cu-K) photons from a commercial rotating anode into single 
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photons at 7.7 keV, with idler photons in the EUV at 335 eV. This was followed by X-ray to EUV 

PDC studies at synchrotrons178–180 demonstrating, in particular, that one can visualize the local 

optical response to EUV radiation with atomic resolution.180 Extending X-ray PDC to the optical 

domain could provide a powerful probe of charge oscillations, e.g. in phenomena that are 

associated with energies near the Fermi energy of metals or near the band gap of 

semiconductors. This was achieved at a synchrotron by Schori et al181 who reported X-ray PDC 

from 11 keV to 4-3 eV photons. 

Overall, one of the key advantages of optical/EUV or optical/X-ray S/DFG is the fact that the 

optical pulse can be tuned to vibrational or electronic transitions, while the EUV/X-ray pulse 

can be tuned to specific core-transitions. This gives an enhanced flexibility in terms of 

resonance conditions corresponding to vibrational/electronic transitions and core transitions 

for systems lacking inversion symmetry. Further enhancement of signals can be achieved using 

e.g. plasmonics in the case of electronic resonances. 

III.4 Second-Harmonic generation 

Extending SHG into the EUV/X-ray domain offers the additional advantage of element-

selectivity. Furthermore, the theory of X-ray non-linearities in solids112,113,116 assumes that 

since all pertinent photon energies are much higher than the binding energies of the electrons 

in light elements, the electrons can be treated as free particles, and the dominant non-

linearity is plasma-like. EUV/ X-ray SHG may thus provide a new window into electron densities 

in the future. This non-linearity is very different from the optical-domain non-linearities in that 

it is non-local, second-order, and may be observed in centrosymmetric materials, provided a 

non-uniform electron density is present.     

In EUV/X-ray SHG spectroscopy, the incident beam is resonant or half-resonant with a core-

to-valence transition, such that the resulting resonantly enhanced, background-free signal is 

sensitive to core levels (Figure 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 on a diamond crystal using 7.3 keV photons from the SACLA XFEL 

with 1016 W/cm2.182 An SHG efficiency of 5.8 × 10−11 was reported. This work was followed by 

SHG near the carbon K edge (∼284 eV) in transmission geometry (Figure 3b) on graphite thin 

films using soft X-ray coherent pulses at FERMI.183 The experimental results were 

accompanied by a theoretical analysis, which highlighted the effect of resonant enhancement 

above the C K-edge and showed interfacial-sensitivity of the technique in a centrosymmetric 

sample with the second harmonic intensity predominantly arising from the first atomic surface 

layer. In another study, Yamamoto et al184 demonstrated SHG from a non-centrosymmetric 

bulk crystal of GaFeO3 using pulses from the SACLA XFEL. The XFEL photon energy was set to 

half 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 (inter-band) and the Fe 3p → O 2s (intra-

band) transitions (Figures 3c,d). This offers an exciting leverage in the study of transition metal 

oxides, where it is possible to satisfy the double-resonance between the O L1- and metal M-
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edges, and thus enhance the signal. We note that in contrast to figure 3b, this work was carried 

out under reflection geometry, for which the wave vectors along the sample surface are 

required to match, a condition that is automatically satisfied, and the momentum transfer of 

the sample in the normal direction does not give a critical condition in the regime where the 

wavelength is larger than the attenuation length. This points to possible applications of the 

method to a large variety of samples and experimental conditions. The same reflection 

geometry was also implemented to investigate the broken inversion symmetry in the polar 

metal phase of LiOsO3 with an enhanced feature above the Li K-edge that reflects the degree 

of Li atom displacement.185  

Probing buried interfaces using optical methods can be quite challenging and does not provide 

element-specific information. Recently, EUV-SHG was used around 190 eV at FERMI to probe 

the buried interface of a boron film with a support layer of Parylene N, a prototypical organic-

inorganic interface. 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 structure calculations, the boron-organic separation distance was derived, 

but most important, they showed that sub-Å changes translated into spectral shifts of the 

order of 100s meV that are easily detected by EUV-SHG.186 

HHG sources have also been used to carry out ultrafast SHG experiments in the EUV. Such an 

experiment was recently achieved above the Ti M edge (32.6 eV) of solid Titanium using high-

power HHG sources.88 Comparison of the observations with density functional perturbation 

theory (DFPT) and real-time time-dependent density functional theory (RT-TDDFT) 

calculations suggested resonant contributions from Ti-3p to Ti-3d transitions to the SHG signal 

at the Ti surface.  

What emerges from the above is that while 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 S/DFG methods. 

III.5 Four-wave mixing (FWM): 

Extending FWM techniques (Figure 1) into the EUV/X-ray domain allows novel insights into 

the electronic structure and dynamics of the systems under study.  

Prior to the XFEL era, studies with EUV HHG pulses had already demonstrated the coupling of 

fields either all-EUV as in ref. 128, or optical and EUV pulses.80,81,83,84,187 In the latter cases, the 

TG was generated by optical domain pulses and the EUV-HHG radiation was generated by a 

third optical pulse within the excited fringes. Exploiting the grating to disperse the various 

harmonics offered an elegant way of monitoring the rotational wave packets of molecular 

systems83 since the HHG signal is sensitive to the alignment of the molecule with respect to 

the laser polarisation. More recently, Leone and co-workers demonstrated an insightful use 

of FWM by combining an As EUV HHG pulse and two separately timed few-cycle near-infrared 
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(NIR) pulses,188 to characterise the dynamics of the Na+ L2,3 edge core-excitons in NaCl. An 

inhomogeneous distribution of core-excitons underlying the Na+ Γ-point spectrum was 

deconvoluted by resonance-enhanced FWM. In addition, dark excitonic states that are 

coupled to the XUV-allowed levels by the NIR pulses were characterised spectrally and 

temporally. The coherence lifetime of the core-exciton states was found to be <10 fs.  

A recent experiment at FLASH189 extended a similar mixing of two optical photons with an EUV 

photon on a LiF sample. Instead of analysing the spatial dependence of the emitted EUV at 

the same wavelength as the incoming beam, a co-linear 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 and a DFG scheme. Strong enhancements of the 

signal at the 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 with an optically induced 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 matter using NL spectroscopy 

and provides an experimental step towards realizing more complex experiments (see Figure 

2). 

X-ray diffraction has long been used to probe optically-induced TG’s at synchrotron-based 

experiments. The X-ray pulse is capable of probing the grating at a spatial resolution limited 

by the grating period. The amplitude of transient surface deformations was determined with 

sub-Å resolution and control of the amplitude and the phase of a thermally deformed surface 

was achieved.190,191 This approach has also been used to study photoinduced strain (structural 

grating) with an amplitude proportional to the optical fluence, as well as magneto-structural 

phase transformations.192 

Various short-wavelength FWM schemes have been proposed (figure 1). However, TG 

emerged as one of the most popular and it offers (Table 1) element-specificity, smaller grating 

periods in the nanometer scale, large momentum transfers and access into new kinematic 

regions, hardly accessible otherwise (Figure 6). Indeed, in such experiments, the temporal 

information about the low-order NL light-matter interaction is mapped into the spatial domain 

where it can be observed against a zero background.4 This enables measurements where only 

a small fraction of the molecules is excited, as is the case for typical diffracted signals (for more 

details, see Figures 4 and 5 and the text below). In order to fully benefit of the capabilities of 

EUV/X-ray TG spectroscopy (Table 1), the probe pulse must also be in the EUV or X-ray range, 

which implies controlling in energy and time two such pulses, a task which is a challenge to 

this day although solutions are now being implemented. However, prior to that a first major 

step was achieved by Bencivenga et al193 who used  two ultrashort (60-80 fs) EUV (27.6 nm) 

pulses from the FERMI FEL to generate a TG on an SiO2 glass and probed it with a ~100 fs 

optical beam at 392.8 nm. The results (Figure 5b) clearly show the electronic response at t=0, 

followed by an appreciable signal up to Δt = 130 ps. For Δt>10 ps, the signal was ascribed to 

thermal relaxation and longitudinal acoustic modes, while at shorter times (<1.6 ps), coherent 



16 
 

oscillations due to optical (Raman) phonon modes were observed, demonstrating that EUV 

TGs can drive coherent excitations in the sample, an observation that was confirmed on other 

systems (see below). As mentioned above, probing an EUV-generated TG with an optical pulse 

severely limits the spatial resolution. Therefore, in a subsequent experiment,194,195 the FERMI 

team demonstrated all-EUV TG (Figure 4a) on silicon or silicon nitride. The third EUV probe 

pulse was time-delayed with respect to the first two and was of identical energy. Tuning the 

time between the pump and the probe pulses was carried out using the split and delay scheme 

shown in Figure 4a. The signal exhibits coherent phonon oscillations on top of a slowly 

decaying background (Figure 5a). The latter, along with the damping of the oscillations are 

related to the thermal equilibration time. Most remarkable is the absence of the electronic 

response peak at t=0, which occurs in the all-optical TG or optically-probed EUV TGs (Figure 

5b).193 This is due to the fact that the refractive index changes at optical wavelengths are highly 

sensitive to electronic excitations of the conduction/valence band, while at EUV wavelengths 

they are mostly sensitive to changes in the total electronic density, making the all-EUV TG 

signal sensitive to the structural response. This offers a way of distinguishing electronic and 

nuclear responses in materials. 

The demonstration of EUV TGs193,195 led to a flurry of studies on the generation of coherent 

acoustic and optical phonons,196,197 the element-specificity of the EUV-generated resonant 

TG,198 the probing of thermoelastic properties of materials,199 and on the generation, control 

and probing of magnetic patterns.200,201 The latter three studies used an all-EUV TG 

configuration. The work on magnetization TGs having periods of a few 10s of nm in a CoGd 

alloy,200 was carried out using two pump energies, one resonant with the M-edge of Co, and 

the other (non-resonant) at half the energy of the first. In both cases, the probing was 

resonant with the M-edge of Co. It was found that the patterns of a sample magnetised to 

saturation (by an external static magnetic field) appear on a sub-ps time scale (similar to the 

electron−phonon relaxation in a metal) as the sample is thermally demagnetized by the EUV-

TG, and they decay on time scales of tens of picoseconds, suggesting that thermal transport is 

the leading mechanism that erases the magnetization grating. The TG period dependence was 

investigated (Figure 5c), indicating a transport process. Indeed, on the time scales 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 transport 

kinetics.  

Going into the shorter wavelength range of hard X-rays opens up an even smaller range of 

nanoscale periods (Table 1) for which the nature of transport is unknown and in particular, 

the cross-over from ballistic to diffusive transport. The challenge in this spectral domain is the 

lack of reflective optics. In order to circumvent it, Svetina and co-workers202,203 used diffractive 

optics, namely the Talbot effect (Figure 4b). They first demonstrated the formation of 

permanent gratings on solid samples using 3 keV photons from the Swiss Free Electron Laser 

(SwissFEL).203 Thereafter, they created a TG in BGO at 7 keV, which was probed by an optical 
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pulse at 400 nm.202 This experiment demonstrated hard X-ray TG with the signal (figure 5d) 

exhibiting the same optical phonons as in the non-resonant EUV-TG experiment discussed 

above.196 While in the latter they were attributed to a displacive excitation and in optical 

experiments to ISRS,204 the mechanism in the case of hard X-rays is yet to be determined. 

More recently, Peters et al205 achieved hard X-ray TG generation by crossing two X-ray 30 fs 

beams generated by an X-ray split-delay line (Figure 4a) at LCLS206 and probed it by an optical  

pulse. Their result opens the possibility to delay one of the two pump pulses and perform 

FROG detection of X-ray TG measurements. This development is important in view of 

multidimensional core-level spectroscopy. 

A recent experiment showed that hard X-rays can interact and even manipulate magnetic 

orders, e.g., domains, just as EUV radiation, but with the advantage of smaller grating periods 

down to a few nanometers.207 Manipulation of magnetic domains by impinging high intensity 

permanent gratings at 7 keV in thulium-substituted Yttrium Iron Garnet (Tm:YIG) sample with 

perpendicular magnetic anisotropy was achieved. This experiment also indicates that by 

reducing the X-ray flux, transient excitation of magnetic orders, such as magnons, can be 

triggered and subsequent dynamics can be probed at the characteristic scales of the collective 

excitations. While dealing with permanent gratings, this experiment implies that magnetic 

TG’s could also be generated using hard X-rays with nanoscale periods. 

Recent experiments have demonstrated hard X-ray TG in solutions and all Hard X-ray TG in 

solids, and the results are being analysed at present.    

IV. Theoretical developments 

The above emerging NL experimental capabilities and their advances call for robust theoretical 

and computational tools that should help model and support the interpretation of signals, as 

well as inspire new innovative experiments.208 These studies operate either in the static 

regime, developing and utilising efficient and accurate electronic structure theory methods 

for the calculation of core-hole states,209–212 or in the time-dependent regime by the 

calculation of molecular dynamics by different numerical methods.213–218 Theoretically, the 

computation of time-resolved X-ray signals poses challenges such as the accurate and efficient 

calculation of core-excitation energies.210–212,219–224 These are required to pre-screen possible 

experiments and make optimal use of the precious beam time.  

As mentioned earlier, the idea to probe optically-induced charge distributions via optical/X-

ray wave-mixing dates back to the 1970s.112–114,118,225 Further to this, the experimental 

realizations of X-ray PDC to EUV119,178–180 or to UV-visible181 photons have convincingly been 

interpreted by theoretical models.178–181,226 These models are complementary to those used 

for the analysis of  optical/X-ray S/DFG. 

Finally, the advent of the XFELs also initiated theoretical work aimed at interpreting the first 

results that were obtained, essentially on the multiphoton processes in atoms, yielding good 

agreement with experiments.227,228,123,132,135,229,230 Significant theoretical efforts have been 

made over the past 10-15 years aimed at exploring and proposing new innovative experiments 
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enabled by the capabilities of XFEL and HHG sources. Some of these are discussed in the next 

section, along with the possible future directions in techniques and methods of the field.  

The success of optical/X-ray SFG177 at an XFEL prompted renewed theoretical activity in this 

area. Gorelova, Santra and co-workers126,127,231,232 have developed a general theoretical 

framework to describe the interaction of general Floquet systems with an X-ray pulse. Floquet 

theory is used to describe the laser-driven electronic system. The scattering probability of an 

arbitrary non-resonant X-ray pulse from such a system is then obtained employing the density-

matrix formalism. These studies show how the time-dependent electron density of a crystal 

can be reconstructed from energy-resolved scattering patterns.  

Careful inspection of the multipoint correlation functions appearing in the expression of time-

resolved X-ray diffraction signals shows that diffraction also occurs from coherences on top of 

the usual population contributions.233,234 The diffraction from coherences is usually neglected 

because it does not scale with the total number of electrons in the system like the population 

terms (Figure 7), 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 since they contain 

direct information on the motion of the charges at any given time. These provide new 

signatures of elementary dynamical phenomena in molecules and solids227,228,235–241 such as 

electronic coherence created at conical intersections (CoIns),242 evolving electron and nuclear 

densities and structural changes. Some of these, dwelling on molecular systems, are 

summarized in Figure 7 together with their loop-diagrams corresponding to the (multi-point) 

correlation functions required for their numerical computation.  

The simplest way to access them is 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 

correlation function of a dipole operator and the charge density operator. Since the charge 

density interacts with the square of the field vector potential A2, the signal is reminiscent of 

an SFG process from the field perspective, discussed in § III.3 and the signal is named X-ray 

Sum Frequency diffraction (Figure 2).240 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 only accessible by ultrabright, femtosecond 

XFEL pulses.23 

Serrat used real-time time-dependent density functional theory simulations and extended 

DFG to the resonant case (so-called Resonant-DFG or Re-DFG) into core-transitions of specific 

atoms in a molecular system.124,125 Compared to the third-order stimulated Raman process 

(XSRS), re-DFG is a parametric process, and as such it does not excite the molecule. The 

expected re-DFG signal strength is estimated to be stronger than the competing XSRS process. 

V. Outlook 

The above survey of ultrafast EUV/X-ray NL theoretical and experimental techniques shows 

the rich perspectives they offer in terms of fundamental Science, as well as applications. In 
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the following, we dwell on the current technical, methodological and theoretical 

developments and how they can shape the future of the field. 

Source and Methods development: 

a) Sources 

Just as for the optical domain, the birth and development of non-linear EUV/X-ray science has 

been enabled and will expand hand-in-hand with that of instrumentation. In return, the strong 

drive towards these methods is motivating several upgrades at existing XFELs aimed at 

improving the emitted pulse features ranging from the time duration to the spectral purity 

and from the repetition rate to the multi-colour production. Besides the external seeding 

upgrades mentioned above, SASE FELs are moving towards self-seeding schemes243 providing 

more energy stable pulses having durations of 100s of As but with random intensities.158 The 

upgraded LCLS-II machine promises a major jump in capabilities thanks, among others, to the 

increased repetition rate from 120 Hz to the MHz regime,244 which will bring enhanced signal-

to-noise ratios.  

Many of the theoretical schemes165,168,169,245,246 (vide infra) proposing stimulated X-ray Raman, 

emission and/or multidimensional X-ray spectroscopy rely on the use of spectrally broad As-

pulses that would in addition need to be phase-locked and temporally controlled. The 

experimental demonstrations of stimulated X-ray Raman and emission are materialising these 

predictions and showing the way to go.148,170–172,247  

An important goal to enhance the use and applications of NL EUV/X-ray methods is to make 

them more accessible by developing smaller, table-top systems. HHG sources are making 

strident progress in terms of repetition rate, energy/pulse and stability and have started to be 

used in these respects.25,27,88 Their ultrashort durations means high peak powers, which 

should favour 2nd order processes, such as TPA, while minimising sample damage due to one-

photon absorption.  

In addition, there are major efforts at developing compact and economic accelerators. A new 

acceleration technology that could reduce the size of particle accelerators is plasma wakefield 

acceleration.248 Laser wakefield accelerators can sustain accelerating gradients more than 

three orders of magnitude higher than those of the 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 that are based on a laser wakefield accelerator. Nevertheless, amplified undulator 

radiation at 27 nm has recently been reported, with around 1010 photons per pulse.249 A 

demonstration was made showing infrared FEL radiation with the typical exponential growth 

of its energy over six consecutive undulators.250 Compared to SASE, the seeded FEL pulses 

have energies 2 orders of magnitude larger and a 3 times higher stability. The seeded 

configuration was also demonstrated at 270 nm with control over the radiation wavelength.251    

b) Pulse characterization 
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TG can also be implemented to characterize ultrashort pulses overcoming limitation of the 

instrumentations’ electronics which are too slow. This is routinely done in the optical regime 

by frequency-resolved optical-gating (FROG) methods where, by spectrally resolving a NL 

signal as a function of time delay, it is possible to obtain fs/as resolution thanks to the radiation 

– matter interaction that provides an ultrafast “shutter”.252 In a recent study, TG-FROG was 

applied at FERMI253 to measure the pulse length and coherence on a shot-to-shot basis by 

means of EUV-TG and optical probe on a slowly responding medium as sample (a Si3N4 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. 

c) Multidimensional Covariance signals  

Most NL spectroscopy protocols were originally designed for coherent, phase-controlled 

pulses. While seeded FELs at XUV frequencies such as FERMI do provide coherent 

pulses,32,254,255 soft to hard X-ray FELs mostly rely on noisy SASE pulses.32 Their stochastic 

nature (see § II.1) represents a bottleneck for the implementation of NL spectroscopies that 

require reproducible, phase-controlled X-ray pulses.  

Correlation methods, based on, e.g., a covariance analysis or ghost imaging, represent a 

promising route to overcome this issue and retrieve information from noisy stochastic 

signals.170,256–259 These methods exploit the fact that each measured signal is uniquely related 

to the FEL pulse generating it. They have been proposed to record so-called TRUECARS signals, 

which are discussed below. 

Spectral covariance methods can be extended to a broad range of time-resolved X-ray signals, 

so long as different frequency-dispersed observables, such as the incident and transmitted 

pulse intensity profiles, can be measured and correlated. For instance, a correlation analysis 

of the frequency-resolved diffraction signal would allow separating elastic and inelastic 

diffraction patterns, and thereby imaging the motion of the electrons directly involved in 

molecular dynamics.256 This thus motivates the development of new detection methods, as 

well as improvements in the characterization of the X-ray pulses available at FEL sources.260,261 

Open questions and future developments: 

It is difficult to condense in a short text the innumerable possibilities offered by the 

development of NL X-ray/EUV science. In the following, we will discuss a few experimental 

and theoretical cases and also the pending questions that need to be solved if we want to 

expand the use of the current methods described above.  

a) Surface and interfaces processes: 

There is an acute need to probe photo- or electro-catalytic processes at surfaces or at buried 

interfaces, e.g. in batteries, and several in-operando schemes262–264 exist, which usually 

combine a wide variety of methods (ambient pressure UPS, XPS, electron/X-ray diffraction, X-

ray absorption/emission spectroscopy, AFM, optical SHG/SFG/DFG, etc.) making them 

complex and at times, difficult to interpret. The holy grail of these efforts is to achieve 
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element-selectivity. The capabilities opened up by SHG and S/DFG in the region of core-

transitions (eventually combined with valence excitations for S/DFG) offer an unprecedented 

approach to probe processes ongoing 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 lab as SHG has been demonstrated 

using HHG sources.88 Such studies could be further extended to biological surfaces (e.g. 

membranes) in order to, e.g. probe ion exchanges therein.  

X-ray/optical S/DFG processes can be regarded as the coherently stimulated inversion of a 

spontaneous X-ray decay into a low-energy excited state (see Figure 2a).265 While first order 

X-ray/optical mixing has been demonstrated,177 we mentioned another level of insight into 

the charge distribution that can be gained by mixing the X-ray photon with an integer number 

n > 1 of 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 (Figure 2b).189 Measuring multiple 

Fourier components for both the first and second order scattering processes, i.e., for the 

mixing of one (n=1) or two (n =2) optical photons (respectively) have been calculated266 for 

the optically-induced charge distribution in a GaAs unit cell (Figure 2c), predicting the 

feasibility of such experiments. Higher order studies can deliver new views on functional 

matter where the dynamics of low-energy excitations determine the interaction with the 

environment, like a response to external perturbations that is reflected in changes of the 

electronic properties. Applications range from information technology for data processing and 

storage to highly-specific sensing devices. 

b) Chirality: 

Chirality remains one of the most challenging issues in applied spectroscopy because of the 

demand by the pharmaceutical and chemical industries. The most used method is circular 

dichroism (CD) spectroscopy, which has intrinsically weak signals (typically 0.1 % of the total 

absorption). Going into the X-ray domain enhances, in principle, the signals as the higher order 

terms of the light-matter interaction Hamiltonian scale as a/where a is the molecular size 

and the radiation wavelength, and it offers element-selectivity. While efforts are on-going 

to implement steady-state and time-resolved linear X-ray CD (but also helical dichroism),267–

272 further enhancements in signal intensity and selectivity could be reached by moving to the 

NL regime.  

It was found in the 1990s that optical-domain SHG exhibits large chiral-specific responses on 

thin films and macromolecular assemblies.273–277 Furthermore, theoretical and experimental 

studies have confirmed the viability of detectable SFG signals in isotropic chiral media.278–282 

Implementing X-ray SHG, Optical/EUV or optical/X-ray S/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).  
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Chiral crystals have a lattice structure that has a well-defined handedness due to the lack of 

inversion, mirror or other roto-inversion symmetries. They are often topological solids in that 

the bulk is insulating while the surface is conducting. Their electronic structure is the subject 

of intense investigations,283–285 but it remains largely uncharacterized. Using Optical/EUV or 

optical/X-ray S/DFG with circularly polarised pulses would greatly help unravel their 

topological electronic properties, in particular when it comes to higher-fold chiral fermions.285 

Theoretical developments would need to be developed in parallel to fully describe their 

electronic structure.  

In the mid-1990s, Terazima has proposed to use TG to enhance the detection of CD.286 His idea 

consisted in creating a TG using two beams linearly polarized at 90° of each other, which would 

create a circularly polarized excitation grating that can then be detected background-free by 

a third probe pulse (Figure 1), i.e., only the difference in absorption is detected as the TG 

signal. The recent achievements in the field of EUV/X-ray chirality271,272,287,288 and EUV/X-ray 

TGs193,200,202,289 are offering promising prospects to such studies.290 In addition, NL chiral 

signals offer a way to control which chiral pathways contribute to the final signals by using 

various polarization and pulse geometry configurations.291 X-ray Raman Optical Activity can 

already be considered a 4th-order NL process involving two interactions with the incoming 

beam and two interactions with the spontaneously emitted photons.287 When four classical 

fields are involved, it is possible to design a large class of chiral X-ray 4WM techniques (see 

Figure 7b).290,291 Numerous pseudo-scalars can be constructed from four-point-correlation 

functions and the irreducible tensor formalism proves useful to categorize the set of all 

independent combinations of incoming beam polarizations needed to extract them. Such 

techniques have the advantages of NL X-ray techniques such as Stimulated X-ray scattering 

(e.g. probing a large manifold of state with a single technique) combined with the sensitivity 

of inversion breaking of chiral signals. 

 

c) Conical Intersections: 

Using stimulated X-ray Raman and X-ray emission, the corresponding signal levels can be 

substantially enhanced, especially due to the formation of a directed emitted beam that 

carries all the information and can be very efficiently detected background-free. Furthermore, 

the delivery of As-pulses at XFELs allows to beat the core-hole lifetime and further enhance 

the stimulated signals. Such experiments could thus preserve the deep information content 

of RIXS, but the higher signal levels enable access to new parameter spaces (like external 

fields, chemical compositions, pressure etc.) where systematic studies were inhibited by 

overwhelming acquisition times. Beyond this, novel schemes have been envisioned that 

exploit these stimulated signals to address outstanding scientific questions, as outlined 

hereafter. 

An elementary molecular process that has received much attention is the passage through 

CoIns, where adiabatic states become degenerate and electronic and nuclear motions become 

strongly coupled, opening ultrafast, non-radiative relaxation channels that can either go back 
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to the reactant geometry or lead to photochemical pathways that generate new products, 

otherwise not accessible in the electronic ground state. Ultrafast CoIns thus determine the 

outcome of photo-induced processes, such as the primary event of vision292,293 and the 

photostability of DNA nucleobases against UV radiation.294 Their spectroscopic detection 

remains a formidable challenge because it requires precise temporal resolution and a broad, 

few-eV observation bandwidth. Ultrafast XAS and XES have been proposed as tools for their 

detection,241,295–298 such that the temporal and spectral profiles of the CoIn passage are read 

off by the changes in the absorption/emission lines with the pump-probe delay encoding the 

system’s dynamics. While efforts are on-going in this direction,70,299,300 a probe of electronic 

coherence emerging at CoIns, the so-called Transient Ultrafast Electronic Coherences by As 

Stimulated X-Ray Raman Signals (TRUECARS) has been proposed.237,239,245 It consists in tuning 

the X-ray probe pulse off-resonant to any material transition and inducing a stimulated Raman 

process between electronic states (see Figure 7a). No probe photon is absorbed, but the 

spectrally dispersed probe pulse exhibits an energy redistribution upon interaction with the 

molecule, stemming from Stokes and Anti-Stokes Raman processes and leading to 

characteristic gain and loss features in different spectral regions. This signal requires 

electronic states to be in a coherent superposition, facilitated by CoIns through wave packet 

bifurcation and subsequent population of both electronic states (Figure 7). The signal is 

background-free from state populations that dominate the transient absorption signal and  

would provide an unambiguous and direct probe of CoIns, and has proposed to monitor CoIns 

in nucleobases,237,301 bichromophoric molecules,233 and dendrimers.302 Efforts at 

implementing it experimentally are on-going.  

The above-mentioned multidimensional covariance was exemplified for TRUECARS, 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 signal 

averaged over independent repeated measurements is expected to vanish. However, 

spectrally and temporally resolved information can be retrieved by an analysis of the spectral 

covariance C(ωin, ωout, T) = 〈Iin(ωin)S(ωout, T)〉 − 〈Iin(ωin)〉〈S(ωout, T)〉 between the 

signal S(ωout, T) and the incident pulse intensity Iin(ωin). This two-frequency covariance map 

provides information by exploiting the correlations between the spectral components of the 

stochastic pulse and for TRUECARS, it was shown to offer the same depth of physical 

information one could obtain with phase-controlled pulses.245 The implementation of 

covariance methods at FELs requires knowledge of the field’s correlation properties, such as 

the n-point spectral correlation functions.260 

d) 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 opportunities 

for the study of various nano- to mesoscale transport phenomena (Figure 6), provided an all-

EUV geometry is used.195 The nanoscales are hard to reach with present day methods, except 

in a few rare cases,303 however the demonstration of hard X-ray TG202,203 allows to break into 
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this length scale, provided an all X-ray TG configuration is adopted. This capability is being 

expanded at present in order to probe the nm-grating periods with adequate resolution. 

Experiments have been carried out at SACLA and LCLS and the data are being analysed. The 

extension of hard X-ray TG to (bio)chemical systems would offer access to short-range 

electron110 and energy transfer304–306 processes in biosystems as well as to chemical dynamics 

and diffusion in solutions. Regarding the latter, an experiment was recently carried out at the 

SwissFEL making a TG at the Fe K-edge of ferrioxalate in an aqueous solution,76 which was 

probed with 800 nm and 400 nm pulses. Analysis of the data is underway. Further extensions 

into the all X-ray TG is envisioned.  

The full exploitation of short-wavelength TG techniques calls however for a convincing 

demonstration of its element-specificity. This is also a necessary condition for the extension 

of EUV/X-ray TG towards multidimensional spectroscopies. So far the studies reporting effects 

due to specific core-transition edges198 reflect the increased absorption coefficient at the 

edge, but no genuine dynamics launched via excitation of specific atoms. A corollary to this 

issue is the generation mechanism of the excitation. The EUV TG-generated optical phonons 

of Bismuth Germanate (Bi4Ge3O12 or BGO)196 at 2.7 THz were also observed in the hard X-ray 

TG experiment (Figure 5d).202 These coherences had been generated by optical Impulsive 

stimulated Raman scattering experiments (ISRS)204 and attributed to a displacive excitation.307 

The fact that they appear in all three types of experiments calls for an understanding of the 

generation mechanism of these phonons if one wants to exploit EUV or X-ray TG for 

manipulating and controlling the dynamical properties of materials. 

EUV TG is the equivalent of a time-domain EUV Brillouin scattering experiment, which replaces 

the non-existing EUV spectroscopic Brillouin scattering. As such, EUV TG experiments can fill 

the gap between optical and X-ray or neutron Brillouin scattering (Figure 6). All-EUV TG haa a 

high potential to be developed as a characterisation tool for e.g., nanoscale thermal transport, 

i.e. up to the Brillouin zone boundaries (Figure 6), in semiconductors and nano-devices directly 

measuring the phonon mean-free-path, demagnetization dynamics of ferromagnets, 

disentangling the electronic-magnetic-lattice channels, collective dynamics of disordered 

systems (glasses and liquids), etc. One of the new areas to explore at the nanoscale is that of 

supercritical fluids, and in particular their non-equilibrium dynamics associated with cluster 

transitions and density fluctuations in the case of binary mixtures at supercritical conditions, 

given their importance in several applications. 

e) Multidimensional core-level spectroscopies 

Finally, the availability of tuneable, As and time-delayed multicolour pulses at HHG and XFEL 

sources is opening the way towards EUV/X-ray multidimensional spectroscopies that will allow 

interrogating different atomic centres in a given system directly on the timescale relevant for 

coherent electronic processes.308 The full understanding of the entire range of core-level NL 

methods described above: Stimulated Raman,171,309 stimulated emission, multiphoton 

absorption,136 etc. and the establishment of the element-specificity in TG experiments195 are 
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all ingredients for the advent of multidimensional core-level spectroscopies where the cross-

talk between different atomic centres, e.g. such as those suspected in 2-centre metal 

complexes,310 can be monitored in real-time. The theoretical framework for such experiments 

has also been developed245,246,308 and we are confident that these experiments will be realised 

in the near future. 

VI. Conclusions 

The above reviewed the state of the art of NL EUV/X-ray methods and presented some of the 

future scientific questions that could be answered using them. Neither part of the article is 

supposed to be exhaustive and the future may bring many new developments, especially 

when combined with technological breakthroughs in terms of light sources, detection 

schemes, manipulation and control of pulses, etc. Just as for optical domain non-linear optics 

and spectroscopy in the 1960s, we are witnessing the dawn of a new era in non-linear core-

level optics and spectroscopy. 

 

Acknowledgments: 

S.M. gratefully acknowledges the support of the Chemical Sciences, Geosciences, and 

Biosciences division, Office of Basic Energy Sciences, Office of Science, U.S. Department of 

Energy through Award No. DE-FG02-04ER15571 and of the National Science Foundation 

(Grant No. -CHE-2246379). MC thanks the Swiss NSF NCCR:MUST and the ERC Advanced Grant 

DYNAMOX for support. All authors are deeply grateful to their former students and postdocs 

and to their collaborators for making this work possible. 

 

Table 1 : Comparison of potentially reachable momentum-transfer, spatial-time resolution and selectivity in the 

Infrared (IR) – optical – Ultraviolet (UV), Extreme Ultraviolet (EUV) soft and hard X-ray Transient Grating 

spectroscopy. The selectivity column concerns 3d transition metals.  
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Figures: 

 

 

Figure 1: Various example schemes of non-linear optical methods. The upper panel represents some second 
order processes, while the lower panel shows third order processes. This figure is not exhaustive of all non-linear 
methods (inspired from ref. 311). 
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Figure 2: (a) Comparison of the spontaneous and incoherent process of RIXS and the stimulated coherent process 
of SFG: In a RIXS process, the element-selective core excitation decays spontaneously into a low-energy 
excitation. The nearly isotropically emitted photons need to be energy-resolved in order to determine the energy 
loss. In SFG instead, the coherent interaction of the optical and X-ray beams couples the low-energy excitation 
with the core-excitation. The SFG photon is emitted into the background-free phase matching direction and it 
does not require to be energy-resolved. In order 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) Phase-matching 
diagram for the second-order optical/X-ray mixing process. (c) Calculated266 induced first (left) and second order 
(right) amplitudes of the 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. (Reproduced from ref. 266) 
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Figure 3: (a) Generic energy level scheme for EUV/X-ray SHG; (b) Configuration for the SHG experiments: The 

incident beam is focused onto the sample. The transmitted beam and the collinear SH signal (double the 

fundamental photon energy) are dispersed by a grating, spatially separating the SH signal from the fundamental, 

which are imaged onto a CCD camera. A reflection geometry (rather than transmission through the sample as 

shown) has also been used;184 (c) Quadratic dependence of the I2ω signals in the case of EUV SHG on a GaFeO3 

crystal. I2ω is plotted on the left axis for the photon energy of 2ℏω = 55 eV (red circle), 2ℏω=57 eV (blue circle), 

and 2ℏω = 59 eV (green circle) in the logarithmic scale. Iω (orange circle) is plotted on the right axis for ℏω=27.5 

eV. The dashed lines were fitted using a power law (Reproduced from ref. 184). (d) The SHG signals (green data 

points) are enhanced by the double resonant effect met by the transition between O 2s → Fe 3d and between 

the Fe 3p → O 2s state. In the SHG spectrum near the Fe 3p edge for GaFeO3, there are contributions from the 

inner-shell double resonance at the 3p-edge position and inter-band transitions that give a tail structure in the 

post-edge region. The red trace represents the calculated |
𝑧𝑧𝑧
𝑆𝐻𝐺| 2values (left axis) for the energy scheme shown 

in the inset and the measured ones (right) (green circles) for I0= 10 μJ, that are normalized by I2ω at 53 eV. 
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Figure 4: (a) Principle of the split-and-delay scheme used for the all-EUV TG experiment (rep. from ref. 195); (b) 
Scheme, based on the Talbot effect, used for the hard X-ray TG probed by an optical pulses (rep. from ref. 202,203) 
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Figure 5: (a) All-EUV TG (exc=Probe=13.3 nm) signal intensity of Si3N4 as a function of t for LTG=28 nm. At t<0, 
the signal is absent because there is no grating in the sample to diffract the probe beam. The signal appears after 

t = 0 and exhibits a slowly decaying component with modulations, matching the frequency of the longitudinal 
acoustic waves at the wavelength LTG. The slow decaying component (red trace) can be ascribed to a “thermal 
grating,” produced by thermal expansion, modulated by the coherent phonon dynamics and decaying via thermal 
transport.196,312 (b) Zoom into the early time response (black dots) and comparison with the EUV TG signal probed 
by optical pulses (blue dots), where the rise time of the signal is within the cross-correlation. 193,196 The much 
slower rise of the all-EUV TG signal depends on LTG. The maximum signal is delayed by one-half of the acoustic 
oscillations period, indicating that the dominant contribution to the signal originates from density changes. Both 
the slow signal decay (red lines in (a)) and the apparent decay of the oscillations are related to the thermal 
equilibration time. (c) LTG-dependence (43.6 nm and 87.2 nm) of the all-EUV TG magnetization signal of a 9 nm-
thick film of Co0.81Gd0.19 deposited on a silicon nitride membrane and probed at the M2,3 edge of Co (59.6 eV/20.8 
nm). In both cases, the external magnetic field was H = 40 mT. Solid lines are exponential fits with an offset 
correction (From ref. 200). (d) hard X-ray signal of bismuth germanate at 7.1 keV (LTG= 770 nm) and probed at 400 
nm. Coherent optical phonon oscillations riding on an exponentially decaying signal (fitted by the blue line) can 
be seen (see text for details).  
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Figure 6: Kinematic regions accessible by existing techniques: Transient Grating (TG), Brillouin Light Scattering 

(BLS), Inelastic UV Scattering (IUVS), Inelastic X-ray Scattering (IXS) and Inelastic Neutron Scattering (INS). The 

figure shows the region that is accessible by EUV-TG. The two dotted lines indicate energies of collective 

excitations with characteristic speeds of sound of 500 m/s and 7000 m/s. Reproduced from ref. 313. 
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Figure 7: Sketch of theoretically proposed X-ray signals to probe elementary molecular phenomena. (A) Wave 

packet bifurcation at a conical intersection. In TRUECARS, an off-resonant X-ray field directly probes the emerging 

coherence via the transition polarizability alpha. (B) X-ray light fields with sophisticated polarization structures 

probe the chirality of a molecule with a stereogenic centre via dipole moments mu and magnetic moments m. 

(C) An ultrabright X-ray probe field generates momentum (q-) dependent diffraction patterns of molecular 

dynamics. Scattering off state densities (all electrons) dominate at low momentum transfer, while scattering off 

transition densities (one electron) to detect coherences become stronger at high momentum transfer. 
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