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Abstract

Photoexcited molecules convert light into chemical and mechanical energy
through changes in electronic and nuclear structure that take place on fem-
tosecond timescales. Gas phase ultrafast electron diffraction (GUED) is an
ideal tool to probe the nuclear geometry evolution of the molecules and
complements spectroscopic methods that are mostly sensitive to the elec-
tronic state. GUED is a weak and passive probing tool that does not alter
the molecular properties during the probing process and is sensitive to the
spatial distribution of charge in the molecule, including both electrons and
nuclei. Improvements in temporal resolution have enabled GUED to cap-
ture coherent nuclear motions in molecules in the excited and ground elec-
tronic states with femtosecond and subangstrom resolution. Here we present
the basic theory of GUED and explain what information is encoded in the
diffraction signal, review how GUED has been used to observe coherent
structural dynamics in recent experiments, and discuss the advantages and
limitations of the method.
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1. INTRODUCTION

The conversion of light into chemical and mechanical energy at the molecular level plays an es-
sential role in many biological processes such as vision (1), photosynthesis (2), the generation of
vitamin D (3), and the photodamage of DNA (4, 5). Furthermore, it is also relevant for applica-
tions such as molecular switches and energy storage. After photoexcitation, the absorbed energy
can be efficiently channeled to the formation of photoproducts through nuclear motions that take
place on ultrafast timescales, to bond breaking and making of new bonds, and to vibrations leading
to energy dissipation. The dynamics of the transformation from the excited state to end products
is often driven by a complex interplay of electronic and nuclear motions. Understanding these
mechanisms requires detailed knowledge of the temporal evolution of the electronic configura-
tion and nuclear geometry of the molecule in the excited electronic states. Experiments capable
of capturing the dynamics on the relevant temporal and spatial scales are essential for building
accurate predictive models of photochemical reactions. Laser-based spectroscopic methods cap-
ture changes in electronic configuration and are only indirectly sensitive to changes in nuclear
geometry. Time-resolved spectroscopy has been applied to investigate electronic dynamics on the
relevant timescales of femtoseconds to attoseconds (6-8). Diffraction methods are directly sensi-
tive to the molecular structure and so offer complementary information by spatially resolving the
nuclear motions. Recently, both ultrafast electron diffraction (UED) and ultrafast X-ray diffrac-
tion have demonstrated the capability to resolve structural dynamics on femtosecond timescales
(9, 10). We focus here on the work carried out with UED.

Gas phase electron diffraction has been a valuable tool to determine the gas phase structure of
molecules for several decades (11, 12). Early time-resolved measurements captured the formation
of photoproducts on microsecond and nanosecond timescales (11, 13). The first gas phase ultra-
fast electron diffraction (GUED) experiments with picosecond resolution were carried out in the
1990s to determine the structure of short-lived intermediate states (14, 15) and later to perform
diffraction from aligned molecules (16, 17), although the temporal resolution was not sufficient
to capture coherent nuclear motions leading to structural changes. In parallel, UED reached fem-
tosecond resolution in experiments with thin (typically less than 100-nm) solid samples (18, 19).
For thick gas phase samples, sufficient spatiotemporal resolution for the observation of coherent
molecular geometry changes was only achieved recently through the use of relativistic electron
guns with megaelectronvolt energy (MeV-UED) (20, 21). Initial proof-of-principle experiments
spatially resolved vibrational and rotational wave packets in diatomics (10, 22). More recent ex-
periments probed reactions in more complex molecules, elucidating the dynamics by spatially
resolving the nuclear motions (23-26) and by capturing changes in electronic structure reflected
in the inelastic scattering (27).

Here, we first review the basic principles underlying GUED that determine what can be
learned from the diffraction data. Then, using specific examples of recent experiments, we explain
how GUED has been used to reveal dynamics. Finally, we describe the advantages and limitations
of GUED based on fundamental principles and current technology and provide a brief outlook
into possible advances of the technique.

2. THEORY OF GUED

In this section, we describe the electron-scattering theory relevant to GUED to clarify what in-
formation is contained in the diffraction signal.
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2.1. Elastic Electron Scattering from an Arbitrary Potential Field
or Charge Distribution

Electron scattering by an arbitrary static potential field ¥ (R) can be described by a solution
of Schrédinger’s equation (28). Under the Born approximation, the complex amplitude of the
elastically scattered electron wave can be described by (28)

16 = % / exp (—if‘. 7) % (7) &7, L

where §” is the momentum transfer of the scattered electron, # is the mass of the electron, and
is the reduced Planck constant.

The Born approximation assumes that the incident wave is much stronger than the scattered
wave or, in other words, that the scattered wave will not be scattered again by the target sample. In
the 1930s, for electron kinetic energies of 10 keV or higher, the Born approximation was shown to
be typically sufficient to describe experimental results (28). In the 1950s, Schomaker and Glauber
(29, 30) showed that for gas molecules with both heavy and light atoms, a first-order correction
for the Born approximation is needed in which a phase shift is introduced for each type of atom.
This phase shift introduces a few percent correction on scattering amplitude at high values of
the momentum transfer s for kiloelectronvolt electrons and becomes smaller for higher energy
electrons. In addition, McClelland & Fink (31) explained that the Born approximation itself can
be sufficiently accurate for interpreting difference signals, even for kiloelectronvolt experiments.
A similar argument can be made for time-resolved experiments. For these two reasons, the Born
approximation has so far been found to be sufficiently accurate for MeV-GUED experiments.

Equation 1 shows that the elastically scattered wave function can be represented by a Fourier
transform of the electrostatic (Coulombic) potential scalar field. For electron diffraction with
high-energy electrons, the dominant electron—matter interaction is Coulombic in nature. There-
fore, electron diffraction probes the Coulomb potential of the target system. Assuming the charge
distribution of the target system is p(7), the elastically scattered wave f(5") can be rewritten as
(derivation described in the Supplemental Material)

e

- 1 R
f6&) = W;/exp(—zwr)p(r)dgr. 2.

Equation 2 shows that the elastic electron-scattering amplitude is, with an s=2 prefactor, pro-
portional to the Fourier transform of the charge distribution of the target system. Equations 1
and 2 together show that electron diffraction probes the Coulomb potential and, equivalently, the
charge distribution of the target system. For GUED, the main experimental observable becomes
the change in the diffraction patterns, which probes the change of the Coulomb potential/charge
distribution of the target system.

2.2. Elastic and Inelastic Scattering from Atoms

An individual atom consists of one nucleus and one or more electrons. As the length scale of nuclei
is in femtometers, for GUED experiments they can be treated as point charges, compared to the
extension of the atomic orbitals on the Angstrom scale. For an atom with atomic number Z and
the nucleus located at the origin, the nuclear charge density is given by

oN(r) = Zes(7), 3.
where 7 is the radial dimension in spherical coordinates. The electron charge density is given by
the product of the absolute value squared of the electronic wave function ¢, (7,73, . . ., 7%z) and the
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elementary charge e
- - Lo NG
P (Fiy 7,y ., 77) = *€|§0e(7’1,7’2,~~~,7’z)’ ) 4.

where 7 is the position vector of the i electron. Equation 4 shows that the electron charge distri-
bution of an atom is a 3-Z-dimensional function. A common approximation is to use the averaged,
radially symmetric one-dimensional (1D) electron distribution p,(r) to replace the real electron
distribution p,(#, 7, . ..,77). This approximation has two drawbacks: (#) It ignores the fact that
the electrons are avoiding each other spatially, i.e., the correlation effect (although negligible in
elastic scattering, correlation effects must be taken into account in inelastic scattering calcula-
tions) (32), and () it ignores the possibility that the potential can be rapidly changing during the
scattering process after photoexcitation. This effect is demonstrated theoretically for both elec-
tron (33, 34) and X-ray (35-38) scattering for extremely short (typically attosecond) pulses. For
existing MeV-UED experiments in which the pulse duration is on the order of 100 fs, this effect
is negligible.
The charge distribution under this approximation is given by

o(r) = Zes (@) + p.(r). 5.

Substituting Equation 5 into Equation 2 and integrating over the isotropic angular coordinates,
we can get the elastic scattering amplitude of individual atoms,

me* 1 2
f(3)=mg[Z—F(f)]=ﬂo7[Z—F(f)], 6.
where 4 is the Bohr radius and
i sin (s7)
F(s)=4n / Pe(r)———=7"dr. 7.
7

0

Equation 6 is the famous Mott-Bethe formula (39, 40) that describes the atomic form factor
(AFF) of electron scattering f(s). Equation 7 describes the AFF of X-ray scattering F(s), which
was first derived by Debye (41) in 1915. The AFFs are tabulated in, for example, the International
Tables for Crystallography (42). The AFFs for elastic electron scattering can also be calculated
using the ELsErA program (43). Equation 6 shows that the AFF scales with atomic number Z. This
dependency, however, becomes weaker than a simple linear scaling when the screening effect of
the electron cloud is considered. While this effect means that electron scattering from light atoms
is weaker than that from heavier atoms, the relative scattering intensity as a function of Z ratio
still favors electron over X-ray scattering. For example, in electron scattering, the cross section of
the hydrogen atom is ~4% of the cross section of the oxygen atom, while in X-ray scattering this
ratio is only ~0.5%.

The inelastically scattered intensity for individual atoms can be expressed as

4
Ly = 5{67Si(5)’ 8.
where Si(s) is the inelastic scattering factor for X-rays. Inelastic scattering factors for individual
atoms are also computed and tabulated in, for example, Reference 42. The I;;,. simulation is often
based on Hartree-Fock wave functions, which are known to quite significantly overestimate the
experimental [, at small angles (44). This is due to Hartree-Fock methods not accounting for the
dynamic electron correlation (45, 46).
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2.3. Diffraction from Molecules Under the Independent Atom Model

The independent atom model (IAM) is a simple, yet effective approximation for describing the
electron-scattering pattern from molecules. It assumes that the electron distribution in a molecule
is the same as if the molecule were made of independent, noninteracting atoms and so can
be described by tabulated AFFs. This approximation ignores the changes to the electron distribu-
tion due to chemical bond formation.

For a molecule that is comprised of N atoms, the elastic scattering amplitude can be written as

N
fu @)=Y fils)e™, 9.

i=1
where £i(s) is the AFF of the " atom and is given by Equation 6, and 7 is the position vector of
the i atom. The elastic scattering intensity can then be described by (28)

2 N

N N
=2 O +30 2 fOA0FF. 10,

i=1 i=1 j=1,j#i

@) =|fu @) =

N
D fio)e
i=1

For samples in the gas phase, the scattered waves from different molecules do not have a fixed
phase relation due to their statistically distributed positions; thus, the overall elastic scattering
signal is the incoherent sum over an ensemble of randomly oriented molecules. An angular integral
over Equation 10 yields the scattering intensity of the whole ensemble

N N N . .
=X 1fO+>. > f,-*(s)f;(s)m = L + Lol, 11.
=1

ST
i=1 j=1j#i v

where

N N N .
2 " sSin (877
L) = Y SO I = > > f <s>fj<s>¥‘ 12.
i=1 i=1 j=1,j#i i
Equations 11 and 12 give the IAM representation of a rigid molecule.

Two additional corrections are often used in gas electron diffraction (GED). Firstly, the AFF
f3(s) is real under the first Born approximation but can be complex under the first-order correction

£6) = | fis)] €™, 13.
where 7, is the phase shift of the /" atom (29, 30) and can be found in, for example, Reference 47.
The second correction is to account for small Gaussian-shaped vibrational bond-length distribu-
tions. Assuming the mean square amplitude of the vibration of atom pair 7 is /;, the molecular
component of Equation 12 can be rewritten as

sin(s7y;)

N N .
Lnai(s) = Z Z |f;(3)| |f/(y)| cos(n; — n;j)exp (—Eli]z-sz> 14.

.
i=1 j=1,j#i v

For the ground state, the term exp(— %l,-jz.xz) describes a Gaussian-shaped probability density that
can be used to model low-amplitude vibrations. For many excited-state photochemical processes,
significant structural rearrangement takes place, and the ground-state Gaussian-shaped vibrational
wave packet is no longer a valid physical picture. For these processes, the Gaussian distribution
is replaced with the explicit shape of the excited-state wave packet, in which the time-dependent
distribution of the 7;; in Equation 12 is often directly applied. Several concrete examples of excited-
state wave packets are presented in Section 3.
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2.3.1. Isotropic scattering data processing. In most cases, the target molecules studied by
GED and GUED are randomly oriented; thus, the diffraction patterns are isotropic (48, 49). This
is by far the most common scenario for the published GED and GUED experiments. In this sec-
tion, we introduce the standard data processing routine for isotropic scattering data. For simplicity,
we ignore the two correction terms in Equation 14 and focus on Equations 11 and 12.

Because I, in Equation 12 has a nominal s—° dependence, it drops quickly with the in-
crease of 5, making the signal level vary over several orders of magnitude in a typical data set. A
more suitable representation of the scattering signal is given by the modified scattering intensity
sM(s),

I
XM(S)ZSI;OJ, 15.

at
and the real-space pair distribution function (PDF) P (r), which is proportional to the probability
of finding an atom pair in any distance 7, is given by
Pr)y=r / sM (s) sin (s7) ds. 16.
0

The form of the PDF definition can vary slightly across the literature. Sometimes the Jacobian
scaling 7 is not included, and other times a different scaling of 1/7 is used. P(r) describes the
probability of atom pairs, P()/7* describes the corresponding probability density, and P(r)/r is
the most convenient to compute mathematically.

In practice, because no experiment can measure an infinite range in s, we use

Pry~r / sM((s) sin (s7) e ds, 17.
where ¢~ is a damping factor that avoids sharp-edged sine-transform effects at the high s end,
which is equivalent to a Gaussian smoothing in real space.

For GUED, the focus is typically on the change of the diffraction pattern due to molecular
excitation. In the following, we assume that the experiment probes the structure at a fixed time z.
In reality, the finite instrument response time introduces time blurring, which can be simulated
as incoherent averaging of the diffraction signal in time (50). We thus add the time dependence
explicitly to Equations 15 and 17, with the results

AImol (5; t) Al (5; t)
=S
Li(s) L(s)

AP(r;it) ~r / AsM (s; t) sin (s7) e ds. 19.

AsM (s;t) =5 and 18.

Smin

In Equation 18, we assume that both the elastic atomic scattering intensity I, and the inelastic
scattering do not change. This assumption is valid under the IAM. Therefore, an obvious advan-
tage of using the difference signal in comparison to the raw signal is that one no longer needs to
separate the I, from incoherent backgrounds. However, once the effects beyond IAM are taken
into account, one can no longer simply ignore the change in the inelastic scattering. These effects
are discussed in detail in Section 2.3.

To illustrate the effect of nuclear motion on AsM (5) and AP(r) signals, we use the photodis-
sociation of CF31, which is described in more detail in Section 3.2.2. In Figure 14, we show the
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Figure 1

Simulated signal for CF31I dissociation. (#) Ball-and-stick model, the modified scattering intensity sM (s), and the pair distribution
function P(r) for the ground-state structure of CF3L. () Ball-and-stick model, AsM (s), and AP(r) for a dissociating CF3I with C-I
distance elongated to 4 A. () AsM (s) and AP() for a dissociating CF3I with a C-I distance beyond the coherence length of the electron
beam. P(r) and AP(r) are calculated using Equations 17 and 19 with ¢ = 0.02, spin = 0, and smax = 12.5 AL

static simulated sM (s) and P(r) of CF;1 at its ground-state equilibrium geometry, at which the C-I
distance is 2.14 A. The atom pair distances are marked in the bottom plot. Figure 15 shows the
AsM (s) and AP(r) for a simplified model of the dissociating CF;I molecule, assuming that only
the iodine atom is moving. The C-I distance is elongated to 4 A. When the iodine atom moves,
both the C-I and the F-T atom pairs move to a larger distance, as marked in the bottom panel
in Figure 1b. The motion appears as a set of negative contributions to AP(7) at the equilibrium
distances and positive contributions at the new distances. Practically, the positive peaks are always
weaker because of wave-packet dispersion, which is not included here. When the C-I distance
moves outside the coherence length (typically 1-2 nm for MeV-UED), the interferences between
the iodine atom and other atoms are no longer visible, and the only signals remaining visible in
AP(r) are the lost original atom pairs, as shown in Figure 1c.

2.3.2. Anisotropic scattering data processing. Under certain circumstances, experiments may
disrupt the innate randomness of molecular orientation, thus causing diffraction patterns to no
longer be isotropic. Anisotropic molecular orientation (and thus anisotropic diffraction patterns)
can be obtained by either actively aligning gas molecules using a femtosecond laser (16, 17, 22,
51) or by photoselection using a linearly polarized excitation laser, in resonance with an electronic
excitation (23, 52-55) (see Section 3.1).

Different methods introduce particular angular distributions. In the simplest case, the excited-
state molecular ensemble is photoselected by a linearly polarized laser pulse in a single-photon
excitation scheme. Under such circumstances, the angular distribution of the excited-state
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Figure 2

An illustration of the angular-dependent Fourier analysis. (#) Simulated diffraction pattern of gas phase CF3I
with a cos?# angular distribution. () The two-dimensional (2D) fast Fourier transform (FFT) of panel 4.

(¢) The angularly resolved pair distribution function (ARPDF), which was obtained by a pBasex Abel
inversion of panel 4. (d) The ARPDF represented in polar coordinates. The top arrows mark the positions
for different atom pairs. The parallel (purple stripe) and perpendicular (green stripe) directions show very
different PDFs. Figure is adapted with permission from Reference 23.

wave-packet probability density follows a cos’6, while the ground state has a 1 — kcos?d dis-
tribution, where 6 is the angle between the transition dipole moment (TDM) of the molecule
and the laser polarization and « is the excitation fraction. Each atom pair has its own angular
distribution, depending on its relative orientation to the TDM at time zero. A detailed discussion
of this phenomenon is given by Baskin & Zewail (52, 53). This angular distribution is transient
and will be lost due to rotational dephasing, which is typically on the order of a few hundred
femtoseconds to a few picoseconds (53-55). Therefore, an instrumental response function in the
femtosecond domain is needed to resolve the anisotropic GUED patterns due to photoselection.

The angularly resolved pair distribution function (ARPDF) can be retrieved by an inverse two-
dimensional (2D) Fourier transform followed by an inverse Abel transform that uses the symmetry
properties of the setup, as explained in the supplementary material in Reference 23.

An example of retrieving ARPDF from a 2D diffraction pattern using the pBasex algorithm
(56) is given in Figure 2. Figure 24 shows a simulated diffraction pattern for an ensemble of
isolated CF;I molecules with a cos’d angular distribution. Its 2D inverse Fourier transform
is shown in Figure 25, and the ARPDF obtained by Abel inversion is shown in Figure 2c.
Figure 2d shows the ARPDF in polar coordinates, where the C-I and F-I interatomic distances
appear preferentially along the parallel direction, and the C-F and F-F distances appear prefer-
entially along the perpendicular direction. This example shows that the anisotropic diffraction
pattern contains information about not only the atom pair distances but also their angular
distributions.
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2.4. Electron Scattering Beyond the Independent Atom Model

Atoms forming a molecule will have valence electrons rearranged in chemical bonds. The IAM
ignores the changes in electron distribution due to bond formation. This change can be separated
into two parts: the binding effect, which describes the change in the averaged electron density
distribution (one-electron effect), and the correlation effect, which describes the change in the
electron correlation (two-electron effect) (44, 46). The two terms capture the first- and second-
order density matrices of the electronic wave function, respectively (44, 46).

The total and elastic scattering intensity can be written as (32, 57)

Lo = <1//i )LL

lﬁi) and 20.

2

Liasiic = H(lﬁi m Wi) ) 21.

where ; is the initial electronic state and L is the electron scattering operator given by the
equation

1 nuclei electron

Y O Npexp (i) — Y exp(is-7) |, 22.

J

b=3
where N, is the number of protons in nucleus a. A similar formula for X-ray scattering was first
derived by Waller et al. (58) in 1929 and experimentally demonstrated by Woo (59) in 1930.

Equation 20 requires the scattering operator to be applied twice to the initial wave function, and
thus encodes the two-electron property. Using p(7) and p@ (7, #’) to represent the one-electron
and the two-electron reduced density matrix of the target molecule, their corresponding Fourier
transforms are

FO ) = / o (F)dPr and 23.
FOE) = f 0 G R drdr . 24,
The elastic and inelastic components of electron scattering can be derived as (see

Supplemental Material)

2

Iclastic = 5_4 and 25.

S N Re — PO )

Iinelastic = 574 [N +F(2) (Sj - |F(1) (F)|2i|, 26.

where N is the total number of electrons in the molecule. As N is a constant in a neutral molecule,
Equation 26 shows that the inelastic component is governed by the difference between F@ (")
and [FO()12. FA() represents the reciprocal space distribution of o (7,7), which gives the
probability of finding one electron at position # while finding another electron at position 7.
Taking the square of Equation 23, |[F((5")]? can be written as

IFO @) = f & p ) p 7y & rd’r . 27.
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Figure 3

Schematic drawing of a megaelectronvolt ultrafast electron diffraction experiment. Elastic scattering (orange)
appears in large angles and contains information about nuclear structures, while inelastic scattering (red)
appears in small angles and contains information about valence electrons. Figure is adapted with permission
from Reference 27.

Equation 27 shows that [FV(5")|? represents the reciprocal space distribution of p(#)p(7"),
which gives the probability of finding one electron at position 7 while finding another electron
at position 77, under the assumption that there is no electron correlation at all. Therefore, the
difference between F®(5") and |[FM ()| encodes the spatial modulation of electrons caused by
all forms of electron correlation.

In electron scattering, the inelastic component is confined to small scattering angles; thus, it can
be separated from the elastic scattering signal in momentum space. This phenomenon arises from
the screening effect, where the s — 0 scattering represents the incident electrons at large impact
parameters that have experienced a so-called perfectly screened potential and, thus, Z-F (s) — 0.
However, large s scattering represents incident electrons at small impact parameters, those that
have penetrated through most of the electron cloud and experienced a nearly unscreened nuclear
potential, and, thus, Z-F (5) = Z. Linelasiic, however, arises only from the electronic component and
so is free from the screening effect. Therefore, Linelsic dominates at small s, while Lyj,si. dominates
at large 5. The inelastic scattering can be used to capture information on the electronic state of
the molecule (27) (see Section 3.2.3). A schematic drawing of simultaneously recording elastic and
inelastic components in a MeV-UED experiment is shown in Figure 3.

3. EXPERIMENTS AND DATA INTERPRETATION

GUED expands structural methods such as GED to the investigation of structural changes in iso-
lated molecules in real time. The availability of relatively high-brightness, femtosecond electron
pulses enables GUED to probe multiple timescales from femtoseconds to nanoseconds and focus
on a wide variety of molecules, including weakly scattering targets such as organic molecules ex-
clusively composed of light elements (24). In GUED, a process in a dilute gas is triggered by an
ultrashort laser pump pulse and probed by electron diffraction at variable pump-probe delays. The
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interaction with the pump pulse deposits energy, for example, by absorption of a photon, selec-
tively in specific electronic, vibrational, or rotational degrees of freedom of the molecular sample,
and often yields a nuclear wave packet. The dephasing, rephasing, and decoherence of such wave
packets can be followed with GUED in real time. In this section, we describe how GUED can be
applied to capture the motion of nuclear wave packets, from simple periodic motions to dynamics
in complex potentials.

3.1. Laboratory-Frame Nuclear Motion: Rotational Wave Packets

In impulsive alignment experiments (16, 17, 22, 51, 60), a Raman excitation by a strong, nonreso-
nant, typically linearly polarized and near-infrared ultrashort laser pulse launches a rotational wave
packet in an initially isotropic molecular sample leading to transient alignment of the molecule,
that is, an increased probability of finding the direction of highest polarizability of molecules to
be oriented parallel to the laser polarization axis. Due to the coherent nature of the wave packet
and the anharmonicity of the rotational states it consists of, it typically shows short alignment
revivals on the picosecond timescale. An electron pulse that is timed with the alignment revival
and has a duration on the order of or below the temporal width of the revival probes a sample
with an anisotropic orientation distribution, leading to an anisotropic diffraction pattern. The
anisotropic diffraction provides information about the relative orientation of atomic pairs in the
molecule (see Section 2.3.2). It thus contains structural information beyond the 1D atomic pair
distribution function P(r), which can be helpful in retrieval of the three-dimensional molecular
structure.

An instructive example demonstrating the concept can be found in Reference 16, where impul-
sively aligned CF;I molecules were imaged with UED. In addition to the atomic distances, which
were obtained from the PDE the structural information from the anisotropy of the diffraction
pattern provided a measurement of the I-C-F bond angle.

A transient alignment can also be produced by resonant photoexcitation of a transition with
a well-defined transition dipole moment (22, 52-55). This effect has been employed in a study
of photoexcited CF;I to separate dynamics in two different excitation channels with different
transition dipole moment directions (23) (see Sections 2.3.2 and 3.2.2).

3.2. Relative Nuclear Motion in the Molecular Frame

The field of ultrafast dynamics of electronically excited molecules provides a wide field of appli-
cation for GUED. Due to the difference in electronic character between the excited state (e.g.,
a mut* state) and the ground state, the shapes of their potentials usually differ, leading to a vibra-
tional Franck-Condon progression in absorption spectra, which is the steady-state analogy of a
vibrational mode driving a wave packet repeatedly back into the Franck-Condon region. Photoex-
citation with a (typically broadband) femtosecond pulse coherently populates several vibrational
levels in the excited state, which leads to formation of a vibrational wave packet, analogous to the
rotational wave packet launched by transient alignment examples discussed in Section 3.1.

3.2.1. Vibrational wave packets in bound potentials. Small molecules with bound poten-
tials and long excited-state lifetimes exhibit long-lasting vibrational wave-packet signatures. Such
wave-packet dynamics have been observed using, for example, all-optical pump-probe spec-
troscopy in the iconic experiment on Nal by the Zewail group (61). However, mapping of the
spectroscopic observable onto the interatomic distance requires prior knowledge of the involved
electronic potentials. As demonstrated in Reference 10, UED is capable of directly determining
the internuclear separation of the nuclear wave packet as it evolves on the excited-state potential
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Figure 4

(@) Experimental and (b) simulated time-resolved atomic pair distribution function from imaging vibrational
wave-packet dynamics in photoexcited I,. For more details on this experiment, see Reference 10.

of I, in time and space (see Figure 4). The time-dependent center and width of the wave packet
can be directly extracted from the diffraction patterns by sine transformation into PDFs.

3.2.2. Wave packets in repulsive potentials. A nuclear wave packet launched on the excited-
state surface of a molecule can encounter a repulsive potential. A good example is the excited-state
dynamics of CF;1 as investigated by GUED in Reference 23. The excited state of CF;]1, the so-
called A-band, which can be reached at an excitation wavelength of 266 nm, is repulsive with
respect to C-I bond dissociation. Thus, the excited-state wave packet is immediately accelerated
on the bond dissociation coordinate and stays relatively compact in this degree of freedom. The
speed of the dissociating wave packet poses challenges to the time resolution of UED in this case.
Therefore, the dissociating wave packet itself could not be followed in detail in Reference 23.
However, the loss of the strong spatial frequency components from the C-I and F-I equilibrium
distances is observable in the diffraction patterns at time zero, which transforms into a bleach
of the distances in the difference (A) PDFs. Moreover, the dissociation reaction has a secondary
effect on the structural dynamics of the CF; fragment: The recoil from the dissociation pushes
the carbon atom, which has low mass in comparison to the iodine atom, into the F; moiety; that
is, it excites the umbrella degree of freedom of the CF; fragment. Additionally, an increase in the
C-F distance upon C-I dissociation could be observed, making CF;I an example in which GUED
images energy flow from a specific excited nuclear degree of freedom into a bath consisting of the
remaining degrees of freedom.

3.2.3. Nonadiabatic wave-packet dynamics. In many cases, an excited-state wave packet en-
ters within only a few tens of femtoseconds an area of strong nonadiabatic coupling in the vicinity
of a conical intersection (Coln), a degeneracy between the potential energy surfaces of different
electronic states (62, 63). The nonadiabatic coupling can efficiently transfer the wave packet onto a
lower-lying potential energy surface, often the electronic ground state. Electron and nuclear mo-
tion, which are treated separately within the Born-Oppenheimer approximation, are correlated in
the vicinity of Colns. In cases such as the initial process of human vision in retinal (1), the photoex-
cited population gains access to new energy minima after relaxation to the ground-state potential
energy surface. Relaxation into such minima could establish permanent structural changes and,
thus, a photochemical reaction. Many pump-probe spectroscopic methods have been established
to investigate such dynamics. However, most of these methods are considerably less sensitive to

Centurion o Wolf o Yang



structural dynamics than is GUED, as they are based on light interacting with the electrons, not
the nuclei of a molecule. Methods such as GUED therefore generally yield complementary in-
formation to spectroscopy experiments. In the following subsections, we highlight strengths and
weaknesses of UED as a probe for specific aspects of nonadiabatic dynamics.

3.2.3.1. Photoexcitation. Because visible and ultraviolet light purely interact with the valence
electrons of a molecule, for example, by promoting an electron from a w orbital to a n* orbital,
no direct signature from the pure photoexcitation, neglecting any nuclear geometry changes, can
be expected in GUED data within the JAM. However, as pointed out in Section 2.4, high-energy
electrons can interact with the bound electrons of a molecule through inelastic scattering and thus
exhibit sensitivity to the electron density distribution, which is altered during photoexcitation. A
recent study (27) indeed observed a sizable effect directly connected to the electronic change
from photoexcitation. The fact that inelastic scattering signatures are confined to small scattering
angles (less than 2 A-!) makes signatures from electronic excitation easily separable from structural
dynamics signatures. It is, therefore, well suited to synchronize GUED data sets with, for example,
complementary time-resolved spectroscopic measurements.

3.2.3.2. Wave-packet evolution in the excited state toward a conical intersection. An excited-
state wave packet often gains access to a Coln from the Franck-Condon point through a small set
of molecular degrees of freedom. A detailed understanding of photochemical reaction mechanisms
can be achieved by identifying these modes. Due to its direct structural sensitivity, GUED can be
very sensitive to such modes. An instructive example is the electrocyclic ring-opening reaction
in the molecule 1,3-cyclohexadiene (CHD) (24). According to quantum chemical simulations,
the photoexcited nuclear wave packet first evolves along Franck-Condon active bond alternation
modes in a bound potential. Exploring the excited-state potential further, it starts to evolve along
a specific degree of freedom separating the two sp*-hybridized carbons in the ring, which has only
a moderate gradient in the excited state. At a carbon—carbon distance of ~2.2 A, the wave packet
encounters a Coln with the electronic ground state. The wave-packet evolution in this degree of
freedom was directly followed in a GUED experiment (24).

3.2.3.3. Wave-packet dynamics at and after access of a conical intersection. When entering
a region on the excited-state potential energy surface with large nonadiabatic coupling, complex
dynamics can take place governed by the correlated motion of electrons and nuclei. Relaxation
through a Coln typically changes the electronic character of the populated state instantaneously.
This instantaneous character change can be tracked in the inelastic scattering signal, as described
in Section 2.3.1.

The change in electronic character is often, specifically in the case of Colns with the ground
state, associated with a drastic change in the gradients of the electronic potential the nuclear wave
packet experiences. Colns between excited states and the ground state of organic molecules are
usually much closer in potential energy to the Franck-Condon point than to the ground-state
minimum. Thus, the nuclear wave packet often experiences a steepening of the potential gradient
following internal conversion to the electronic ground state, which leads to wave-packet accelera-
tion. Such an effect could be observed during the ring-opening dynamics of CHD (see Figure 5)
(24). The molecule requires about 70 fs to increase the C-C distance at the opening position of
the ring to 2.2 A, the value at which it undergoes internal conversion. The distance subsequently
increases to 6 A on a substantially smaller timescale, which could not be quantified further in the
experiment due to insufficient temporal resolution.
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Time dependence of amplitude changes in different areas of simulated (so/id /ines) and experimental (dashed
lines) difference pair distribution functions (APDFs) of 1,3-cyclohexadiene (for details see Reference 24).
The carbon—carbon distance of the dissociating bond grows from 1.4 A to 2.4 A within 70 fs, which is evident
from the delay between the blue and the orange curves. The internal conversion into the ground state occurs

at ~2.2 A and leads to a quasi-instantaneous steepening of the potential. This is shown by the fact that no
delay in onset is observable between the transient APDF signatures at 2.4 A (red) and 5-6 A (green).

3.2.3.4. Wave-packet bifurcation. UED is, in principle, an ideal tool to observe and identify
wave-packet bifurcation into different channels due to its general sensitivity to structural dynam-
ics and subangstrom spatial resolution. However, the ability to distinguish different structural
dynamics channels at a given signal-to-noise ratio (SNR) is dependent on their relative quantum
efficiency and the relative size of the structural change. The Coln of CHD is, for example, close
to the transition state along the ring-opening reaction coordinate in the ground state. Thus, the
wave packet bifurcates in the ground state after internal conversion. About half of the population
returns to the CHD ground-state minimum, while the other half relaxes toward the minima of
the ring-opened photoproduct. However, the population in the ring-opening direction undergoes
a much larger structural change than does the population that returns to the CHD ground-state
minimum. Therefore, the part of the population undergoing ring opening is strongly visible in
difference-diffraction data. The dynamics leading back to the CHD minimum could not be ex-
tracted. A counterexample is found in the relaxation of CF;I, in which the wave-packet splitting
after traversing a Coln could be resolved with UED (23). In this case, two different excitation
channels (single photon versus two photon) were resolved by analyzing the signal’s temporal, spa-
tial, and angular dependence.

3.2.3.5. Wave-packet dynamics in the electronic ground state. As discussed in Section 3.2.3.3,
relaxation through a Coln into the ground state typically places the wave packet at a position on
the ground-state potential energy surface with a high amount of potential energy and a steep gra-
dient. Thus, the majority of the photoabsorbed energy is released on the ground-state potential
energy surface and along the gradient. Hence, the nuclear wave packet arrives at the ground-state
minimum of the photoproduct with an extreme amount of nuclear kinetic energy in a single
degree or a few internal degrees of freedom. This can launch a vibrational wave packet on the
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Visualization of several relaxation channels and coherent motions triggered by optical excitation of CH;,I,, which can be observed in
difference pair distribution functions (APDFs) from ultrafast electron diffraction. Photoexcitation can lead to C-I bond dissociation
(negative signature at 3.5 A and positive signature at >4 A). The dissociation also triggers a rotational motion of the CH; group around
the remaining iodine atom (signature at ~1 A). Moreover, signatures from I-C-I bending in a separate, nondissociative channel are
visible at ~2.8 A. Figure adapted with permission from Reference 26.

ground-state surface, similar to the one described in Section 3.2.1 for a photoexcited state of I,. In
the photoproduct of CHD, hexatriene, the ring-opening motion transforms on the ground state
into a coherent rotation of the ends of the carbon chain around their bonds with the center of the
chain. The projection of this rotation onto the atomic distances is observable in the diffraction
data.

Similar coherent wave-packet motion has also been observed in an investigation of the pho-
todissociation dynamics in CH,I, (26). In analogy to the case of CF;I, photoexcitation leads to
dissociation of one of the C-I bonds in the molecule. However, because the breaking chemical
bond does not coincide with the rotation symmetry axis of CH,I,, it rather triggers rotational
motion of the CH, moiety around the remaining, substantially heavier iodine atom (see Figure 6).

Another example of coherent wave-packet motion is the investigation of the photodissocia-
tion of C,F4I, (25). After an early investigation with GUED with picosecond resolution (15),
it remained an open question whether, immediately after photodissociation of a C-I bond, the
molecule would assume a bridge-like geometry in which the remaining iodine atom would as-
sume similar distances to both carbon atoms or a geometry in which it is still clearly associated
with one of the carbons. The GUED investigation in Reference 25 clearly shows that the molecule
assumes the latter geometry within 200 fs after photoexcitation. The study further reveals that the
excess part of photoabsorbed energy, which is not spent for the bond dissociation, is deposited
into coherent oscillations of the remaining C-I and C-F bonds in the molecule.

The transition from such nonstatistical nuclear wave-packet dynamics toward both statistical,
microcanonical distribution of the photoabsorbed energy and further ground-state reaction
products on the nanosecond and microsecond timescales has not been fully addressed by
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time-resolved methods with direct structural sensitivity. Pioneering work has been performed
by the Zewail and Weber groups on the picosecond timescale (see, e.g., References 49 and
64). However, the connection to subpicosecond nonequilibrium dynamics and nanosecond and
millisecond ground-state reaction kinetics has so far not been fully established.

4. ADVANTAGES AND LIMITATIONS OF GUED

In this section, we discuss the advantages and limitations of GUED, which stem from both the
fundamental properties of electron scattering and current technological limitations.

4.1. Fundamental Properties

As described in Section 2, the interaction of the electrons with the sample determines what type
of information can be gained from the diffraction patterns. Here we describe the direct struc-
tural sensitivity of GUED, how averaging over structures and orientations affects the information
content of the diffraction signal, and the advantages of using a weak and passive probe.

4.1.1. Direct structural sensitivity. A major advantage of diffraction measurements is that they
can be interpreted in real space by a Fourier analysis of the diffraction patterns, which makes
GUED an ideal complement to spectroscopic measurements that probe changes in electronic
states. By interpreting the diffraction signal in real space, changes at specific interatomic distances
can be accessed directly. These changes can reveal both qualitative and quantitative signatures of
specific transformations such as ring opening (the appearance of larger distances), coherent vibra-
tions of a specific bond (periodic modulation of a specific distance in the PDF), and dissociation
(fast-increasing distance), along with other motions that can be associated with changes at specific
distances.

4.1.2. Signal averaging over structures and orientations. The measured signal is an aver-
age over all the different structures that exist at a given time and the angular distribution of the
molecules. GUED is thus better suited to detecting the main reaction channels and may strug-
gle to capture minor channels. If the relaxing molecular wave packet remains compact during the
relaxation, GUED can, in principle, be used to retrieve the time-dependent structure. If multiple
structures exist simultaneously and/or the wave packet spreads significantly, the diffraction signal
can be complemented by other measurements such as momentum-resolved coincidence time-of-
flight ion mass spectroscopy (65) and/or simulations to retrieve the structures. Additional infor-
mation can sometimes be retrieved from anisotropic diffraction signals for the case in which the
molecules are not randomly oriented, for example, due to the photoselection rules of the excitation
(see Sections 2.3.2 and 3.1).

4.1.3. GUED as a weak probe. GUED does not significantly disturb the system being inves-
tigated. This is a significant advantage when compared to methods that rely on strong fields such
as light-induced electron diffraction (66-68). The interaction of the scattering electron with the
molecule does not affect the dynamics and can be simulated accurately using ab initio methods or
the TAM, depending on the application.

4.1.4. GUED as a passive probe. GUED is not subject to selection rules, and the elastic scat-
tering cross section can be assumed to be independent of the electronic state of the molecule.
This is a significant advantage compared to laser-based methods, in which the initial and final
states during the probing need to be known to interpret the data. For laser-based methods that
rely on ionization, the ionization cross section may vary depending on the electronic state and
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nuclear geometry of the molecule, which makes assigning absolute or even relative weights to
different channels difficult.

4.2. Current Technological Limitations

The temporal resolution, spatial resolution (q-range accessible), signal levels, and sample require-
ments are determined by the current technology in lasers, electron guns, synchronization elec-
tronics, and sample delivery.

4.2.1. Temporal resolution. The best demonstrated temporal resolution of GUED exper-
iments is currently ~150 fs for the MeV-UED instrument at the SLAC National Accelerator
Laboratory (21, 25). Relative delays between different motions, indicating the sequence of events
during a structural transformation, can typically be measured with a resolution significantly
below this value due to different signatures in real space for high SNR levels (see the example
of CHD in Section 3.2.3). The main factors limiting the temporal resolution are the Coulomb
forces that broaden the electron pulses and the timing jitter between the pump laser and probe
electrons. As described in Section 3, GUED has successfully captured several types of reactions
and nuclear motions. Further improvements in temporal resolution are needed to capture faster
dynamics involving the motion of light atoms and transformations that take place on the excited
state in shorter times. The temporal resolution is far from any fundamental limits and can be
expected to improve significantly over the next few years. There are several ongoing promising
efforts in reducing the temporal resolution of MeV-UED (69, 70), compressing electron pulses
to 10 fs (71), and improving the resolution in tabletop kiloelectronvolt GUED setups (51, 72).
Ultimately, a resolution below 20 fs would be sufficient to capture most relevant nuclear motions.

4.2.2. Spatial resolution and sample requirements. The spatial resolution, signal level, and
sample requirements are intertwined. The de Broglie wavelength of megaelectronvolt electrons
is typically less than 0.01 A; thus, it is not the limiting factor for spatial resolution. The spatial
resolution is determined by the maximum value of momentum transfer s with sufficient SNR that
is captured by the experiment. GUED experiments currently capture a maximum momentum
transfer of approximately 10 A=, which, when converted to a PDF, produces peaks with a width
of about 0.6 A in real space. Changes in distances have been determined with uncertainties below
0.02 A through shifts in the position of the peaks (23). The differential scattering cross section
decreases rapidly with momentum transfer (see Section 2.3.1); thus, the accessible momentum
range is usually limited not by detector size but by the current of scattered electrons. This current
is proportional to the scattering cross section of the molecule, the current of the incident electron
beam, and the column density of the sample (the gas density integrated over the length of the sam-
ple). Figure 7 shows approximate beam current requirements based on the sample column density
(number density multiplied by the thickness of the gas beam), assuming a linear increase in beam
current to compensate for lower sample density. The required beam current is calculated assum-
ing sufficient data to resolve dynamics at specific interatomic distances and an integration time of
1 h per data point (1 day for a time scan of 24 points), based on the data reported in Reference 24,
in which the sample column density was 9 x 10'* molecules/cm?, the incident beam current was
0.24 pA, and the acquisition time was approximately 1 h per data point. Experiments carried out
with parameters that fall below the line in Figure 7 will be very challenging or not feasible.
GUED experiments currently use slow detectors that average the signal from multiple shots
and rely on the conversion of electrons to light for detection. With improved detection systems
with the capability to record each event with single-electron sensitivity, the required beam current
and/or acquisition time is expected to drop significantly, moving the boundary further down.
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Average incident electron beam current versus sample column density. The beam current is the value
required for a time-resolved experiment to reach subangstrom resolution and be carried out with one day of
data acquisition time. Data from Reference 24.

4.2.3. Sample delivery. Improvements are also possible in sample delivery to increase the sam-
ple density, where the fact that both the electron gun and the detector are far away from the sample
region provides a lot of flexibility in the design and use of different technologies.

In summary, GUED is directly sensitive to spatial distribution of charge and thus provides
complementary information to spectroscopic measurements that probe electronic energy levels.
Because GUED is a weak and passive probe, the signal can be simulated using relatively simple
models that greatly aid in data interpretation and comparison with theory. The GUED signal is
an ensemble average over a large number of molecules and is therefore better suited to capturing
the major reaction channels than to distinguishing channels and products with a low relative yield.
One of the limitations of GUED is that it requires a relatively high sample density, although this
constraint could be significantly diminished by increasing the incident electron beam current using
existing technology for high-repetition-rate electron guns. At present, the temporal resolution is
sufficient to capture large structural motions but the faster dynamics involving light atoms are
beyond reach.

5.OUTLOOK

Many of the GUED capabilities demonstrated so far are still challenging within the currently
available time resolution. It would, for example, be desirable to capture the dissociating wave
packet in CF;I or to more clearly distinguish timescales of electronic and structural change. The
current state of the art limits GUED to the study of high vapor pressure model molecules such
as CHD, while biorelevant molecules such as provitamin D remain out of reach due to their low
vapor pressure. However, we expect that the fast pace of advancing technology will likely result
in significant improvements in temporal resolution and electron beam current in the near future.
Thus, GUED is well positioned to continue to make a significant impact in ultrafast molecular
science. The incident electron beam current can be increased by two or three orders of magni-
tude using a high-repetition-rate electron gun (73, 74). This will require a parallel increase in laser
power to maintain the laser fluence required to excite the sample, but an increase in repetition rate
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from existing guns, which operate at around 100 Hz, to 100 kHz is within the realm of existing
laser technology. This same technology is already being implemented in next-generation free-
electron lasers such as the LCLS (Linac coherent light source) II (75). The charge per pulse could
also be increased by an order of magnitude or more using radio frequency fields to compress the
duration of the electron pulses at the sample (71, 76), which compensates for space charge forces.
Opverall, an increase in the electron beam current of between two to four orders of magnitude is
possible over the next few years. In addition, recent advances in electron guns and beamline de-
sign, along with synchronization electronics, have resulted in significant improvements in MeV-
and keV-UED temporal resolution (69, 70, 72). Recent experiments and theory have shown that
GUED can capture changes in electronic state in addition to nuclear rearrangements (27), and
that it can be applied to study dynamics induced by ionization (65). These advances, coupled with
increased beam current, improved temporal resolution, direct electron detection, and availabil-
ity of the technology to the broader community through user facilities, are expected to greatly
enhance the reach and impact of GUED over the next few years.

1. Gas phase ultrafast electron diffraction (GUED) captures photoinduced molecular
structural changes with high spatial and temporal resolution.

2. GUED is sensitive to changes in the distance and angular distribution of atom pairs in
the molecules.

3. The elastic scattering signal reveals the nuclear positions, while the inelastic scattering
contains information on the electronic structure.

4. GUED is a weak and passive probe: It does not disturb the system being studied and it
scatters from all the structures present in the sample.

5. GUED has been used to observe coherent nuclear motion, including the nonadiabatic
splitting of a nuclear wave packet and ring-opening reactions.
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