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Pushing the limits of ultrafast
diffraction: Imaging quantum coherences
in isolated molecules

Zilong Tang,' Ramesh Jarupula,’ and Haiwang Yong'-#*

SUMMARY

Quantum coherence governs the outcome and efficiency of photochemical reactions and ultrafast molec-
ular dynamics. Recent ultrafast gas-phase X-ray scattering and electron diffraction have enabled the
observation of femtosecond nuclear dynamics driven by vibrational coherence. However, probing atto-
second electron dynamics and coupled electron-nuclear dynamics remains challenging. This article dis-
cusses advances in ultrafast X-ray scattering and electron diffraction, highlighting their potential to
resolve attosecond charge migration and vibronic coupling at conical intersections. Novel techniques,
such as X-ray scattering with orbital angular momentum beams and combined X-ray and electron diffrac-
tion, promise to selectively probe coherence contributions and visualize charge migration in real-space.
These emerging methods could further our understanding of coherence effects in chemical reactions.

INTRODUCTION

Quantum coherence plays a crucial role in determining the outcome and efficiency of photochemical reactions and ultrafast dynamics.’” This
quantum phenomenon manifests in molecules in three distinct yet interconnected forms.

Vibrational coherences

Arising from superpositions of vibrational states, these coherences involve energy gaps typically ranging from ten to a few hundred millielec-
tronvolt (meV). This corresponds to nuclear motions on the femtosecond timescale.

Electronic coherences

Generated by superpositions of multiple electronic states with larger energy gaps compared to vibrational states, typically on the order of
1-10 eV. These result in rapid electron dynamics in molecules with coherence periods ranging from sub-femtoseconds to attoseconds.

Vibronic coherences

Resulting from the coupling of both electronic and vibrational degrees of freedom, involving energy gaps that span a wide range. One impor-
tant example in molecular systems is conical intersections (Cls), where two or more adiabatic potential energy surfaces become degenerate,
resulting in strong non-adiabatic couplings. These couplings play critical roles in virtually all reaction dynamics, such as light-induced isom-
erization, charge transfer, and energy transfer.

To fully understand the role of quantum coherence in chemical reactions, it is essential to resolve all these forms in real space and time as
the reaction occurs. This requires a comprehensive understanding of both nuclear and electronic dynamics, particularly the coupled elec-
tronic and nuclear motions. Unraveling the interplay between these different manifestations of quantum coherence and their impact on chem-
ical reactions has the potential to revolutionize our understanding of chemical processes and advance quantum computing technologies.*™

The nuclear motion of molecules, specifically the role of vibrational coherences in chemical reactions, has been extensively investigated in
recent years. Traditionally, molecular structures have been determined using X-ray crystallography and electron diffraction on crystalline sam-
ples. The development of time-resolved gas-phase X-ray and electron diffraction techniques has opened new avenues for investigating the
structural dynamics of isolated molecules on picosecond timescales.”'° By employing pump-probe schemes with ultrafast laser pulses, the
real-time dynamics of chemical reactions, including transition states,''™'® can be captured with atomic spatial resolution. Recent advance-
ments in ultrafast gas-phase X-ray scattering and mega-electron-volt ultrafast electron diffraction (MeV-UED) have further pushed the bound-
aries of temporal and spatial resolution,'*"'® enabling the tracking of femtosecond atomic nuclear motion in molecules governed by vibra-
tional coherence.

'Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 92093, USA
?Program in Materials Science and Engineering, University of California, San Diego, La Jolla, CA 92093, USA
*Correspondence: hyong@ucsd.edu

https://doi.org/10.1016/j.isci.2024.110705

Creskor iScience 27, 110705, September 20, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:hyong@ucsd.edu
https://doi.org/10.1016/j.isci.2024.110705
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110705&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

Despite recent progress in studying vibrational coherences in molecules, the direct observation of attosecond electron dynamics origi-
nating from purely electronic coherences and coupled electron-nuclear dynamics arising from vibronic coherences remains a challenge.
Purely electronic coherences can lead to attosecond charge migration and energy transfer processes within the molecule, which play essential
roles in photochemical reactions and light-harvesting systems. While recent ultrafast spectroscopic studies have begun to shed light on these
attosecond electron dynamics,'”* capturing these phenomena with diffraction methods has not been achieved, mainly due to the lack of
required attosecond temporal resolutions. This is expected to become possible in the near future with ongoing efforts to develop attosecond
X-ray free-electron lasers (XFELs) and attosecond electron pulses.zs’zg Furthermore, experimental signatures of vibronic coherences are often
overshadowed by stronger signals originating from electronic populations or vibrational excitations, necessitating novel experimental con-
cepts and theoretical methods to distinguish these subtle coherent phenomena amidst complex molecular dynamics.

This perspective aims to provide a brief overview of the current state-of-the-art ultrafast gas-phase X-ray scattering and electron diffraction
techniques, particularly their experimental advances in studying nuclear dynamics driven by vibrational coherence. By discussing recent ad-
vances and future opportunities in extending these techniques to investigate the other two forms of quantum coherences (i.e., electronic and
vibronic coherences), we hope to inspire the development of new experimental and theoretical approaches that can provide a comprehensive
understanding of all three forms of quantum coherences in photoinduced processes. Such advancements could lead to the ability to directly
observe and control attosecond electron dynamics as well as coupled electron-nuclear dynamics at conical intersections. The question of how
to control quantum coherences in molecules to influence reaction outcomes has led to the emergence of a new field called "attochemis-

#3031 This emerging field has potential far-reaching applications in areas such as photocatalysis, light-harvesting, and quantum

32-34

try.
sensing.

THEORY OF COHERENCE SIGNALS IN TIME-RESOLVED MOLECULAR DIFFRACTION

Time-resolved diffraction techniques have emerged as powerful tools for probing the quantum dynamics of molecules with unprecedented
spatial and temporal resolution. The theoretical description of time-resolved molecular diffraction has been extensively studied in the 1990s
by Wilson, Cao, and co-workers.®>* It has been revealed lately thatin addition to the well-known elastic and inelastic scattering components,
time-resolved diffraction signals contain distinct contributions related to electronic coherence.***” Such coherence signal, arising from the
superposition of electronic (or vibronic) states, plays a crucial role in the ultrafast dynamics of molecules, such as charge migration and conical
intersection passage. By probing the time evolution of the coherence signal, time-resolved diffraction techniques can provide new insights
into the fundamental quantum processes that govern chemical reactivity. In this section, we present a brief overview of the time-resolved
diffraction theory, with an emphasis on its connection to the quantum coherences in molecules.
The time-dependent molecular many-electron wavefunction prepared by a pump pulse may be expanded as

W(r,R,t) ZC, xi(R, t)pi(r,R) (Equation 1)

where ilabels the adiabatic electronic states, x;(R, t) is the normalized nuclear wavepacket in the adiabatic electronic state ¢;(r,R), rand R are
the electronic and nuclear coordinates, t is time and ¢; is the electronic state amplitude.
Using Equation 1, the time-evolving electronic charge density in real space is given by

7ttt = L ((0[750p0)

= Y n OGO ) + 29 S0/ (6 (0750 | (1)

j>i

= pop(r t) + acoh(r’ t) (Equation 2)

Here 65(r) is the electronic charge-density operator, p is the density matrix operator, p;i(t) = ¢/ (t)ci(t) are real numbers representing the elec-
tronic populations at time t while the coherence terms, p;;(t) = ¢ (t)cj(t) with j#i, consists of complex numbers. The vibronic coherence is
obtained from the combined electronic-nuclear wavefunction as the overlap of the nuclear wave packets. The total electronic charge density
pop(r t) and coherent density o£ | (r, t).

For the case of attosecond electron dynamics in molecules where the nuclei are static, the ot (r, t) in Equation 2 can be simplified as

ra(r 1) = a5y () + ok, (r, Zp” 5+ pi(0)a5(r) (Equation 3)

i#j

contains contributions from both time-evolving electronic population density ¢,

We note that the electronic population term p;; is time-independent in the absence of non-adiabatic transitions between different elec-
tronic states. The time-dependence of the total charge density is thus contributed solely by the purely electronic coherence term o, (r, t) in
Equation 3, which is responsible for the time-evolving electron dynamics in molecules.

The theoretical description of the time-resolved diffraction signal in this article is based on the off-resonant single-molecule (gas-phase)
time-resolved X-ray/electron diffraction in the minimal coupling picture.”***The time-resolved single-molecule diffraction signal is given by™*
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S(a, T)“WO(A‘U)/dﬂAX(t - T)‘zg(q,t) (Equation 4)

where Ax(t — T) is the X-ray/electron probe pulse vector potential at delay time T from the pump pulse, q is the scattering momentum trans-
fer, Wo(Aw) is a window function for a frequency detection widow Aw and 5(q, t) is the time-dependent molecular response in X-ray/electron
diffraction.*”*>* We assume a window function much broader than the relevant electronic transition energies of the system so that Wo(Aw) is
independent of the molecular response.

The time-resolved molecular response in X-ray diffraction, 5(q,1), in Equation 4 is given by

§%(a,1) = S op(0 (0[5 (— )7 (a) () (Equation 5)
ik

where EEj(q) is the electronic charge-density operator in momentum-space. Similar to the Equation 2, the time-resolved X-ray diffraction
signal can be partitioned into the sum of contributions from electronic populations S0 (q, t) and coherences SXRP(q, 1),

pop coh
§XRD(q»t) = Sﬁff?( t)+ 5555’( t) (Equation 6)
where
S::E qQ,t) = an(t)zkx)(f(f)}ai(_ )i (a) (1) (Equation 7)

Sf:»? = 20 {pr Z< Xi )‘35(( q) Uk, ‘XJ >] (Equation 8)

j>i

Unlike X-ray scattering, which is dominated by the molecular electronic charge density, electron scattering originates from the electrostatic
Coulomb interaction of the incoming electrons with both molecular electrons and nuclei. The interaction between charged particles resulting

a 1/¢* term in the Rutherford scattering.*’ The time-resolved molecular response in Equation 4 becomes 5(q,t) = ééUED(q,t) where
SUED(q, 1) is given by
% (a.) = om0 (0[5 (- (@) [ (0) + SO (u (0] (- )7 (@) [y (1)
ijk i
+ 20 [zp,.,(t)ui(t)\aﬁ(— q)a,-,“(q>\x,-(t>>]
ij
= Saec (A1) + Sy (. 1) + Spia (1) (Equation 9)

cUED

oloc (a0, ) is the electronic contribution to the signal which is identical

cUED
nucl

Here 3 (q) is the nuclear charge-density operator in momentum-space, S

to $*"P(q, t) given by Equation 5. In addition to the electronic contribution, SYE2(q, t) is the nuclear contribution to the signal and Sm‘xed(q, t)

is the mixed electronic-nuclear interference in electron diffraction which are distinct from X-ray diffraction as illustrated in Figure 1.

RECENT ADVANCES IN ULTRAFAST GAS-PHASE DIFFRACTION EXPERIMENTS

Ultrafast gas-phase diffraction experiments, including X-ray scattering and electron diffraction, have undergone significant advancements in
recent years. These experiments typically employ a pump-probe scheme (see Figure 2), where a pump pulse excites the molecule to a higher
electronic state, followed by a delayed probe pulse (either X-ray or electron beam) that interacts with the excited molecule. By varying the
time delay between the pump and probe pulses, the structural evolution of the molecule can be followed in real-time.

The advent of XFELs, with their ultrashort pulse durations and extreme brightness,”®"? has revolutionized ultrafast X-ray scattering for
studying structural dynamics in free molecules. Proof-of-principle femtosecond gas-phase X-ray scattering experiments conducted at Linac
Coherent Light Source®”” resulted in a "molecular movie" of the ring-opening reaction of 1,3-cyclohexadiene.”” Subsequent improvements,
such as a newly designed diffractometer, shot-to-shot X-ray intensity fluctuation calibration, generalized detector geometry calibration, and
various data processing advancements,”>>* have enhanced signal-to-noise ratios and enabled detailed studies of molecules and chemical
dynamics in excited states. These studies include the investigation of ultrafast nuclear motions during chemical reactions,” *° the determi-
nation of polyatomic molecular structures in electronically excited states,” the observation of bond elongation and contraction during charge
transfer,’” and the direct measurement of the redistribution of molecular electron density immediately after photoexcitation.' Further exam-
ples include studies of chemical kinetics,®® anharmonicities, and correlations.*’

Concurrently, gas-phase MeV-UED has emerged as another powerful tool for probing structural dynamics in isolated molecules. Pioneer-
ing MeV-UED studies at SLAC National Accelerator Laboratory demonstrated the capability of imaging vibrational wavepacket motion in I,
with sub-angstrom spatial and 230 fs time resolution, confirming MeV-UED's potential for tracking atomic motion in gas-phase molecules.®”
Since then, MeV-UED has been extended to study reaction dynamics in more complex molecules, such as imaging the nonadiabatic dynamics
of CF3l,%® observing the isomerization of hexatriene following the photoinduced ring-opening of 1,3-cyclohexadiene,®’ capturing the
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Figure 1. Loop diagrams for single-molecule time-resolved X-ray diffraction (blue box) and electron diffraction (black box)

"pericyclic minimum" intermediate in a-terpinene,”® and revealing competing dissociation channels in CS,.%” Furthermore, MeV-UED has
demonstrated the ability to simultaneously record both nuclear and electronic dynamics by exploiting inelastic scattering signals, as shown
in studies of pyridine and ammonia molecules.”””

FUTURE PERSPECTIVES: TRACKING QUANTUM COHERENCES IN MOLECULES

Recent advancements in both X-ray scattering and electron diffraction have established ultrafast gas-phase scattering as powerful tools for
observing structural dynamics originated from vibrational coherences on femtosecond timescales and sub-angstrom length scales. The
ongoing development of attosecond X-ray free electron lasers and electron sources promises to open new frontiers in the study of ultrafast
molecular dynamics. By pushing the temporal resolution to the attosecond regime, these techniques could enable the direct observation of
attosecond electron dynamics and vibronic coupling in molecules.

Probing attosecond electron dynamics driven by electronic coherences

The interaction between a molecule and a broadband light source can lead to the creation of a superposition of electronic states, causing
time-dependent variations in the molecule’s charge density. This phenomenon, referred to as charge migration, occurs on attosecond time-
scales and is solely a result of electronic coherence. Real-time experimental observation of charge migration is vital for optimizing and con-
trolling fundamental events in various chemical and biophysical processes and has been a primary focus of attosecond molecular science.”*
However, directly observing the time-evolving charge density in real space remains a significant challenge. As shown in Theory section, ul-
trafast X-ray and electron diffraction techniques have the potential to directly capture the spatiotemporal evolution of a molecule’s electronic
charge density. Several recent theoretical studies have investigated the use of ultrafast X-ray scattering to probe charge migration.*”>~"
With the ongoing development of attosecond hard XFELs worldwide,”>*® experimental realizations of attosecond X-ray diffraction are ex-
pected in the near future. Attosecond electron diffraction, although technically more challenging due to the space-charge effect, has shown

Undulator

Electron beam ' ' ' ' '

4 Detector

Electron beam

Detector

Figure 2. Experimental set-ups for ultrafast gas-phase X-ray (top) and electron diffraction (bottom)
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promise for gas-phase implementation thanks to recent advancements in attosecond electron pulse generation and single-electron pulse
techniques.”®?’

As evident from Equations 5 and 9, ultrafast X-ray and electron diffraction can track charge migration, but the molecular charge density in
real space (Equation 3) cannot be directly obtained from these signals as they measure the expectation values of products of charge-density
operators. A recent theoretical work proposed a novel experimental scheme which combines ultrafast X-ray and electron diffraction tech-
niques.*® This approach has the potential to overcome the aforementioned limitation and enable real-space imaging of attosecond electron
dynamics in isolated molecules. This is achieved by isolating the mixed contribution, SYP | in Equation 9.

By carefully normalizing and subtracting the ultrafast X-ray (Equation 5) and electron diffraction (Equation 9) signals, one obtains

S9f(q, 1) = SYER(q, )+ SUED (g, 1). In the charge migration regime, where nuclear motions are negligible, SY0(q, t) is time-indepen-
dent. The time-dependent difference signal is then given by AS¥f(q,t) = ASUR (q,t) = 2R[A6E,(— q,t)ad(q)] where

Aot (q,t) = 05, (q,t) — a5(q) is the difference electronic charge density in g-space, and ¢5(q) is the total electronic charge density prior

to the pump pulse (i.e., o (g, t <0)). The time-dependent difference signal ASf(q, t) is solely contributed by the mixed nuclear-elec-

UED
mixed*

tronic term AS Since the molecular nuclei remain stationary during the attosecond charge migration dynamics, the resulting time-
dependent difference signal forms an interference between the of (g, t) and the a'(q). o} (q) serves as a static reference local oscillator.
This generates a heterodyne signal without the need for an additional field, enabling direct measurement of the time-evolving electronic
charge density £ ,(q, t). As the time-dependence of £ (g, t) in Equation 3 originates from its electronic coherence contribution (i.e.,
ot . (r, 1)), this provides spatial resolution of electron motions induced by purely electronic coherence. The ground-state nuclear geom-
etry is assumed to be known a priori, obtainable through static diffraction measurements or high-level quantum chemistry calculations.
Accurate determination of the ground-state nuclear geometry is crucial, as it can affect the accuracy of the reconstructed Ast  (q,t). This
approach allows for the inversion of the signal from momentum space to real space, generating a "molecular movie" of attosecond
charge migration. This concept has been demonstrated through theoretical simulations to image the fast charge oscillation dynamics
within a benzene ring of a fluorinated biphenyl molecule in real space (see Figure 3). We note that while this technique is applicable
to randomly oriented samples, a high degree of alignment is desired in order to retrieve the full three-dimensional electronic charge
densities rather than its one-dimensional radial distribution from an isotropic sample.

One of the main challenges for implementing such an experiment is the non-trivial data analysis procedure required when subtracting two
diffraction signals. Note that because X-ray diffraction is proportional to the Thomson cross section while electron diffraction is proportional
to the Rutherford cross section, careful normalization is required when combining two individual measurements. This is crucial for isolating the
desired mixed contribution to the signal. One possible solution is to normalize the individual diffraction signals using their intrinsic properties
when q—0. Itis known that the $f° in Equation 5 is proportional to the square of the total number of electrons (N2))in the molecule when q—
0, while the SUEP vanishes when g — 0 due to the opposite charges of electrons and nuclei canceling out.”® In addition, the diffraction signals
should be deconvoluted with their respective instrument functions in the subtraction procedure to avoid errors coming from pulse-length
deviations.

Probing vibronic coherences at conical intersections

Conical intersections (Cls) are important regions where two or more adiabatic potential energy surfaces become degenerate, resulting in
strong non-adiabatic couplings between them. Because these regions allow for efficient, non-radiative electronic relaxations, they play critical
roles in virtually all photochemical and photophysical processes. Conventional experimental signatures of Cls are primarily based on the
transfer of electronic populations between electronic states. Directly observing the passage through Cls via transient vibronic coherences
remains challenging, as many contemporary ultrafast measurements are dominated by much stronger signals from electronic populations
that are not specific to Cls.

As manifested in Equation 8, time-resolved X-ray diffraction contains a mixed elastic-inelastic scattering term SX°(q, t) originating from
vibronic coherences. However, this mixed coherence term is found to be significantly weaker than the dominating contributions from elec-
tronic populations ééig(q, t) during Cl passage, making its experimental realization very challenging. A recent theoretical article has shown
that this major obstacle in standard ultrafast X-ray diffraction can be overcome by measuring the rotationally averaged time-resolved X-ray
diffraction using twisted X-ray beams carrying orbital angular momentum (OAM).”” Twisted beams, also known as vortex or OAM beams,
possess a helical spatial wavefront that twists along the beam propagation direction, as shown in Figure 4A, independently of the beam po-
larization state. Various strategies have been developed to generate intense, hard X-ray twisted beams,®°*? enabling ultrafast spectroscopic
measurements of molecules using these OAM beams.® Twisted X-ray scattering provides structural information in addition to energy observ-
ables in molecules, showing promise in revealing both the spatial and temporal profiles of transient vibronic coherences generated at Cls.

The vector potential Ax of OAM beams is given by

Ax(r,t) = E()A(r,z,¢) = E()A(r, z)e™ (Equation 10)

where A(r, z) is the radial profile of the beam at height z and E(t) is the temporal profile. Over the molecular scale, the radial profile A(r, z) can
be assumed as a constant. The angular index | is called the topological charge of the twisted beam. Twisted beams are eigenstates of the
angular momentum operator, and possess an orbital angular momentum (OAM) of /h per photon. Here the beam profile is expressed in cy-
lindrical coordinates, where r is the radial distance, ¢ is angular coordinate and z is axial coordinate. The OAM beam polarization can be kept
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Figure 3. Snapshots of the difference in electronic charge density, Aot (r,t), in real space for the 4-fluoro-4'-hydroxybiphenyl following oxygen K-edge
(left) and fluorine K-edge (right) excitations

Reprinted with permission from ref. 46. Copyright 2022 by the American Chemistry Society.

linear in the proposed setup and gets absorbed in a Lorentz-polarization factor \ex~es|2 in Equation 4, where €, and ¢ are polarization vectors
of the X-ray probe pulse and scattered photon.
The time-resolved twisted X-ray diffraction signal is obtained by substituting Equation 10 in Equations 4 and 5,””

Si(q,T) e /dt|E(t — T)[*Si(a.t) (Equation 11)

where §(q,t) = <37(q, )3/(q, 1)) and 7/(q) = [G5(r)e’?ea"dr is the momentum-space electronic charge-density operator carrying OAM.
Similar to the Equations 6, 7, and 8, the time-resolved twisted X-ray diffraction signal can be partitioned into the sum of contributions
from electronic populations and coherences,

Si(a,t) = SP°P(q,t) +S7°"(q,t) (Equation 12)

The full derivation of the signal has been discussed previously.”” It has been shown that when taking the difference of the rotationally aver-
aged diffraction signal measured with the positive and negative OAM beams, i.e., AS/(q,T) = (Si(q, T))q — (S-i(q, T))q, the contributions of
electronic populations, S7°°(q,t), cancel out and only the desired coherence signal, S(wh(q,t), survive. Here gis the norm of the momentum

transfer vector q and (...), denotes the rotationally averaged diffraction signal.

6 iScience 27, 110705, September 20, 2024



iScience ¢? CellPress
OPEN ACCESS

1A ’
! L=+ L=-1 i 1
. 1
' 1
| 1
i 1
| --popl| |
| =—coh|| 1
1
=E=sosssoasssos e !
B :
" .
] 6 6 1
] 1
1 5 1
ap) g T R
[ n 1
-2 I . . . : . !
1 1 1
i 53 1'0.005f 1AS| I
- i :
= |: 0 : G ; t : ; |
) . 1ol P12*Po1 {!
! 1, 0.05 q!
1 0 oo : A Y i ) \ 1
: 1 15 2 25 3 354 0 5 0 15 2 25 30 35 40:
1 S-H Distance (&) i Delay Time (fs) ,
Figure 4. lllustrations and simulations of twisted X-ray scattering
(A) Helical spatial wavefronts of twisted beams carrying various OAMs (L = +1 and L = —1).

(B) Reaction pathway of thiophenol S-H photodissociation. Two Cls are marked with open circles.

(C) The difference of simulated rotationally averaged diffraction signals, AS;(g, T), of thiophenol at 5.3 fs delay time for population and coherence contribution,
respectively.

(D) Comparison of the simulated signal, AS/(g, T), integrated over g and the total coherence magnitude of the vibronic coherences at two Cls of thiophenol
photodissociation calculated by quantum dynamics. Adapted with permission from ref. 79. Copyright 2022 by the American Physical Society.

Previous simulation has demonstrated the concept by applying it to thiophenol photodissociation shown in Figure 4B involving two Cls
(S2/Sq and S;/So Cl) calculated by exact quantum dynamical simulations.”” The simulated quantum dynamics was used to simulate the time-
resolved rotationally averaged diffraction signals, S/(g, T) for | = Tand [ = — 1 OAM X-ray beams. Figure 4C shows their difference signal ata
chosen delay time which demonstrates that the population contribution to the isotropic difference signal ASP°"(g, T) vanishes so that only
coherence signal contributes to the total difference signal ASi(g, T). The time-resolved difference signal, ASi(g, T), was further simulated for
the entire thiophenol photodissociation dynamics. Figure 4D shows the time-dependent absolute difference signal integrated over g. For
comparison, the sum of the S,/S; and S4/Sq vibronic coherence magnitudes given by the quantum dynamical simulations is also shown.
The integrated difference signal clearly resembles the time-dependent vibronic coherences in the molecule. By implementing this difference
measurement scheme, one could potentially directly monitor the passage through Cls imprinted in the transient vibronic coherences.

A major challenge is the inevitably weak magnitude of the coherence signal. The signal shown in Figure 4C is about three orders of magni-
tude smaller than the detection limit reported so far in existing ultrafast gas-phase X-ray diffraction experiments.'* These experiments were
performed at XFEL facilities with a repetition rate of 120 Hz. To achieve a high signal-to-noise ratio for resolving the desired electronic coher-
ence signal, the ongoing development of high-repetition-rate (MHz) hard X-ray sources is beneficial for the realization of the proposed exper-
iment. Alternatively, employing a weak resonant infrared field to enhance coherence signatures in diffraction signals could be helpful.*

It is worth pointing out that since the proposed technique essentially relies solely on the coherence contribution to the diffraction signal
(i.e., &P in Equation 8), its application is more general, going beyond vibronic coherences at Cls. It can be applied to spatially resolve many
other fundamental quantum coherence phenomena in molecules, including attosecond charge migration discussed in probing attosecond
electron dynamics driven by electronic coherences.

CONCLUSION

Ultrafast gas-phase X-ray scattering and electron diffraction have proven to be powerful tools for investigating the nuclear dynamics of mol-
ecules with atomic spatial and temporal resolution. Recent theoretical developments, including the use of twisted X-ray beams and the com-
bination of X-ray and electron diffraction techniques, unveiled the potential to extend these methods into the attosecond domain. This would
allow for the direct observation of electronic and vibronic coherences that play critical roles in photochemical processes. By resolving charge
migration in real-space and time, and disentangling the intricate coupling between electronic and nuclear degrees of freedom at conical in-
tersections, these emerging techniques will provide valuable insights into the fundamental mechanisms underlying chemical reactivity. As
attosecond X-ray and electron sources continue to advance, we expect these tools to open new avenues for exploring the quantum dynamics
of molecules at their most fundamental level.

To fully harness the potential of ultrafast gas-phase diffraction, continued advancements in instrumentation, theoretical modeling, and
data analysis are necessary. Overcoming the challenges associated with generating intense and stable attosecond pulses, improving detector
performance, and developing robust data inversion algorithms will require a concerted effort from the scientific community. By addressing
these limitations, we anticipate that ultrafast gas-phase diffraction will provide unprecedented insights into the quantum dynamics of
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molecules, ultimately paving the way for the rational design and control of chemical reactions at the attosecond scale. This will not only
deepen our understanding of the fundamental principles governing chemical reactivity but also have far-reaching implications for fields
such as photocatalysis, energy conversion, and quantum technologies.

LIMITATIONS OF THE STUDY

This article reflects the authors’ perspective on the current state and future potential of ultrafast gas-phase X-ray scattering and electron
diffraction techniques. It is important to acknowledge that challenges remain in the development and application of these methods. Gener-
ating sufficiently intense and stable attosecond pulses, improving detector performance, and developing robust data inversion algorithms
will require a concerted effort from the scientific community. Addressing these limitations will be crucial for realizing the full potential of ul-

trafast gas-phase diffraction in unraveling the quantum dynamics of molecules at the attosecond scale.
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