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Abstract

Elementary events that determine photochemical outcomes and molecular
functionalities happen on the femtosecond and subfemtosecond timescales.
Among the most ubiquitous events are the nonadiabatic dynamics taking
place at conical intersections. These facilitate ultrafast, nonradiative tran-
sitions between electronic states in molecules that can outcompete slower
relaxation mechanisms such as fluorescence. The rise of ultrafast X-ray
sources, which provide intense light pulses with ever-shorter durations
and larger observation bandwidths, has fundamentally revolutionized our
spectroscopic capabilities to detect conical intersections. Recent theoreti-
cal studies have demonstrated an entirely new signature emerging once a
molecule traverses a conical intersection, giving detailed insights into the
coupled nuclear and electronic motions that underlie, facilitate, and ulti-
mately determine the ultrafast molecular dynamics. Following a summary
of current sources and experiments, we survey these techniques and pro-
vide a unified overview of their capabilities. We discuss their potential to
dramatically increase our understanding of ultrafast photochemistry.
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1. INTRODUCTION
1.1. X-Ray and High Harmonic Generation Spectroscopy of Molecules

Elementary chemical events are determined by the coupled motions of molecular nuclei and elec-
trons that happen on the atto- and femtosecond timescales. The monitoring of these ultrafast
motions requires spectroscopic tools that use photon and electron beams on a comparable—
and preferably shorter—timescale. The advent of novel extreme-ultraviolet (XUV) and X-ray
sources has offered new windows into molecular dynamics thanks to their unprecedented bril-
liance, time resolution, bandwidth, and tunability. X-ray free-electron lasers (XFELSs) constitute
the fourth generation of X-ray light sources. LCLS (Linac Coherent Light Source) was the first
to open to user experiments in 2009 (1), followed by several others around the world, includ-
ing FERMI (2), SACLA (Spring-8 Angstrom Compact Free Electron Laser) (3), SwissFEL (4),
EuXFEL (5), PAL-XFEL (Pohang Accelerator Laboratory XFEL) (6), and DCLS (Dalian Co-
herent Light Source) (7). Each of these XFELs offers different endstations dedicated to a given
type of sample or technique (8). Pulses as short as 280 attoseconds at 905 eV have been reported
at the AMO endstation of LCLS (9). Additionally, the bandwidth of XFEL pulses is broad com-
pared with optical ones. The intrinsic self-amplified spontaneous emission (SASE) relative pulse
bandwidth Aw/w, is 1073~10~*. The bandwidth depends on the central frequency w, (10), which
corresponds to a few eV up to tens of eV. It can be further increased using the chirp of the elec-
tron beam (11, 12). Broadband XFEL pulses can be used for stimulated X-ray Raman scattering
measurements, in which a large manifold of states is probed at once, or for hybrid broadband-
narrowband schemes, which combine high temporal and spectral resolutions. On the other hand,
techniques that require narrower bandwidths—for example, to achieve element selectivity within
a molecular sample—can be achieved by self-seeding of the amplification process (13).

Other types of XUV/soft X-ray sources that show promising capabilities for probing ultrafast
molecular dynamics rely on high harmonic generation (HHG). This process exploits the ioniza-
tion of a (typically noble) gas phase target by an intense IR laser. The ionized electron is accelerated
in the strong IR field within a single laser cycle and emits high harmonics upon recollision with the
parent ion (14). At present, the resulting harmonics constitute the shortest human-made events
and can reach the core K-edge of light elements below 1 keV (15-18). Development efforts to
increase the fluence and stability of HHG sources at the carbon and oxygen edges are underway.

Spectroscopic information can be derived either from the HHG process itself or by using the
generated pulses for nonlinear measurements. Both HHG and XFELs have enabled novel exper-
imental techniques to study ultrafast molecular dynamics, including advanced XUV and X-ray
spectroscopies (19-25), ultrafast X-ray scattering (26-30), Coulomb explosion imaging (31, 32),
serial X-ray crystallography (33, 34), and others. These techniques have led to many remarkable
experimental breakthroughs on time-resolved imaging of photoinduced dynamics (35), heralding
the age of molecular movies (36). In addition, the development of attosecond XFEL and HHG
sources has greatly advanced the field of attochemistry, where electronic coherence plays an es-
sential role. Attosecond electron dynamics in molecules has been observed in recent experiments
(37-39).

1.2. Monitoring Conical Intersection Dynamics

The passage through a conical intersection (Coln) is among the most fundamental events across
all molecular sciences (40). Colns show up in any polyatomic system as regions of degeneracy
between electronic states. The Born-Oppenheimer approximation, which usually allows for
the separate treatment of electronic and nuclear motion, breaks down, and these motions then
become strongly coupled since they occur on similar timescales. The molecular system can then
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relax nonradiatively between electronic states on very short (femtosecond) timescales, thereby
outcompeting other relaxation mechanisms such as fluorescence. The occurrence, topology,
and efficiency of Coln passages therefore determine the outcomes of virtually all photoinduced
chemical and biological processes.

The experimental monitoring of Colns has remained elusive. First, the coupled nuclear and
electronic motions in these regions are very fast (femtoseconds) and span a large few-eV energy
regime. A broadband pulse that provides excellent temporal resolution may in turn be unable to
spectrally resolve the Coln passage since it covers the entire energy range with its broad spectrum.
This is a challenge for spectroscopic techniques that satisfy Swdr > 1 because adequate time and
frequency resolutions, which are Fourier conjugates, are needed. Second, the direct and unique
signatures of Colns presented here are based on coherences, which are generally much weaker
than populations. To date, the presence of Colns in optical pump-probe spectra is inferred from
ultrafast decay rates (41) or rapid changes in characteristic absorption lines (42), or from the anal-
ysis of photofragments (43). With subfemtosecond XFEL pulses (44, 45), and with ever-shorter
and more coherent HHG pulses, the temporal resolution of this probing scheme has reached the
few-femtosecond regime (46, 47).

Accompanying and inspiring this experimental progress are theoretical proposals that design
the next generation of measurements and demonstrate novel ways to exploit the increasing
capabilities of light sources. In the past few years, researchers have proposed an arsenal of new
techniques that tackle the fundamental challenge of detecting Colns from different angles. The
targeted signatures directly rely on coherences that form during the Coln passage. These tech-
niques include X-ray stimulated Raman spectroscopy (48-51), time-resolved X-ray diffraction
(TXRD) (52-55), ultrafast electron diffraction (UED) (56, 57), and time-resolved photoelectron
spectroscopy (tr-PES) (58, 59). A wealth of information about the Coln itself is accessible from the
recorded spectra, such as energy splittings of adiabatic states (49) and spatial distributions of elec-
tron transition densities (55). Once experimentally realized, these techniques should enhance our
understanding of Colns in general and of specific functional molecules. For example, they already
act as the operational principle in photoswitchable pharmacology (60) and materials (61), where
a parametric understanding of on and off states dominates. Modern spectroscopies based on the
principles outlined here may reveal that it is rather a coherent superposition of states—analogous
to Schrédinger’s cat—with Colns mediating the dynamical evolution. This review offers a sum-
mary of recently developed ultrafast spectroscopic techniques that specifically target Colns via a
new family of signatures based on vibronic coherences created during the Coln passage (Figure 1).

1.3. Simulation Protocols for Molecular Dynamics and Their Signals

A wide variety of theoretical approaches have been used to simulate the dynamics of molecular
systems, depending on the process and quantities of interest. These range from classical param-
eterized force fields that propagate nuclear point charges according to Newton’s equations of
motion to exact nuclear quantum dynamics by the time-dependent Schrédinger equation (TDSE)
(62). Difterent flavors of semiclassical approaches combine both worlds or find more approxi-
mate treatments of quantum mechanical motions; among the most prominent examples are Tully’s
fewest-switches surface hopping (63, 64), ab initio multiple spawning (65) and cloning (66), and
the multiconfigurational time-dependent Hartree (67).

All signals presented in this review are based on the total molecular wave function ¥(g, 7, ),
which depends on a set of ¢ = (q1,. .., ¢gn) nuclear degrees of freedom, electronic degrees of
freedom 7, and time #. Expanded in adiabatic electronic states labeled #, it reads

W(g,rt) =Y Yilg, )pe(r: 9), 1.
k
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Figure 1

Sketch of a nuclear wave packet passing through a conical intersection (Coln). The conformational subspace
consists of two nuclear degrees of freedom, ¢1 and ¢, that lift the electronic degeneracy. Before the Coln,
the wave packet is only in one electronic state. After bifurcation, there is wave-packet overlap (red) between
two electronic states, that is, a vibronic coherence. These cause unique signatures in time-resolved X-ray
signals that are different from the populations (grzy). An exemplary X-ray probe process is sketched as an
off-resonant stimulated Raman transition between the electronic states forming the Coln.

where ¥4(¢, 7) is the nuclear wave function and ¢, (r; ¢) is the electronic wave function. The molec-
ular dynamics is obtained by propagating (¢, ¢) in time according to the TDSE (62), providing
a robust framework for the calculation of spectroscopic signals that depend on molecular quanti-
ties like dipoles and charge densities (recently reviewed extensively in Reference 68). A quantum
mechanical treatment of nuclear dynamics is essential to properly account for Coln passages and,
thus, to capture the signatures that are based on them. An approaching nuclear wave packet, ini-
tially located in electronic state 1, partly relaxes into state 2, causing a nonvanishing overlap of
both nuclear wave packets (/1|v,), that is, a coherence. When simulating spectroscopic signals of
ultrafast molecular dynamics in excited states, and especially when targeting signatures that stem
from the Coln passage itself, it is essential to properly account for these coherences. This is natu-
rally given by traditional nuclear quantum dynamics and is partly accessible in other frameworks
like ab initio multiple spawning and cloning, but is missing in, for instance, fewest-switches surface

hopping.

2. PROBING COHERENCE DISTRIBUTIONS
AT CONICAL INTERSECTIONS

2.1. TRUECARS and Vibronic Coherence Spectrograms

Transient redistribution of ultrafast electronic coherences in attosecond Raman signals
(TRUECARS) (48-50) is a particularly promising signal for the observation of Colns that
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Figure 2

Loop diagrams for (7) TRUECARS and () transient absorption signals. Abbreviation: TRUECARS,
transient redistribution of ultrafast electronic coherences in attosecond Raman signals.

exploits the unique capabilities of novel X-ray sources. The technique uses a hybrid broadband-
narrowband X-ray probe field at variable time delay after optical excitation of the molecular
sample (Figure 2). The X-ray probe pulses induce a stimulated Raman process between valence
electronic states (compare with Figure 1). The signal appears only once there is a nonvanishing
overlap between nuclear wave packets in two electronic states—that is, a vibronic coherence—as
is generated at, for example, a Coln due to wave-packet bifurcation (Figure 1). The total rate
of change of the photon number in the broadband field, which is the detection mode in the
TRUECARS signal, is zero since the probe field is off-resonant to any material transitions and
thus may not be absorbed. Only the frequency dispersion of the broadband field after interaction
shows up, exhibiting gains and losses at positive and negative Raman shifts o, corresponding to
a redistribution of photon energy (Figure 3). A gain at » < 0 and a loss at @ > 0 mean that
the field is depositing energy into the system, corresponding to a Stokes-type process. A loss at
o < 0 and a gain at w > 0 imply that the field is receiving energy from the system, corresponding
to an anti-Stokes process. The signal oscillates between these two scenarios with the phase of
the vibronic coherences. The high temporal resolution and a broad frequency bandwidth make
TRUECARS a unique probe of nonadiabatic dynamics that has no optical equivalence.

TRUECARS can be carried out in a variety of detection modes depending on the probe used.
First, the probe can be hybrid—that is, composed of two phase-locked pulses with different tem-
poral and spectral characteristics—or not. Second, the probe pulses must be phase-locked to
prevent signal cancellation upon averaging. Third, TRUECARS can be detected with attosec-
ond pulse trains, as demonstrated recently (69). Finally, the stimulated Raman process should be
off-resonant. When the X-ray pulse is resonant to the core states in the molecule, as in attosecond
transient absorption spectroscopy, contributions from state populations emerge and TRUECARS
loses its selectivity to coherences.

In its original proposition, an off-resonant hybrid broadband-narrowband probe was employed
in a heterodyne detection scheme. The nuclear wave packet is excited by an optical pulse and
undergoes nonadiabatic dynamics. To keep the discussion general, this wave packet |y/(7)) is kept
as is, but it could also be expanded into, for instance, a diabatic basis. After a delay 7, a hybrid probe
induces an off-resonant stimulated Raman transition between the two potential energy surfaces
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Figure 3

(2) TRUECARS signal (Equation 2) of uracil photorelaxation (49) initiated by a 20 fs Gaussian pump centered around ¢ = 0 and probed
by a hybrid broadband-narrowband X-ray probe field. The signal emerges only around 80 fs, when the molecule starts to undergo
Coln passage. () Spectrogram of the TRUECARS signal according to Equation 4. S(#) is a temporal trace of the signal in panel # (gray
line). (c) Same spectrogram, but with S(#) taken as the integral of positive Raman shifts. It has a shape almost identical to that in panel &,
indicating that precise spectral resolution is not needed, provided that one can separate between positive and negative Raman shifts.
The frequency information can be recovered at the postprocessing stage. Abbreviations: Coln, conical intersection; TRUECARS,
transient redistribution of ultrafast electronic coherences in attosecond Raman signals.

(PESs). This hybrid probe is made of broadband &g and narrowband Ey pulses. The former ensures
an attosecond temporal resolution of the recorded event and a broad spectral window for the
observation of the signal, whereas the latter provides the required frequency resolution to detect
the evolution of the coherence generated at the Coln as the molecular wave packet spans different
regions on the PESs. The signal can be read from the loop diagram in Figure 24 and is given by
the heterodyne detection of the dispersed broadband pulse:

S(@, T) = 2Im / dre™ D& (w)Ex(t — T Olaly ¢)). 2.

In contrast, the transient absorption signal (70) can be read from the diagram in Figure 26 and
is given by

S(w,T) = 2Re / dr /0 - ds e DE (@)t — 51 — TYWOW GV Y@ —s1)), 3.
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where s, is the propagation time in the core excited state and Vis the electronic transition dipole
operator. The resonant interaction adds an extra molecular propagator G(s;) into the correla-
tion function. Transient absorption is well established in the optical regime and straightforwardly
transferable to X-rays, which is why it is commonly used here as well. In contrast to TRUECARS,
usually both interactions (Figure 2b) occur with the same single probe pulse. Coln passages show
up in X-ray transient absorption spectra as rapid changes in absorption lines stemming from spe-
cific valence-to-core transitions (71, 72). The added element selectivity obtained from the resonant
core excitation can be used to disentangle complex electronic dynamics that includes multiple
Colns. However, transient absorption is not an exclusive probe of molecular coherences.

There is unique information in the TRUECARS signal that can be extracted directly from the
recorded spectrum. The Raman shift @ observed by frequency-dispersing the broadband &£j(w)
field directly corresponds to the energy shift between the adiabatic states forming the vibronic
coherence (compare with Figure 1). In Reference 48, where a localized nuclear wave packet tra-
verses a model Coln, the main feature of the TRUECARS signal was observed closer to zero
Raman shift, at @ = 0 when the wave packet was in the vicinity of the Coln, and at increasing w
when the wave packet evolved away from the Coln. Any vibronic coherence will in principle show
up in the TRUECARS signal, provided that &(w) has a broad enough bandwidth, but only those
stemming from a Coln will be centered around w = 0. In a real molecular system (49), nuclear
wave packets may be much less localized. A delocalized coherence that travels around the Coln
may exhibit constant Raman shifts close to w = 0, in which case less dynamical information can
be extracted simply by inspecting w.

Additional information can be derived by analyzing the temporal oscillations in the
TRUECARS signal. The coherence between the adiabatic states propagates with a time-
dependent dynamical phase that corresponds to their energy difference (48, 49). Thus, the
instantaneous frequency—and the energy splitting between the adiabatic states—can be accessed
with a Wigner transformation or a temporal gating operation at the postprocessing stage (49).
The equation for the latter corresponds to a (cross-correlation) frequency-resolved optical gating
(FROG)/XFROG measurement (73, 74) and reads .

Hw,T)= / dt S(t)Egue(t — T) e~ ) , N

where Egy. is an arbitrarily chosen gating function and S(z) is a temporal signal trace taken at
constant w. In order to calculate this spectrogram of the TRUECARS signal, excellent temporal
resolution is desirable, but the frequency resolution does not need to be high. As demonstrated
in Figure 3, it is sufficient to separate positive and negative Raman shifts, as integration over the
complete w range will reduce the signal to zero.

Following the initial demonstration on a vibronic coupling model Hamiltonian (48), we sim-
ulated the TRUECARS signal for different molecular processes. In addition to uracil (49) and
4-thiouracil (75), the TRUECARS spectrogram has proven valuable in revealing the effects of
initiating photochemistry through Colns by two entangled photons on azobenzene isomerization
(76). TRUECARS can also be instrumental in probing coherences in fused aromatic units (50)
or dendritic molecules (77), which are promising candidates as building blocks for optoelectronic
materials. Designing molecules with long-lasting coherences that can compete with decoherence
mechanisms and incoherent scrambling pathways and survive multiple Coln passages is an impor-
tant step toward increasing the energy transport properties of the macroscopic devices they will be
used in. As was recently demonstrated, TRUECARS can reliably give insight into whether coher-
ences are persistent (50) and the molecule is a suitable candidate for further testing, or whether
modifications need to be made because of dominant incoherent scrambling pathways (77) that
manifest as a rapid decay of the signal.

www.annualreviews.org o Ultrafast X-Ray Probes

79



The major experimental challenge of TRUECARS is generating stable X-ray pulse pairs with
a controllable relative phase, which is still very difficult and is the subject of extensive research
efforts (78). Alternatively, the stochastic nature of XFELSs can be used in a covariance-based mea-
surement to recover coherent information, as discussed below in Section 4. TRUECARS can also
be detected with attosecond pulse trains originating from an HHG process (69). This study also
included the contribution of vibrational coherences to the TRUECARS signal, which can be more
or less pronounced than the electronic coherences depending on the symmetry of the model used.
Because the vibrational coherences oscillate much more slowly than the electronic ones, a Wigner
or XFROG spectrogram could be used to disentangle them (69).

TRUECARS can be regarded as the high-energy counterpart to coherent anti-Stokes Raman
scattering (CARS). Both techniques use a high-frequency pulse to probe a manifold of states ly-
ing at a lower energy. Time-resolved CARS uses optical pulses to probe vibrational wave packets,
while TRUECARS uses XUV or X-rays to probe valence electronic dynamics. Additionally, CARS
usually generates vibrational coherences during the pump process, while for TRUECARS, addi-
tional electronic coherences naturally appear during the Coln passage. These are energetically
separated from the electronic coherences during the pump, since they are centered around a 0 eV
Raman shift (corresponding to the vanishing energy gap at the Coln) in the frequency-resolved
spectrum, as opposed to a few eV during the excitation.

2.2. Time-Resolved X-Ray and Electron Diffraction

Ultrafast X-ray and electron diffraction are complementary techniques for monitoring transient
molecular structures. Figure 4 illustrates the general principle of diffraction experiments, and
Figure 5 shows the loop diagrams. An optical pump pulse excites the molecular sample and pre-
pares a superposition of nonstationary states. At variable time delay after the pump, a femtosecond
X-ray or electron pulse arrives at the sample and is scattered off the current geometry. A diffraction
pattern is recorded at the detector as a function of the vector q = k, — k,, which is the scattering
momentum transfer between the incident and scattered photons or electrons with wave vectors

Sp state

So/S; transition

Optical
pump

Weak Strong

Coherence S, state

Figure 4

() Diffraction experiment schematic. The color gradient on the pattern indicates where the conical intersection is strong. (b)) Orbital
pictures with total versus transition densities to get across the point of spatial extent and ¢ range.
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a Single-molecule diffraction signal b Two-molecule diffraction signal

Figure 5

Loop diagrams for (#) the single-molecule and (b) the two-molecule diffraction signal. o is the electronic
charge density for time-resolved X-ray diffraction and the total charge density for ultrafast electron
diffraction.

k, and k. A temporal series of such diffraction patterns then reveals structural changes during the
molecular dynamics, with many different signatures that are explained below.

Comparisons of UED and TXRD have been discussed extensively (56, 79-81). There are sev-
eral important differences between X-ray diffraction and electron diffraction. First, TXRD probes
the electronic charge density, whereas UED measures the total (electronic + nuclear) charge den-
sity (82). Second, typical X-ray wavelengths are much longer than the de Broglie wavelength of
electrons, so that X-ray scattering patterns can reveal more detailed information at small scatter-
ing angles, while electron diffraction can measure signals at very large scattering angles. Third,
while X-ray diffraction uses Thomson scattering of X-rays (83), electron diffraction is based on
Rutherford scattering of electrons (84). Both Thomson and Rutherford scattering are elastic scat-
tering. The key difference is that the former refers to scattering of electromagnetic radiation
(i.e., photons) by a free charged particle through the electromagnetic dipole radiation, while the
latter refers to scattering of charged particles (electrons) by a free charged particle through the
Coulomb interaction. These are two distinct physical processes that have very different cross sec-
tions. Although the Rutherford scattering cross section is much larger than the Thomson one,
space-charge effects make it difficult to maintain short pulse durations of electrons.

TXRD has recently achieved femtosecond resolution thanks to ultrashort XFEL pulses (1, 85,
86). Similarly, relativistic MeV electron pulses (87, 88) have pushed UED into the femtosecond
regime. Both TXRD and UED are able to follow structural changes, as demonstrated for the ring
opening of cyclohexadiene (26, 89, 90) and the photodissociation of trifluoroiodomethane (91)
and trimethylamine (92). In these measurements, signatures of Colns are inferred by combining
the data analysis with ab initio simulations. Advanced data processing of TXRD signals on the p-
coumaric acid chromophore in photoactive yellow protein (93) has made it possible to determine
the topography of the Coln crossed upon photoexcitation.

A typical TXRD measurement records the amplitude squared of the Fourier transform of the
electronic charge density, |0¢/(q)|?, where g is the scattering momentum transfer. UED similarly
measures the total (electronic + nuclear) charge density, |o°(q)|* = [0/(g) + o™(¢9)|*. As a
consequence, all electrons contribute to the signal. In ultrafast molecular dynamics, only a few
electrons contribute to the nonadiabatic passage, while the others serve as spectators or follow
adiabatically the nuclear dynamics. In fact, the signal is generated mostly by the numerous core
electrons, while the few valence electrons have a smaller contribution. However, TXRD and
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UED also offer various parameters, such as the detected momentum transfer and the pulse
bandwidths and durations that can be used to extract the desired information.

TXRD and UED signals are composed of multiple interaction pathways (52, 56, 94-97), some
of which are specific to electronic coherences. These contributions possess mixed elastic + inelas-
tic scattering contributions. While the total ultrafast diffraction signals scale with the number of
electrons in the molecule, the mixed terms do not scale with it and usually get buried under the
other, stronger contributions.

The impulsive single-molecule TXRD signal (or, equivalently, an ensemble of randomly
noninteracting molecules) is given by

Stxro(g, T) o< Re(y (T)[6 (= )6 (@)1 (T)). 5.

Similarly, the impulsive UED signal on a single molecule is given by
1
Suen(g, T') o ERE(IP(T)Iﬁmt(—q)&m‘(q)lw(TD. 6.

Detailed expressions for the various contributions are given in Reference 56, and the general loop
diagram for the single-molecule diffraction signal is shown in Figure 54. By expanding the wave
function in electronic eigenstates, each of the two signals can be broken down into multiple contri-
butions. Among them, terms of the form Re(x(T")|0ee(—4)0.(q)| x.(T)) carry direct signatures of
Colns. The inverse Fourier transform of these contributions provides a spatial image of the Coln.

Both TXRD and UED have been simulated for azobenzene photoisomerization (53, 98),
a textbook photochemical reaction that connects stable cis and trums isomers (compare with
Figure 4, which shows a transition structure between both isomers with a 90° angle between the
carbon rings). Optical switching between these two can be achieved by using visible light with
different wavelengths. In addition to being a prototype model photoswitch, azobenzene-based
molecules are used in numerous applications ranging from photopharmacology and optogenetics
(60) to materials with different properties and purposes (61). Temporally and spatially resolving
the Coln dynamics in such molecules are thus crucial to gain fundamental insight and for
molecular design applications.

TXRD patterns contain coherence signatures that are directly related to the transition den-
sities associated with the Coln passage (53). This spatial information is exclusive to scattering
measurements and is not accessible with the other signals discussed here, such as TRUECARS
and tr-PES. The coherence contribution is much weaker than the ones from populations and is
therefore buried in the total diffraction signal. With increasing momentum transfer, however, the
relative strength of this signature in the total signal is increased. The reason is shown in Figure 4.
All 96 electrons of azobenzene contribute to the electronic-state densities, which are responsible
for elastic scattering. This is what is conventionally recorded in diffraction patterns. The coher-
ence signature is based on the transition densities between the electronic states, where only one
electron—the one associated with the electronic transition, in this case originating from a nitrogen
lone pair—contributes. Since this transition density is more confined in real space than the state
densities, its relative strength increases at large ¢ values in momentum space. This general fea-
ture applies to the valence-state photochemistry of most molecules. A frequency-resolved TXRD
measurement could similarly highlight the contribution from transition densities (55). This mea-
surement relies on the fact that the fast oscillating coherence dynamics leads mostly to inelastic
scattering, whereas the slower population dynamics is associated with elastic scattering. These
two terms could be separated by frequency-dispersing the signal at each pixel point in the detec-
tor, or by a time—frequency analysis based on, for instance, FROG-like spectrograms. This topic
is discussed further in Section 4. Next-generation X-ray sources provide higher pulse energies
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that can record increasing momentum transfer amplitudes, which will lead to new possibilities for
diffractive imaging of Colns. Section 4 also discusses how stochastic sources, as they exist today,
can already help retrieve this information.

The TXRD signal has been simulated for the photorelaxation of 4-thiouracil (75). Unlike
azobenzene, this molecule does not undergo significant structural changes such as isomerization
but rather relaxes back to the original ground-state minimum. Accordingly, the TXRD patterns
vary less with time. An exception is the coherence contribution stemming from the Coln, which
again exhibits dynamical features due to the oscillations in the electron transition densities in real
space.

As discussed in more detail in References 56 and 98, the UED signal contains additional con-
tributions to TXRD due to scattering from the total (nuclear + electronic) charge density rather
than from the electronic one alone. Because the nuclear charge densities and atomic core elec-
trons are typically more confined in space compared with more-diffuse valence electrons that are
responsible for chemical bonding, they can be separated in UED experiments that record them
simultaneously (99). In addition to these contributions and the coherence signatures from Colns,
as discussed in the case of TXRD, there are mixed nuclear + electronic signatures that are unique
to UED (56, 98). In terms of the loop diagram in Figure 5, this means that the interaction on one
branch occurs with the nuclear charge density and that the one on the other branch occurs with
the electronic one. This unique signature provides a new level of sensitivity with respect to Colns,
since their unique feature is a strong coupling of nuclear and electronic degrees of freedom.

We recently demonstrated that by combining TXRD and UED (100), one can isolate the
purely nuclear contributions to the diffraction patterns. This finding is especially intriguing be-
cause it provides direct information about nuclear wave packets—that is, the motions of atoms and
molecules—compared with the more indirect spectroscopic probes that detect electronic proper-
ties such as dipoles or polarizabilities. To isolate the contributions, both TXRD and UED signals
must be heterodyned and carefully normalized (100), a highly challenging experimental propo-
sition. The combined technique can provide unique direct insight into molecular wave-packet
dynamics that is not accessible by any other means.

2.3. Time-Resolved Photoelectron Spectroscopy

Photoelectron spectroscopy relies on ionization as the main process responsible for the signal
(101). In tr-PES, time-resolved information is obtained by varying the arrival time of an ionizing
probe pulse and by measuring the kinetic energy distribution of the emitted photoelectrons (102—
104); recent advances have employed XUV (105, 106) and X-ray pulses (25, 107). In contrast, for
the stimulated X-ray Raman and diffraction techniques discussed above, photoionization due to
the X-ray probe acts as a competing process that should be minimized. tr-PES signals contain
strong contributions from the populations of the molecular states, and most theoretical methods
interpret photoelectron spectra in terms of a semiclassical Fermi’s golden rule, where the role of
molecular coherences is entirely neglected (108-110).

Reference 58 proposed the idea of accessing electronic coherences at Colns via tr-PES. The
tr-PES signal is represented by the diagram in Figure 64. It depends on the emitted photoelectron
energy ¢ and the arrival time 7 of the ionizing X-ray pulse, and is expressed as

S(e,T) = 2Re/ d /oodtl EXt—T)E(E —t1 —T)e ™ /2e fda’)ke WOW Gt —t)VTvE —n)),
0
7.

where the pulse £(#) and the wave function | (?)) of the neutral molecule precede the X-ray ion-
ization. V1 is the dipole operator leading from the neutral molecule in state |I) to the cation in
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state |o) and the free electron in state k. (Figure 6a). G(t,t — t1) describes the free evolution of
the cation between the left and right interactions in Figure 64, while the corresponding evolution
of the emitted photoelectron is given by e~*1. Here, we focus on the energy-resolved signal in
Equation 7, which is obtained by integrating over the solid angle d£2;, at energy ¢. We note that
angular-resolved tr-PES, based on a moment analysis of the photoelectron angular distribution,
was recently implemented to separate electronic coherences from population dynamics (111).

When the neutral molecule is in a coherent superposition state |I)(I'|, the same broadband
pulse can induce ionization, on both the left and right branches, to the final state |o) (¢|. The am-
plitude of this contribution is directly related to the magnitude of the molecular coherence. Like
TRUECARS, the X-ray probe bandwidth will determine the temporal and spectral resolutions of
the tr-PES signal. Proposals to improve the temporal and spectral resolutions by using trains of
attosecond pulses have recently been made (112).

The tr-PES signal was recently computed for the nonadiabatic dynamics of photoexcited uracil
undergoing passage through a Coln (59). The predicted contributions stem from the molecular
coherences emerging at the Coln between the excited S, state and the optically dark S; state in
neutral uracil. Figure 6b shows the total tr-PES signal, and Figure 6¢ shows the purely coher-
ent contribution. For ultrashort attosecond pulses, strong tr-PES features can be distinguished
because of the coherence between the ground Sy and the bright S; excited state. Although the
frequency resolution of the photoelectron signal was eroded for short broadband pulses, good
time—frequency resolution was recovered at the data processing stage via Wigner or FROG-like
spectrograms (Equation 4). These are analogous to the TRUECARS spectrogram discussed in
Section 2.1. Specifically, by scanning the spectrogram at sufficiently high frequencies, one can
highlight the role of the coherence emerging at the Coln and separate it from the population
background. This is crucial because the coherence signature is two orders of magnitude smaller
than the population and is thus hidden in the total signal (Figure 6).

3. TIME-DEPENDENT MOLECULAR CHIRALITY

Circularly polarized light has long been highly valuable for probing molecular chirality. Ultrashort
XUV and X-ray sources also provide accurately controllable circular polarization of the pulses
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(113,114). Chiral molecules are objects that are not superimposable with their mirror images. The
two are referred to as enantiomers. Such molecules are highly important for biochemistry, drug
synthesis, and consumer chemistry. However, standard spectroscopic techniques cannot distin-
guish between two enantiomers, and chiral discrimination usually shows up as a small correction
on top of an achiral background. The chiral contribution can then be extracted by taking the
difference of observables acquired with left and right circular polarization. These could be, for in-
stance, absorption [circular dichroism (CD)] or Raman scattering [Raman optical activity (ROA)].
Developing more sensitive and informative chiral signals is essential for better understanding this
phenomenon on the fundamental level and for formulating design principles for synthesis and ap-
plication. Because the excited-state dynamics of chiral molecules can exhibit interesting features
that determine, for instance, the photochemical enantiomeric yield, this issue is inherently linked
to Colns. Below, we survey novel ways of probing chiral molecular properties and dynamics with
XUV and X-ray pulses.

One way to exploit X-ray sources is through their element specificity. Increasing the distance
between an X-ray chromophore and the chiral molecular center (more correctly named the stere-
ogenic center) decreases the strength of the X-ray CD signals resonant with the chromophore
(115). This picture is complicated by the fact that some molecules have multiple stereogenic cen-
ters (e.g., menthol) or have a globally chiral geometry without a stereogenic center (e.g., helicenes
or 1,1’-bi-2-naphthol). The use of resonant X-rays as a probe in CD and ROA signals provides
additional structural information linking the stereogenic center and the probed atom.

Ultrashort pulses enable the design of time-resolved experiments that monitor chiral dynam-
ics. We consider multiple prototypical situations. First, a stable chiral molecule in its ground state
is excited and its subsequent dynamics is followed using a chiral-sensitive signal. Repeating the
experiment at different core edges allows one to reconstruct how each atom (or group of de-
generate atoms) is influenced by normal coordinates involving chiral nuclear motions. tr-XCD
experiments have been conducted at the carbon K-edge of ibuprofen and chloroquine (116). Sec-
ond, some molecules are achiral in their ground state and become chiral in their excited state. A
prototypical example is formamide, which is planar and achiral in its ground state and can become
chiral in its first excited state due to its pyramidalization. Simulations have shown that tr-XCD can
accurately follow the molecular dynamics (117) and is sensitive to the mean position of the nuclear
wave packet on the molecular PES. Finally, the potential barrier between the two enantiomers can
be low, leading to racemization dynamics. When this happens in the excited state, and particularly
when nontrivial pathways involving Colns can reach a given final product, the selectivity of X-rays
could prove invaluable. For example, cis-azobenzene has two enantiomers, cis-(P)-azobenzene and
cis-(M)-azobenzene, and its relaxation between the two upon photoexcitation of #7ans-azobenzene
into the S; state involves a Coln (118).

The techniques described above rely on dichroic measurements, which probe higher
multipoles in the radiation—molecule coupling. Recently, two other approaches have been demon-
strated. The first relies on signals existing in the electric dipole coupling. To obtain chiral
discrimination, the interaction must be even-order nonlinear in the perturbative field (119). The
source of the chiral discrimination arises from the fact that even-order susceptibilities vanish in
centrosymmetric media, a randomly oriented ensemble of molecules in this case. Chirality breaks
the centrosymmetry and allows for chirality-sensitive signals. Other electric dipole coupling alter-
natives include photoelectron circular dichroism (PECD) (120) and chiral HHG (121), in which
the chiral interaction exists in the electric dipole coupling because transition dipoles are complex
for transitions into a continuum. Large asymmetry factors have been reported, and this detection
mode has been used in multiple time-resolved experiments.
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Table 1  Chiral-sensitive signals sorted by their coupling with matter
Chiral signals
Multipolar Electric dipole Minimal coupling

Static XCD SFG/DFG HD

XROA cHHG HROA

PECD

Time-resolved (tr) r-XCD tr-PECD tr-HD

tr-ROA tr-cHHG tr-HROA

Abbreviations: cHHG, chiral high harmonic generation; DFG, difference-frequency generation; HD, helical dichroism;
HROA, helical Raman optical activity; PECD, photoelectron circular dichroism; SFG, sum-frequency generation; XCD,
X-ray circular dichroism; XROA, X-ray Raman optical activity.

The second approach employs the orbital angular momentum (OAM) of light, which has also
been proven to be chiral sensitive (122, 123). A light beam with OAM, also called a vortex beam,
possesses a wave front that twists along the beam propagation, independently of the beam polar-
ization state. Such beams contain a phase twist that engages spatially with the molecular chirality;
in contrast, circular polarization relies on the spin angular momentum of light. The interaction of
OAM beams with chiral molecules is naturally described by the minimal coupling Hamiltonian in
which the transition moments are given as a spatial overlap integral that takes the following form:
Jdr j(©) - A(r)e’™, where L is an integer representing the OAM, A is the vector potential of the
incoming X-ray beam, and j is the transition current density operator. An alternative description
in terms of multipole moments exists as well (123). Since the coupling appears as an overlap inte-
gral, the coupling between the light OAM and the molecular chirality is most efficient when the
sizes are comparable. This constraint has so far hindered the efficient use of these beams for chi-
ral spectroscopies in the optical domain. Because the diffraction limit scales with the wavelength,
X-ray pulses allow one to achieve OAM at a focus size closer to molecular scales. Dichroic signals
relying on the difference in absorption between +L and —L OAM beams have been demonstrated
(124, 125) and named helical dichroism. Time-resolved versions of detection modes relying on
OAM beams have not been well explored to date. Recent developments have demonstrated the
ability of these beams to probe molecular coherences in diffraction signals, whether the probed
molecule is chiral or not.

The chiral-sensitive signals covered in this section can be classified according to their coupling
with matter: whether it is best described using the multipolar, the electric dipole, or the minimal
coupling Hamiltonian. Table 1 summarizes these XUV and X-ray signals.

4. COVARIANCE SIGNALS WITH STOCHASTIC X-RAY
FREE-ELECTRON LASERS

Seeded free-electron lasers (FELs) at XUV photon energies offer stable coherent pulses (2) with
the possibility of pulse shaping (126) and control (127). However, at higher photon energies, soft
and hard XFELs based on the SASE mechanism (128) generate stochastic pulses with no phase
control, resulting in noisy temporal and spectral profiles. This chaotic nature of X-ray SASE FEL
pulses constitutes a major bottleneck for the implementation of multidimensional nonlinear X-
ray spectroscopy protocols (129-131) such as TRUECARS, which require stable phase-controlled
pulses and high joint temporal and spectral resolutions. Seeding protocols have been implemented
to improve the coherence of hard-X-ray FEL pulses (132). High-intensity few-femtosecond pulses
(133) with reduced-intensity spikes (134) have been demonstrated. However, because of their
underlying SASE structure, these pulses are not reproducible from shot to shot.
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Signals such as TRUECARS are sensitive to the pulse phase. The random variations in the
phase of stochastic FEL pulses are imprinted into the signal, which thus vanishes upon averag-
ing. Several theoretical and experimental studies are currently exploring protocols to circumvent
this issue. A very promising approach takes advantage of machine learning to extract coherence
information from chaotic data sets, as recently demonstrated for photoactive yellow protein un-
dergoing a rapid trans-to-cis isomerization reaction via a Coln (93). Here, we focus on covariance
techniques, in which suitable products of observables are averaged over independent measure-
ments in order to retrieve spectroscopic information. Covariance methods have been investigated
in recent theoretical and experimental studies with stochastic optical lasers (135-137) and XFEL
pulses (138-142). Below, we discuss how these correlation techniques, implemented with stochas-
tic FEL pulses, can enable TRUECARS (51) and frequency-resolved TXRD (55) with existing
FEL technology, without requiring either a broadband-narrowband hybrid pulse or control over
the pulse phase.

Since each signal is uniquely related to the particular pulse producing it, spectroscopic infor-
mation can be retrieved by analyzing at the data processing stage the correlation between the
signal S(wg, T), induced by a given stochastic pulse £(w), and the spectral intensity |€(ws)[* of
that same pulse:

Clws, w0, T) = (|E(a)I* S(wa, T)) — (IE(@n)*) (S(@s, T)), 8.

where the angular brackets indicate an average over independent measurements. In Equation 8,
the signals and the pulse spectral intensities are correlated at different frequencies, oy, and wy,
respectively; the frequency difference (ws; — ws1) here plays the role of the Raman frequency.
The frequency ws; thus provides the reference necessary to reveal the Raman resonances in the
molecule and the evolution of their time-dependent frequencies by scanning w;.

For second-order signals such as TRUECARS, which involve two interactions with the probe
pulse, Equation 8 is determined entirely by the two- and four-point field correlation func-
tions, B (w1, 0;) = (£*(w1)€(w2)) and Fy(wy, w3, w3, w4) = (E*(01)E (2)E* (w3)€ (w4)). By knowing
these field correlation functions for stochastic FEL pulses, one can predict the properties of
C(ws1, ws2, T) and retrieve spectroscopic information. Suitable methods have long been utilized
to model experiments with stochastic XFEL pulses (143-148) and simulate chaotic pulses with
the correct statistical properties. Figure 7a,b depicts simulated temporal and spectral profiles of
stochastic FEL pulses based on the model in References 51, 144, and 145, along with their av-
erage intensity profiles. This model was used (51) to predict the two- and four-point correlation
functions of stochastic FEL pulses as well as to investigate TRUECARS and frequency-resolved
TXRD, as discussed below.

4.1. TRUECARS

In the traditional TRUECARS setup with phase-controlled pulses, a hybrid broadband-
narrowband probe is necessary in order to achieve joint high temporal and spectral resolutions.
The duration and bandwidth of a coherent pulse are linked by Fourier uncertainty. Therefore, a
large observation bandwidth and a controllable time—frequency resolution cannot be achieved by
asingle coherent pulse. However, stochastic FEL pulses feature chaotic temporal and spectral pro-
files, and their duration and spectral bandwidths are not linked by Fourier uncertainty. The same
stochastic FEL pulse can, in principle, ensure a large observation bandwidth and a controllable
time—frequency resolution, provided that spectroscopic information can be retrieved from chaotic
signals. We therefore consider an implementation of TRUECARS involving a single stochastic
FEL pulse interacting twice with the molecule. Given the TRUECARS signal in Equation 2, the
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Figure 7

Simulated intensity profiles of a stochastic pulse based on the model presented in References 51, 144, and
145. The pulse has an average duration t = 4.65 fs (1/7 = 0.14 eV) and bandwidth o = 10 V. (#) Temporal
and (§) spectral intensity profiles. The solid blue curves represent one realization of the stochastic pulse; the
solid yellow curves exhibit the mean profiles, obtained by averaging over 1,000 independent realizations.
The dashed blue curves show the expected average intensities, calculated on the basis of the two-point
correlation function of the model. (¢) Simulated TRUECARS signal and (4) simulated spectrogram of uracil
photorelaxation recorded with stochastic XFELs in a covariance approach. The coherent information is
completely recovered, as evident via comparison with the signal in Figure 3. Abbreviations: TRUECARS,
transient redistribution of ultrafast electronic coherences in attosecond Raman signals; XFEL, X-ray
free-electron laser. Panels # and 4 adapted from Reference 51.

associated correlation function reduces to (51)
dw —iwT ;2
Clwst, w0, T) =2Im 7 G(ws1, w2, 0) e {a(w)) 1, 9.
7

with  G(ws1, ws, w) = Ei(wsa, ws, wa, wg — 0) — B(wg, wq) B(wg, 0w — o). The  correlation
properties of the stochastic FEL pulses thus determine the observation width and the time-
frequency resolution of the technique. Reference 51 showed that a composite stochastic pulse,
consisting of a short peaked pulse and a long broadband stochastic FEL pulse, can provide
the favorable combination of parameters needed to enable large observation widths and time—
frequency resolutions, without requiring any shaping or control of the pulse phase. The broad
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frequency envelope of the stochastic pulse sets the observation bandwidth in a way analogous
to Ep(w;) for TRUECARS with a hybrid coherent probe. The pulse’s overall time envelope
instead determines the time—frequency resolution of the technique. It acts as a gate function
on the evolution of the molecular polarization, playing a role completely analogous to Ex(2)
for TRUECARS with a hybrid coherent probe. The detail of physical information accessed
by TRUECARS implemented with a covariance analysis of stochastic signals is thus virtually
identical to that obtained by phase-controlled pulses, as exemplified by Reference 51 for uracil
nonadiabatic dynamics via a Coln (compare Figure 7c,d with Figure 3a,b).

4.2. Frequency- and Time-Resolved X-Ray Diffraction

As discussed in Section 2.2, most X-ray photons contributing to the TXRD signal are scattered
elastically off the electronic-state densities, with contributions from all electrons in the molecule.
This elastic scattering represents a challenge when monitoring Colns, where most core and va-
lence electrons are inactive and only a few valence electrons are directly involved. Key temporal
and spatial information about Coln dynamics is encoded in the additional TXRD inelastic pat-
terns (52, 53, 149) that stem from the localized quantum coherences generated at Colns. These
signatures are scattered off transition charge densities, which map the few electrons involved in
the Coln passage without background contributions from the remaining inactive ones.

Frequency-dispersed TXRD signals could provide a means to spectrally separate the elastic
(population) and the inelastic (coherence) contributions and follow their evolution in time. In a
TXRD setup, this could be achieved by detecting the X-rays scattered off the sample by an array
of frequency spectrometers, which disperse the spontaneously emitted photons in momentum k;
and frequency ws (150). However, existing stochastic broadband FEL pulses generate ensembles
of stochastic signals that, upon averaging, do not provide the spectral resolution required for an
effective separation of elastic and inelastic scattering contributions.

Also, for frequency-dispersed TXRD, as discussed above for TRUECARS, this limitation of
stochastic FEL pulses can be circumvented by a covariance approach (55). One can introduce
the correlation function of Equation 8, where S now denotes the momentum-, frequency-, and
time-resolved X-ray diffraction signal S(g, ws, T'), and average this correlation function over inde-
pendent measurements. For frequency-resolved TXRD, the signal involves two interactions with
the stochastic pulse, and the correlation function is thus determined by the two- and four-point
correlation function of the field. We note that TXRD is a spontaneous technique where the pulse
properties determine the time—frequency resolution but do not affect the spectral observation
width of the signal. In contrast, TRUECARS is a stimulated heterodyne detection scheme where
the pulse bandwidth determines the spectral observation width of the technique.

Reference 55 exemplifies a covariance approach for frequency-dispersed TXRD for powder
diffraction off randomly oriented nanocrystals of azobenzene molecules undergoing photoiso-
merization through a Coln (53). The correlation signal allows one to monitor the molecular
coherences that emerge during the nonadiabatic dynamics, revealing a confined distribution of
transition charge densities representing small distances in the molecule. Implemented in a crys-
tal, covariance TXRD could offer background-free, fully three-dimensional reconstruction of
transition charge densities at Colns.

5. CONCLUSIONS

The techniques surveyed above address a primary chemical event—passage through Colns—from
different angles. They are enabled by novel ultrafast X-ray and electron sources from FELs and
tabletop setups. The signals are based on vibronic coherences that emerge due to the bifurcation
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of nuclear wave packets at points of electronic degeneracy, and provide more direct probes of non-
adiabatic passages in comparison to, for instance, observing abrupt shifts in transient absorption
lines stemming from populations. In TRUECARS, the populations do not even contribute, and
the vibronic coherences can be detected free from the usually dominating background. Still, large
enough cross sections must be achieved experimentally to compete with loss channels, such as ion-
ization and Auger—Meitner decay. These cross sections can be enhanced by preresonant tuning
of the X-ray pulse energy (51) or by employing quantum optimal control strategies to enhance
the coherence magnitude (54, 151). Through its spectrogram, TRUECARS provides information
about the energy splitting of the adiabatic states and the underlying vibronic coherences (49).

TXRD is a scattering-based technique that provides spatial information not accessible with
TRUECARS or tr-PES. The coherences are masked by much stronger contributions and are
therefore hard to detect, but their relative strength can be increased by recording larger momen-
tum transfer amplitudes using hard X-rays (53). They exhibit oscillations that correspond to the
phase change of the electronic transition density, as the molecule traverses the Coln. UED pro-
vides additional information by scattering from nuclear charge densities, which contain mixed
nuclear + electronic contributions. Heterodyned TXRD and UED could even be combined to
accomplish exclusive sensitivity to nuclear wave packets (100). This is a very difficult experimental
challenge that could give rise to a new family of signatures not available via any other technique.

tr-PES, a well-established technique for the study of nonadiabatic molecular dynamics, con-
tains contributions from vibronic coherences at Colns. Again, they are much weaker than the
population signatures that tr-PES studies usually focus on, but in principle they could be detected
and separated out via transient gating operations at the postprocessing stage.

Molecular chirality is another interesting chemical phenomenon in which X-ray and HHG
sources can drastically increase the probing capabilities. We have discussed various signals that
offer novel ways to access chiral molecular information. Chiral dynamics, if triggered in the excited
state, is inherently linked to Colns that open and connect the photoproduct pathways. In the
future, it will be an interesting challenge to connect chirality-sensitive signals to Colns and explore
how nonadiabatic passages influence the enantiomeric yield of chiral molecular dynamics.

Section 4 has discussed how to overcome a major obstacle in the practical implementation of
the proposed techniques: the stochastic nature of SASE-generated FEL pulses. By measuring the
spectrum in coincidence with the probe pulse generating it, and averaging over many individual
realizations, one can overcome the absence of phase control and recover coherent information
obtained by the techniques discussed above. This can be crucial for experimentally realizing the
theoretical proposals with current pulse technology, although other difficulties still make these
measurements very challenging. Altogether, these techniques can provide unique insights into
elementary molecular events. Connecting a new family of properties to the efficiency of Colns
could lead to novel design opportunities for molecules and materials that rely on Colns as their
operational principle—including, for example, molecular switches and motors.
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