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Abstract. The use of short photoelectron pulses has opened up
the possibility of studying structural dynamics with high spatio-
temporal resolution. Within the framework of this methodol-
ogy, a pulsed electron beam formed due to the photoelectric
effect provides probing of light-induced fast processes in mat-
ter at different moments in time. The integration of pico-femto-
second laser technology and electron optics in an experimental
setup has proven to be extremely effective for observing the
behavior of atomic-molecular structures at their natural scales
in the spatiotemporal continuum. In imaging mode, this concept
has led to the creation of 4D electron microscopy, and, in the
electron diffraction mode, a unique opportunity has appeared to
shoot atomic-molecular movies. The high sensitivity of the
method in combination with relatively low radiation damage to
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the sample (in contrast to an X-ray free electron laser) has made
it possible to study promising thin-film materials on compact
setups in standard laboratories. The review examines the devel-
opment of this scientific field from the study of nanosecond
structural dynamics to femtosecond quantum tomography
based on ultrafast electron diffraction.

Keywords: ultrafast electron microscopy and diffraction, dy-
namic processes, structural dynamics, atomic-molecular cine-
ma, femtosecond time resolution, atomic spatial resolution,
electron tomography

Centenary of Louis de Broglie’s hypothesis

The electron can no longer be conceived as a single,

small granule of electricity; it must be associated with a wave.
Louis de Broglie

1. Introduction

One hundred years ago, in 1924, Louis Victor Pierre
Raymond, seventh Duc de Broglie (French physicist and
aristocrat), postulated the wave nature of electrons in his
thesis, proposing that all matter possesses wave properties [1].
This hypothesis (known as the de Broglie hypothesis), is an
example of wave-particle duality in quantum mechanics. De
Broglie was awarded the Nobel Prize in Physics in 1929 for
predicting of the wave nature of electrons, while even earlier,
in 1927, C.J. Davisson and L.H. Germer demonstrated
electron diffraction when electrons were fired at a nickel
crystal target [2], which then become the basis for a highly
sensitive method of studying the structure of solids and
molecules in a gaseous phase.

Throughout its century-long history, electron diffraction
and microscopy have remained powerful tools for studying
the structure of matter that is predominantly at or close to
equilibrium [3]. However, to obtain a full picture of a studied
object, it is also important to explore its dynamic properties.
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Figure 1. Concept of pulsed electron probe for imaging atomic motion in
solids; if an electron packet interacts with a sample for a long time, this is
accompanied by smearing of atoms as they move. When a probing
electron pulse is sufficiently short, smear is minimal, ensuring sharp
images of structure at a given time instant.

Time-resolved laser spectroscopy, based on a pulsed laser
technique, has opened up the possibility of observing a wide
range of rapidly evolving processes [4]. However, the
potential of purely optical experiments is limited by their
low spatial resolution, which highlights the need to develop
diffraction methods.

Under the action of powerful laser pulses, matter is ‘re-
arranged,” which is accompanied by a change in its structure.
These structural dynamics are manifested in an atomic-
molecular movie, the recording of which is of immense
interest to fundamental science and applications alike [5]. In
order to directly observe laser-induced structural changes,
high spatiotemporal resolution is required above all else.
Using ultrashort electron (or X-ray) pulses synchronized
with ‘optical triggering’ of fast-evolving processes in a
sample is key to solving this problem [5-9] (Fig. 1). Studying
ultra-thin films and molecular-cluster ensembles benefits
from using pulsed electron beams due to their higher
interaction cross section with matter (up to 6 orders of
magnitude greater than X-rays), a relatively low damage
potential, and, importantly, the ability to perform measure-
ments ‘in dynamics’ using compact laboratory setups [9].

In a pioneering experiment [10] carried out in Moscow in
the 1980s, the structural dynamics of laser-induced dissocia-
tion of CF3;I molecules were observed. This process was
detected by combining the high temporal resolution of a
pulse laser with the subatomic spatial resolution of a gas
phase electronograph. In what followed, this experiment
predetermined the emergence of a new scientific disci-
pline— Ultrafast Electron Diffraction (UED), and then
Ultrafast Electron Microscopy (UEM). In these methods,
short electron bunches, optically connected to a pulse master
laser, probe a laser-excited sample at different time instants.

The appearance of reliable and affordable femtosecond
(fs) lasers (predominantly solid-state systems based on
titanium sapphire crystals) in scientific laboratories and the
development of bright, technologically simple photoelectron
pulse sources based on them led to a breakthrough in ultrafast
electron diffraction [5-9]. As a result Miller et al. achieved a
subfemtosecond temporal resolution [11], enabling the direct
registration of atomic displacements in laser-stimulated
chemical reactions using dense electron bunches with the
UED method. This also facilitated the study of the correla-
tion of a series of important structure functions that underpin
chemistry and biology [5-9]. This work laid the foundation
for femtosecond electron optics [12], which were initially
applied to the regime of electron diffraction.

The imaging regime is important for studying spatially
inhomogeneous structures, which greatly expands the range of
problems that can be solved using electron beams. A quarter of
a century ago, a scientific team led by Zewail (California
Institute of Technology) conducted the first experiments using
a modified transmission electron microscope, achieving a
picosecond temporal resolution. The capabilities of the UEM
were soon extended to the femtosecond temporal range, which
was crucial for observing ultrafast structural dynamics on the
natural spatiotemporal scales of the matter under investiga-
tion [6].

The development of transmission electron microscopy is
inextricably linked to improvements in resolution [13]. While
the capabilities of the first setups in the mid-20th century were
comparable to the best optical microscopes, resolving
microstructures with a characteristic size of 0.2 pm, electron
optics now boast a resolution of about 0.07 nm, sufficient for
the direct visualization of atoms [13, 14]. Thus, transmission
electron microscopy (TEM), alongside an ion projector [15]
and scanning probe microscopy [16], has become a highly
accurate technique for observing the atomic and molecular
structure of matter. Incorporating femtosecond and solid-
state laser techniques into the TEM experimental scheme
provided new momentum for the development of this
technology [5-9].

A series of review articles and monographs devoted to the
development of UED/UEM has been published recently.
Reference [9] expands on the possibilities of shooting
atomic-molecular movies with the help of bright sources of
short electron pulses and surveys the history of UED
development up to 2017. Book [17] presents the state of
time-resolved electron microscopy in 2019, while Ref. [18]
supplements these materials. Of note are the fundamental
review of 2022 on the development of UED [19] and a
relatively recent monograph [20] on the detection of struc-
tural dynamics using ultrashort electron and X-ray pulses.

The primary aim of this paper is to analyze publications
on UED/UEM that were not covered or only touched upon in
previous reviews. To demonstrate the potential of using short
electron pulses for a structural analysis, we present a series of
recent studies in this promising area of modern natural
science.

2. Pulsed electron beam of short duration —
basis of UED/UEM

The duration of electron pulses 7. is a key parameter that
largely defines the temporal resolution in UED/UEM. The
concept of a femtosecond electron probe, when 7. < 100 fs,
was first introduced in [21]. The photoeffect in a solid under
the action of very short laser pulses proved to be an efficient
basis for an electron source in UED and UEM, primarily due
to the practically instantaneous response to the optical pulse.
The lack of inertia in this process on a femtosecond timescale
was experimentally demonstrated in [22].

An alternative to a solid state cathode can be the use of
cold atoms. Subthreshold optical ionization of such a gas
target can provide high spatial coherence of the probe in an
experiment due to a practically ‘zero’ initial energy of free
electrons [23]. Currently, success is being achieved in obtain-
ing subpicosecond bunches as a result of two-step photo-
ionization of a laser-cooled rubidium cloud [24]. While this
complicates the experimental setup to some extent, it is
promising for the study of biological molecules using the
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UED/UEM method. An important parameter is the number
of electrons in each bunch, which is generally defined by a
compromise between ‘how quickly’ the measurement can be
performed and ‘how short’ the detected process can be, since,
unlike X-ray radiation, the electrons in the bunch experience
Coulomb repulsion, which hampers temporal resolution.

Forming ultrashort multielectron pulses is an important
task. In this context, it is relevant to consider the brightness of
the electron probe in two limit cases: when observing
diffraction and in the imaging regime. Let n represent the
number of elementary cells in the part of crystal that is
studied. Then, in electron diffraction observations, the signal
is proportional to n2; however, in the imaging regime, it is
only proportional to n [9]. Therefore, in terms of measure-
ment sensitivity, signal detection in the reciprocal space is
preferrable.

Methods that allow high temporal resolution, reaching
tens of fs, have been developed for dense probing pulses [9].
Two of these methods are particularly efficient. The first one
uses a cell with an rf field to compress multielectron bunches.
In this respect, it should be noted that it is possible to form
spatially homogeneous pulses with an ellipsoidal shape for
which the compression degree is maximal [25]. The problem
of obtaining dense electron pulses in a nonrelativistic regime
with 7. < 100 fs is explicitly illustrated in [26]. The second
approach is the transition to relativistic velocities [27, 28]. The
successful practical realization of these methods opens up the
possibility of studying irreversible laser-induced processes
with the help of UED [9]. There are recent indications of
progress in applying such approaches to UEM based on
transmission electron microscopy [20].

A simplified setup of an experiment in the field of UED/
UEM (Fig. 2) is based on the pump-probe method and
involves injecting laser emission into a column of an
electronograph or a transmission electron microscope [29—
34]. One channel is used to generate short electron bunches,
which can be obtained, for example, through the photoeffect
when a laser beam is shone on a solid-state cathode. The
second channel corresponds to optical sample excitation.
Precise synchronization of the channels is achieved by using
the same master laser. The delay between exciting structural
dynamics and probing them is determined by the optical path
lengths. By varying these in the experiment, the process under
study can be stacked in time. A position-sensitive detector
records signal frames at each time step.

When the studied sample is illuminated by a high-intensity
laser pulse, the observed diffraction pattern varies according
to the Debye—Waller factor due to thermal oscillations of the
atoms in the crystal lattice (Fig. 2). In the theoretical
framework, a particular area of scientific interest is the
calculation of this factor for complex multi-atomic systems,
for which knowledge of the dispersion law of the medium is
strictly necessary, as is a rigorous account of the influence of
multi-photon effects, which presents quite an intricate
problem. Such an analysis can be substantially simplified for
ultrashort electromagnetic pulses [35].

As the thawing of glaciers informs developments in
modern Earth climate theory, a reduction in the strength of
electron beam scattering by a crystal, which leads to a
decrease in the height of diffraction peaks (as the tempera-
ture of the crystalline lattice increases), allows important
conclusions to be drawn about energy transport in solids on
the nanoscale. The authors of Ref. [36] detected deviations
from the known two-temperature model, which describes the
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Figure 2. (a) Schematic of excitation—probing of structural dynamics based
on short electron pulses; (b) recording frames of diffraction pattern at
different moments of time with UED method.

dynamics of the excitation of electron and phonon subsys-
tems in condensed media, using the UED method and a thin
crystal of Al [37, 38]. Furthermore, a thorough analysis of
diffraction patterns obtained from a laser-excited sample by
capturing images with the help of short electron pulses at
different time moments allows one to identify the initial stage
of nonthermal melting in a substance, i.e., in a thin bismuth
crystal [39]. A key aspect of the successful experiment in this
case was achieving a sufficiently low level of transient
fluctuations in the photoelectron beam, which presents
certain technical difficulties.

An adapted transmission electron microscope enables the
study of irreversible, light-induced phenomena on a nanosec-
ond timescale in the regime of a single pulse containing up to
~ 108 electrons, and strictly reversible processes due to the
accumulation of a large number of ‘rarefied’ electron bunches
(~ 10%e™), providing high spatiotemporal resolution by
suppressing Coulomb repulsion [3, 6]. The development of a
stroboscopic method to record dynamical effects in TEM
dates back to the 20th century [40, 41]. The method involves
probing a sample (with periodically varying properties) using
electron pulses of the same frequency and a fixed phase. (Note
that a picosecond temporal resolution can currently be
achieved without using the pulsed laser technique [42].)
Using laser sources of ultrashort pulses has fostered rapid
progress in developing this method. The first TEM adapted
for studies of ultrafast laser-induced processes was created at
the California Institute of Technology [8].

4D electron microscopy detects structural dynamics within
a spatiotemporal continuum by combining the capabilities of
an electron microscope and a pulsed laser. Inelastic interac-
tions between electrons and photons in the presence of a
nanostructure can result in changes in the probe energy [43—
45]. In Photon-Induced Near-Field Electron Microscopy
(PINEM), an intense laser field propels an electron into a
superposition of quantum mechanical states. For the initial
electron energy Ey, the interaction of the electron with an
incident light wave then broadens the energy spectrum by
populating new energy states (known as sidebands), which are
separated from Ej by intervals that are multiples of the photon
energy /iw. Analysis of kinetic energy using Electron Energy
Loss Spectroscopy (EELS) in TEM extends the range of
problems that can be solved using UEM [44].
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Previously, collective plasmon resonances in solids could
only be studied using transmission electron microscopes
under stationary conditions. This ruled out the observation
of fast transient processes in real time. Ultrafast optical
spectroscopy was also unable to provide an acceptable
spatial resolution due to the diffraction limit. Reference [41]
uses PINEM in an adapted TEM column to explore the
behavior of light-induced plasmons with an energy resolution
of 20 meV, defined solely by the width of the laser line. The
development of a new 5D UEM method [45, 46] has opened
up the possibility of reaching a spatiotemporal continuum,
augmented with the energy resolution.

Unlike traditional methods of inelastic scattering, the
resolution of the 5D UEM method is determined solely by
the spectral properties of laser excitation and is not limited by
the energy spread of fast electrons [46]. This is of particular
interest to photonics and plasmonics, as the ability to
generate monochromatic laser light with a controlled tem-
poral profile has a broader range of applications than
classical electron optics does. This includes the study of
practically any low-energy mode in solids, provided it can be
selectively optically excited. By measuring the spatiotemporal
and spectral profiles of coherent phonons, it is possible not
only to study the connection between the lattice and electron
subsystem in real time but also to develop a method to control
the dynamics of prospective materials. Combining 5SD UEM
with the method of selective population of oscillatory states in
catalyzers based on plasmonic nanostructures makes it
possible to visualize the course of chemical reactions [46].

Three types of cathodes are used in classical TEM: (1) a
cathode based on thermionic emission; (2) a Schottky emitter,
where the thermionic emission is amplified in a strong electric
field; (3) a cold-field point emitter, which does not require
heating. When adaptating the microscope, it is important to
consider that it is problematic to achieve an acceptable
brightness of electron pulses for a flat photocathode due to
the relatively large initial size of the electron source, which is
defined by the laser beam diameter.

Using a point cathode provides a solution to this
problem, as the ‘locally compressed’ emission minimizes
the volume of phase space occupied by photoelectrons,
ensuring their high coherence. In one of the first demonstra-
tions, the probe was formed using emission from a Schottky
cathode [47]. In this experiment, a 100-nm ZrO/W needle
was illuminated by the second harmonic of a fs Ti:Sa laser
(A =400 nm, iw = 3.1 eV). In a strong electric field with a
strength of ~ 1 V nm~!, the work function was reduced to
2.9 eV, providing a condition for a linear photoeffect.
Consequently, the diameter of the probe on the sample
could reach 9 A for the duration of pulses of 200 fs with a
repetition frequency fup to 800 kHz and transverse coherence
of 1.2 um, which is sufficient to study complex biological
structures.

In [48], a cold-field emitter of electrons was used for
nonlocal photoemission. In this case, a 100-nm tungsten
needle in TEM was illuminated by the second harmonic of
the fs fiber laser (A = 515 nm) in the multi-photon electron
emission regime. An important feature of the fs fiber laser is
the high frequency of the pulse sequence, which can be varied
relatively easily in experiments. As a result, 20-electron pulses
were formed with fup to 1 MHz and a kinetic energy up to
200 keV, enabling precise experiments in electron hologra-
phy. It should be noted that the duration of such electron
pulses is practically unaffected by Coulomb repulsion,

creating unique possibilities for studying reversible fast
transient processes with a high spatiotemporal resolution.

Reference [49] demonstrated the production of holograms
through the scattering of a pulsed electron beam in a strong
laser field. This has actually become the first experimental
realization of Gabor’s original idea, aimed at improving the
transmission electron microscope, but initially developed in
optics. The well-known principle of holography involves
recording the amplitude-phase characteristics of a signal by
mixing it with a known reference signal. In [49], an adapted
transmission electron microscope was used to achieve an
ultrahigh (in perspective, attosecond) temporal resolution in
combination with a nanometer spatial resolution when
creating holograms of local electromagnetic fields. Unlike
the ‘classical method,” where the signal and reference fields
are initially spatially separated and then are mixed to form an
interference pattern (a hologram), in [49], the electromagnetic
fields split the electron wave function into a quantum-
coherent superposition of different energetic states. As a
result, the spatial modulation of the electron energy distribu-
tion reflects the phase relationship between the reference and
signal fields. Overcoming the femtosecond barrier and
exploring the attosecond time range are promising areas for
future research.

3. Development of structural dynamics
detection methods using electron pulses
and exploration of femto-attosecond range

Recent work at the Massachusetts Institute of Technology
(MIT) has confirmed that a pulsed electron beam can be used
to take precise measurements of comparatively small laser-
induced structural changes in a sample. The success of this
approach is largely due to the use of high-quality crystal films
as samples [50]. Reference [51] explores a gigahertz structural
resonance in a 16-nm antiferromagnetic film (FePS;) when
the material is cooled below the Néel temperature. Using the
UED method, a shift in the layers of the sample is recorded
when an electron beam with a kinetic energy of 28 keV is used
to illuminate the sample. This causes individual regions of the
thin antiferromagnetic film to displace parallel to each other,
in a manner similar to coherent oscillators.

Thorough studies of two-dimensional (2D) crystals open
up new functional possibilities in material science. In this
class, freestanding films have emerged as a universal platform
for designing 2D materials due to their unique properties,
which are not found in flat structures on a substrate. A
characteristic example is the dynamics of wrinkles, which
has not been studied in much detail. In [52], laser-induced
structural changes in a freestanding film of La,;3Ca; ;3MnO;
were directly observed. Analysis of diffraction peaks helped
to qualitatively reconstruct the dynamics of wrinkle forma-
tion on a picosecond timescale. It was found that this process
is associated with a relatively fast delamination of the sample
at the contact (tangent) point between the film boundary and
the support. This result confirms the importance of consider-
ing the interaction between the film and its surroundings,
even for freestanding structures.

The success of the experimental work described is at least
partly due to the use of high-quality, thin, homogeneous
crystal films of a large lateral size as samples. One of the main
factors that complicates the analysis of the diffraction pattern
is the need to use a dynamical scattering theory [53], which,
strictly speaking, should be considered even for very thin
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samples (for example, for a 40-nm gold film) and subrelati-
vistic velocities (energy of 750 keV) of the probing electrons
[54].

Due to the strong elastic and inelastic scattering of
electrons in solids, the kinematic theory (Born’s approxima-
tion of the scattered wave being much weaker than the
incident wave) is, strictly speaking, applicable only to very
thin samples. For ‘thick’ crystals, the dynamical theory must
account for the interaction between the primary and diffrac-
tion beams. In this case, multiple scattering of electrons can
redistribute the intensity between different Bragg peaks.
According to witnesses, there were attempts to involve
L.D. Landau in developing the dynamical scattering theory
in the middle of the last century (but they were unsuccessful).

The use of the kinematic approximation in the analysis of
diffraction patterns is more appropriate for molecular
ensembles in a gas phase. Some progress is currently being
achieved in the field of a gas UED. In [55], the dynamics of
rehybridization in an electrocyclic reaction were observed
using a relativistic electron beam (~ 3 x 10*e~ in a pulse)
with a kinetic energy of 4.2 MeV. Electron bunch compres-
sion was achieved using an rf field, enabling temporal
resolution on the level of several hundred fs.

It is known that reactions of this type are characterized
by the concerted formation and breakup of g- as well as
n-bonds in a pericyclic transient state. Therefore, observing
the structural dynamics of such a state in real time is of great
interest in both practical and fundamental aspects. To
address this significant issue, molecules of o-terpinene
(C1oH¢) were used as an example and a combination of
UED (experiment) and modeling of wave packets in an
excited state (theory) was applied in [55]. Upon reaching a
pericyclic minimum in this molecular complex, it was found
that the rehybridization of two carbon atoms was dominant,
ensuring the transformation from two to three conjugate
n-bonds, while the dissociation of the o-bond predominantly
occurred after conversion from the pericyclic minimum to the
electron ground state. The findings obtained in [55] can be
generalized to electrocyclic photochemical reactions in gen-
eral.

Hydrogen is a component of many substances. However,
observing structural dynamics involving H atoms is difficult
due to their low scattering cross section. To address this issue,
the UED method using a 4.2-MeV electron beam was
employed in [56]. The high sensitivity of this approach is
demonstrated using the example of laser-induced dissociation
of gaseous ammonium. In this study, the measurements of
nuclear and electron dynamics in gas molecules were ab initio
augmented by modeling. Although the 500 fs resolution was
insufficient to study the dissociation process in detail, the
results obtained in [56] present a significant advance in the
observation of proton dynamics in space and time.

Solving the ill-posed inverse problem is a distinguishing
feature of the diffraction approach, but it is linked with
certain conceptual difficulties. Studying spatially inhomoge-
neous structures and the influence of local irregularities on
dynamics requires special methods. Therefore, observations
of structural dynamics in the imaging regime are important
and can be realized with the help of TEM. Ultrafast electron
microscopy can provide new insights into the optical
excitation process [43-46].

The electrodynamic response of electrons to an incident
electromagnetic wave forms the basis of practically any
interaction between light and matter. Therefore, a thorough
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Figure 3. Attosecond UEM. Continuous laser illuminates thin mem-
brane and sample. Subfemtosecond electron pulses probe the sample;
change in kinetic energy of transmitted electrons is detected by EELS
spectrometer. Temporal synchronization in this approach is illustrated
on right.

study of this process at sub-wave (in space) and sub-cycle (in
time) scales is essential for modern optics and nanophotonics.
Although the short length of the de Broglie wave for free
electrons (e.g., in TEM) in principle allows access to
attosecond/angstrom scales, the temporal resolution of
UED/UEM has thus far been limited to the femtosecond
range at best, which is apparently insufficient for solving such
fundamental problems. Reference [57] demonstrated an
efficient approach that circumvents these difficulties. An
adapted transmission electron microscope equipped with a
field Schottky emitter, with an electron energy of 183 keV,
was used as an instrument (see Fig. 3). In the experiment, a
sample (a sharp tungsten needle) was excited by a continuous
laser (4 = 1064 nm) and probed by a train of ultrashort
electron bunches. This involved converting a continuous
electron beam into a sequence of attosecond pulses through
the periodic modulation of the wave function (of free
electrons) using optical electric fields, which was achieved as
the electrons passed through a very thin 200-nm silicon
membrane illuminated by a laser (Fig. 3). In the experiment
in [57], changes in electron energy at different instants of time,
as set by the delay line, were detected using an electron
spectrometer. In the EELS regime, a special filter can be
used to detect sidebands (which correspond to discrete
changes in kinetic energy), allowing accurate measurement
of the sample’s near field response in the spatiotemporal
continuum.

Indeed, the electron wave function remains intact for
more than one period of an optical cycle (several fs), which,
in principle, allows detecting coherent sidebands. Since fast
electrons pass through the 200-nm interval in a sub-
femtosecond time, the electromagnetic fields inside and on
the surface of the sample appear to be practically frozen with
regard to probing. In particular, the longitudinal modes,
which correspond to the optical excitation of the tungsten
needle, can coherently change the kinetic energy of the
electrons in the probing beam, which is reflected in the
detected EELS spectrum.

Thus, UEM enables precise measurements of the near
field in the spatiotemporal continuum [57]. In experiments
involving conducting tips, dielectric resonators, and antennas
based on metamaterials, directional excitation of chiral
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surface waves was detected, and the lag between the dipole
and quadruple dynamics was found as well. These results
demonstrate the power of the UEM, which is particularly
important for understanding light-matter interactions within
the context of fundamental research into their spatiotemporal
properties [57, 58].

In [59], PINEM was applied to study soliton formation in
optical integral schemes. The interaction between an electron
and a soliton is accompanied by a change in electron
distribution, opening up a new area of UEM. Shortly after
the initial PINEM studies, an important coherence relation-
ship was established between various electron waves corre-
sponding to different sidebands [43—45]. As the sidebands
(with different energies) are characterized by different
electron velocities, the shape of the related wave packet,
which is their superposition, changes in space and time as
the packet propagates. Ultimately, the probe can become a
train of very short pulses, which, in principle, allows a
significant increase in electron microscope resolution. The
amplitude corresponding to the sideband also characterizes
the near optical field through which the electron passes. This
effect is used to study Kerr solitons in a silicon nitride
microresonator with a diameter of hundreds of micrometers
in [59].

In principle, successful realization of PINEM requires
rather intense optical fields, which are commonly generated
using powerful laser pulses. However, these conditions can
also be obtained using an optical microresonator — specifi-
cally, a waveguide fabricated from a transparent silicon
nitride on a silicon chip using lithography [59]. After light is
directed into the closed structure, it circulates many times
within a ring-shaped cavity, and in this way enables PINEM
with the help of a continuous-wave laser.

Silicon nitride exhibits a strong nonlinear optical
response. As a result, the speed of light in Siz;N4 depends on
the intensity of the electromagnetic field, even for a moderate
laser power. Above a certain threshold, the nonlinearity
causes light to propagate in a complicated way, including,
for example, the formation of Kerr solitons. In order to excite
these solitons, silicon nitride was illuminated by a continuous-
wave laser with wavelength 4 = 1.55 um, which is typically
employed in telecommunications [59]. In the experiment
(Fig. 4), the TEM axis and the microresonator are aligned
so that a free electron can interact with the sample twice,
probing the electromagnetic field in the ring at two different
times, with the lag between them being controlled by the
probe displacement from the cavity center. Studying the
propagation of light waves in this way enabled the observa-
tion of characteristic Ramsey-type interference.

The soliton signature superimposed on the Ramsey
diagram was manifested in higher-order sidebands. Depend-
ing on the laser power, it turned out that it is possible to
observe chaotic light fields or trains of solitons in such
conditions (Fig. 4). The ability to study transitions between
different nonlinear optical regimes is in practice due to the
high sensitivity of PINEM to the light field intensity and
distribution in the ring.

The results of [59] can be explained using known
theoretical models that describe the nonlinear optical
response of microresonators in the context of electron-
photon interaction. These studies pave the way for obtaining
information on light propagation inside integral optical
schemes, which was previously inaccessible and has signifi-
cant implications. Solitons cycling in a closed cavity can

Soliton

Electron wave packet

5

Electron beam Ring microresonator

Figure 4. Electron beam in TEM, combined with ring microresonator,
probes ultrafast evolution of optical solitons created in ring by continuous
laser light. Strong electron-photon interaction provides formation of
ultrashort electron pulses with ‘slightly’ modified kinetic energy (change
in kinetic energy of electrons is registered by EELS spectrometer).

interact effectively with a continuous electron beam at a
high repetition frequency approaching the terahertz level,
which is still beyond the reach of existing optical modulation
methods. Meanwhile, electron modulation in TEM, synchro-
nized with laser excitation, could form the basis of powerful
methods for observing the dynamics with a spatiotemporal
resolution better than fs nm~".

In studies of the structure of protein complexes with high
spatial resolution, up to the atomic level, particular attention
is currently being paid to conformational dynamics [59].
However, most experiments in this area were previously
performed using a laser on free electrons, in the regime of
sequential femtosecond crystallography [60], which presented
certain difficulties (the use of large-sized setups and possible
sample damage by X-rays). One of significant advantages of
using electrons as opposed to X-rays in time-resolved
diffraction is that a useful scattering event requires fewer
and smaller protein crystals.

Reference [32] provides a detailed analysis of two
promising methods that gained popularity recently: electron
microdiffraction and ultrafast electron microscopy (Fig. 5).
Using electron pulses to study protein crystals has already
been shown to be an efficient way of measuring intermole-
cular forces in such materials. Experiments of this kind have
been shown to be possible with sufficiently low doses of
pulsed photocurrent in a transmission electron microscope
column, due to the relatively high interaction cross section
of electrons with matter and the use of high-sensitivity
detectors.

The authors of [32] analyzed the main difficulties in
collecting and processing data, paying particular attention
to the signal-to-noise ratio. They describe the efficiency of the
working process for a minimum admissible dose of a
photoelectron beam in detail. They also present a set of
model samples as candidates for test measurements. Thus,
using an adapted transmission electron microscope to
observe laser-simulated processes in biological molecules
has moved into the practical domain.

The combination of microED and UEM offers unique
opportunities to study the structural dynamics of protein
complexes. As earlier work on time-resolved electron diffrac-
tion of organic microcrystals found, spatial resolution can be
better than 3 A even when subject to Coulomb repulsion in
the microscope column. This is highly promising for a
complete understanding of the laser-induced dynamics of
complex molecular systems over time scales ranging from
micro- to sub-pico-seconds, and possibly even shorter.
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Figure 5. Schematic of ultrafast transmission electron microscopy (UEM).

4. Prospects for detecting structural dynamics
of ion channels

The development of microfocus stations based on synchro-
trons and the emergence of free electron X-ray lasers have
made serial crystallography a working tool for studying
membrane proteins in structural biology. Within this method-
ology, a diffractogram (X-ray image) of a biological micro-
crystal at room temperature is formed in less time than it takes
for radiative sample damage to occur, ensuring an effective
collection of structural information about the protein being
studied. The use of powerful, focused X-ray pulses (with a
characteristic focal spot size of ~ 10 nm and pulse duration of
about ~ 10 fs) creates unique opportunities for studying
biological structures. One of the main difficulties in struc-
tural biology is preparing samples to be probed. Membrane
proteins tend to form very small crystals, resulting in a
substantially worse quality of diffraction patterns than those
obtained from soluble proteins samples. Using a technique
known as the lipid cubic phase (LCP) has been shown to be a
convenient way to solve this problem [61]. As a result, serial
femtosecond crystallography (SFC) has became widely
adopted thanks to special injectors for viscous solutions of
membrane proteins. In SFC, X-ray patterns are registered for
an ensemble of microcrystals in the LCP, with only one image
recorded per crystal. Then, the entire array of experimental
data is combined into a single array [62, 63].

In structural biology, the light-induced isometrization of
retinal in bacteriorhodopsin (bR) is considered to be one of
the fastest reactions. The development of the SFC method has
made it possible to study the photochemical reaction in this
protein with femtosecond and atomic resolution in time and
space, respectively. For reference, bacteriorhodopsin is a
membrane light-sensitive protein that, like chlorophyll,
converts solar light energy into the energy of chemical bonds
and in fact acts as a light-induced proton pump. Absorption
of a photon is accompanied by a practically instantaneous
change in the protein structure, facilitating the transfer of a
proton from the cytoplasm to the outer side of the cellular
membrane. In photoisomerization, the chromophore (ret-
inal), which is attached to the inside of a bundle of spirals

and closes the central channel of bR, changes from the full-
trans-state into 13-cys-form. During photoinduced bending,
the retinal carries a proton from one end of the semi-spiral
bundle to the other.

A rather low scattering cross section of X-rays in matter
means that ‘thick’ samples must be used in experiments,
which presents a certain problem for optical excitation of
laser-induced dynamics. Indeed, due to the absorption of a
low-intensity laser beam, structural dynamics are confined to
the near-wall layer, while multi-photon processes begin to
dominate when the optical excitation power is increased [64],
which does not correspond to the biological function of the
protein [65, 66].

An important advantage of probing a biological sample
with a pulsed electron beam compared to X-rays is the ability
to provide a practically uniform optical excitation of the
sample volume (initiating structural dynamics) with a rela-
tively low level of radiative damage and in a compact
experimental setup. Such studies will be possible in the very
near future [67].

5. Femtosecond quantum tomography:
on the way to quantum limit

Quantum tomography (QT) is widely used in many areas,
including quantum optics [68—70], quantum computation [71,
72], and quantum information [73, 74]. In 1933, Pauli
formulated the QT problem for a pure quantum state y(x)
in one dimension. Can the measurement of the time-evolving
probability density Pr (x,7) = [y(x, £)|* be used to determine
the quantum state y(x, )? According [75, 76], the absolute
value of the wave function |(x, 7)| can be obtained directly
from Pr (x, ), and the phase can be recovered by measuring
Pr(x,¢) at certain points in time. This method has been
extended to general one-dimensional quantum states, which
are fully described by their density matrices p, or, equiva-
lently, their Wigner functions W (x, p) [77], defined as

1 . i2px’
W(x,p):Ejdx’<x+x’|p|x—x/)exp< ; ) (1)

W (x,p) represents the distribution of quasi-probability in
phase space, and the probability density is

Pr(x) = J dp W (x,p).

The inverse Radon transform is used for phase space
tomography [78, 79].

Consider the case of a one-dimensional harmonic oscilla-
tor. The time evolution of the position x and momentum p in
phase space represents circular motion,

xg =xcos+psinf, pp=—xsinf+ pcosf,

where 0 = wt is the rotation angle, and w is the frequency of
the harmonic oscillator. By analogy with computer tomo-
graphy, if the integral projection of the Wigner function along
each rotated axis pyp is measured,

mmbj@mmm, @)

the Wigner function can be recovered using the inverse Radon
transform [79, 80]

_ 1 , Prg(x’)
W(x,p)= P—ZRZthx Jd@

(xcosO+psin0—x')*’

3)
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where P is the Cauchy principal value. In addition to the
potential of the harmonic oscillator, it was shown that the full
quantum state can be recovered for an arbitrary bounded
potential U(x) by measuring the motion of wave packets [81].
The initial density matrix in the basis of eigenstates y,(x) is
P.m» and the time evolution of the probability density is
expressed as follows:

Pr (X, t) = menl//m(x)l//n(x) eXp [_ i (wm - w”)t] ’ (4)

where 1, (x) is the eigenstate with eigenfrequency w,. The
components of the density matrix can be obtained from the
measured Pr (x, 7) with the help of [81],

pmn = J de;r (X,(Dm - wn) % [l//m(x)¢n(x)] ) (5)

where Pr (x, w) is the Fourier transform of Pr (x, 7), and ¢, (x)
is the nth nonregular eigenstate of the Schrodinger equation
[82].

There are many theoretical [78, 83-86] and experimental
[87-89] studies of tomographic reconstruction methods and
their applications to various systems. For instance, the
quantum state of free electrons can be reconstructed using
ultrafast transmission electron microscopy [69]. The Wigner
function of a dissociating molecule of I, is determined by
probing the distribution of the positions and velocities of the
atomic fragments [90]. The degree of freedom of the mass
center of He is found using diffraction patterns with temporal
resolution [91]. The oscillatory wave packet of the dimer of
Na, can be recovered from time-dependent fluorescence
spectrum measurements [89]. The appearance of ultrafast
electron and X-ray diffraction methods [92-97] has sparked
significant interest in studying nuclear motions and creating
‘molecular movies.” Combining observables from ultrafast
diffraction visualization and quantum tomography opens up
new possibilities for visualizing molecular wave functions and
retrieving full information about the quantum state. How-
ever, the problem of dimensionality [78, 83, 84] seriously
limits the application of traditional QT methods, and QT
cannot be applied to all rotational and the majority of
oscillatory wave packets in molecules.

Traditional QT methods use integral transformations,
such as the inverse Radon transform, to reconstruct the
density matrix from the probability density of a wave
packet. Consider a molecular oscillatory wave packet. The
probability density Pr(xj,x2,...,xy,?) is (N + 1)-dimen-
sional, where N is the number of oscillatory modes. The
dimension of its density matrix is 2N, and traditional QT
methods can only be applied for one-dimensional oscillatory
motions, since the integral transforms preserve dimension
[78]. Similar problems exist for rotational states. For a linear
rotor, the probability density Pr (0, ¢, ) is three-dimensional,
while the density matrix is four-dimensional.

The dimensionality problem in QT can be solved by
adding extra information to compensate for the additional
dimension when reconstructing the density matrix from the
time-evolving probability density. Analogous to crystallo-
graphic phase retrieval (CPR) [98, 99], to recover phase
information of form factors f(s) from the intensity of
diffraction I(s) = | f(s)|*, the transformation between the
electron density in real space, and the form factor in the
Fourier space is performed iteratively to impose physical
constraints in both spaces [100-102].

Diffraction pattern

Laser beam aligning molecules #& 30}

\

Elastic scattering
5 v

Probing by electron
(X-ray) pulse Density matrix

Figure 6. Schematic of quantum tomography of state of molecular
rotational wave packet using ultrafast diffraction. Rotational wave packet
of N, molecules is prepared by a pulsed aligning laser action and probed by
ultrafast electron diffraction. Density matrix of rotational wave packet of
N, is recovered from diffraction pattern [103].

The iterative projection method transforms the density
matrix space in the probability density space. Itis used for QT
of a rotational wave packet of laser-aligned N, molecules, as
shown in Fig. 6 [103].

Additional information includes the physical constraints
of the density matrix space, such as its positive semidefinite-
ness and Hermitian character, as well as the selection rules of
the prepared initial state. This method can be directly
generalized to the quantum mechanics for high-dimensional
oscillations [103], as well as to other systems where incomplete
measurements provide only limited information about the
quantum state (Fig. 7).

Having discussed QT for rotational and oscillatory wave
packages, it is natural to generalize QT by including electron
degrees of freedom (DOFs), thereby reconstructing full
information about the quantum state of molecules. How-
ever, the dynamics of the electron state are strongly coupled
with nuclear motion, and this interaction leads to funda-
mental differences in QT calculations for nuclear and electron
degrees of freedom. When considering QT for an individual
DOF, such as oscillation or rotation, we use quantum-state
tomography (QST), in which the temporal resolution p,,,,(¢) is
known. In the basis of rotational and oscillatory eigenstates,
the density matrix only includes the evolution of the dynamic
phase factor

pmn(l) = pmn(o) eXp [ —i ((/)m - w")t} :

In QST, the temporal evolution of p,,,(f) is known;
therefore, measurements taken at different times provide
additional information that can be used to recover the phase
of the wave function [76].

The strong coupling between the electrons and nuclei
plays a role of interaction system—surrounding medium, so
that the temporal evolution of the reduced density matrices
for nuclear or electron degrees of freedom is nontrivially
dominated by the Hamiltonian of the nuclear or electron
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Figure 7. Wigner function of CS molecule. For initial distribution (~ 1 ps), Wigner function was found using full density matrix obtained in QT
calculations. Wigner functions for different time delays (4 = ns, 40 ns, and 120 ns) were obtained by tomographic reconstruction which used procedure

described in [104].

degrees of freedom. Therefore, the entire temporal evolution
of the density matrix must be reconstructed at each instant of
time. Pioneering work revealing the connection between
electrons and nuclei and nuclear motion using QST was
based on the dynamics of photodissociation of CS, excited
by a 193-nm laser, which predominantly proceeds along two
channels [104]:

CS;('By) —CS(X'2)+S(°P)), (6)

CS, ('By) = CS(X'2))+S('Dy). (7)

Based on electron time-resolved diffraction data, the
probability distribution of the distance between CS nuclei is
measured for different time intervals to reconstruct the
Wigner distribution function for various time delays z4 [80].
As shown in Fig. 7, the system moves to an equilibrium state
due to intermolecular oscillatory energy transfer during the
first 20 ns, while the bimodal Wigner distribution evolves into
a narrower unimodal one. Between 20 and 40 ns, the change in
the Wigner function is caused by processes involving electron
oscillatory energy transfer through collisions between S
atoms and CS molecules [80].

QT of the reduced density matrix in the electron state basis
can be used to reconstruct the time evolution of populations
and coherences. Consider the wave function

?(r,R,1) = d)g(l'; R) lﬁg(R, 1)+ ¢.(rR) Y (R, 1), (8)

where r and R are the electron and nuclear coordinates, ¢,

and ¢, are the main and excited electron state, and , and

are the related nuclear wave packets in each electron state.
The reduced density matrix in the electron state basis is

parlt) = j ARy (R, 0)5(R,1) (@b =g,e), (9)

where p,, and p.. are the populations in the ground and
excited states, and Peg is the coherence. The nuclear wave

packets i, and i, move along surfaces of the potential energy
of the ground and excited states and their crossing integral
defines p,,. In contrast to QST, it is necessary to reconstruct
the temporal evolution of p(¢), reflecting the transition of
population and the dynamics of coherence of the coupled
nuclear and electron degrees of freedom.

Ultrafast X-ray and electron diffraction visualization
encodes the information about the electron state density
matrix p,(¢). The total diffraction signal for the wave
function ¥(r,R) in equation (8), including both the elastic
and inelastic parts, is [105-108]

15.0) =3 [ ARUGR O LsRs) iy Re0), (10

ab

I.y(R.s) = j dr g (R) 616 6,1 R), (11)

where s is the vector of momentum transfer of the incident
X-ray or electron, and ¢ is the scattering operator.

The scattering operators for the diffraction of X-rays and
electrons are [109, 110]

6x = Zexp (isr)), (12)

b=z [ MewsR) - explisr)] . (13)

where r; and R, are the coordinates of the jth electron and
vth nucleus, respectively, and N, is the nucleus charge.
Equation (10) extends beyond the framework of the tradi-
tional independent atom model (IAM) [94, 111], which
considers the impact of structural changes but disregards the
re-distribution of electron density resulting from bond
formation and the effects of two-electron correlation.

The total diffraction signal in equation (10) comprises two
parts. The diagonal terms a = b correspond to scattering
from the ground and excited states, while the off-diagonal
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Figure 8. Schematic of quantum tomography of electron states using ultrafast electron diffraction. (a) Pyrrole molecule is excited by pumping laser and
probed by ultrafast electron beam. (b) Diffraction patterns with temporal resolution for different time delays of pumping—probing. (c) Matrices of
reduced density in basis of electron states are reconstructed from pattern of ultrafast electron diffraction with help of quantum tomography [107].

terms a # b correspond to scattering from electron coherence
[108]. The coherence term plays an important role when the
nuclear wave packet passes through conical intersection
regions, leading to changes in the diffraction signal [112].
However, the coherence term is much smaller than the
diagonal terms in equation (10), and directly observing
electron coherence through diffraction intensity remains
difficult.

Time-resolved twisted X-ray diffraction is ultrafast
nonresonant X-ray diffraction (XRD) using twisted X-ray
beams carrying orbital angular momentum (OAM). The
magnitude of OAM is unbounded and can take any integer
value [113]. Using twisted X-ray beams with orbital angular
momentum / allows the contributions of the diagonal terms to
be compensated for, enabling the dynamics of electron
coherence [113] to be observed directly. Changes in the
diffraction intensity encode the information about nuclear
and electron dynamics. In ultrafast electron diffraction of the
pyridine molecule, the two components are naturally disen-
tangled [110]. Electron state transitions correspond to low-
angle signals, while nuclear structural dynamics correspond
to signals at large angles. The low-angle signal dominates due
to inelastic scattering [110, 114], arising from the effect of two-
electron correlation due to Coulomb’s repulsion and Pauli’s
exclusion [115, 116].

Compared to X-ray diffraction, the factor 1/s? in &, of
equation (13) considerably enhances the sensitivity of elec-
tron diffraction to the low-angle signals. If, for a given range
of s, the approximation 1, 5(R,s) ~ I, 5(Ry,s) is valid for a
fixed nuclear geometry Ry when the amplitude of nuclear
motion is small, then

I(s,t) ~ Z Par(t) 14, 5(Ro,s) .
ab

In this case, the diffraction signal is directly linked to the
reduced density matrix p,,(¢), i.e., to the temporal evolution
of populations and coherence, and p,,(¢) can be recovered
from ultrafast diffraction intensity, as shown in Fig. 8 [107]
for a photoexcited pyrrole molecule.

In addition to ultrafast diffraction visualization, the QT
of electron states and molecular orbitals can also be realized
by spectroscopic visualization methods. For example, mole-
cular QT in NH3, using the time-resolved angular distribution
of photoelectrons and kinetic energy spectrum, can fully
characterize the dynamics of its electron state, population,
and coherence [117]. The highest occupied molecular orbital
(HOMO) of the N, molecule is tomographically recon-
structed by detecting the generation spectra of higher
harmonics for different angles of molecule orientation in a
laser light field [118].

In this section, we presented the quantum tomography for
molecular oscillations, rotations, and electron state
dynamics. Combined with ultrafast diffraction visualization
and spectroscopic visualization, QT provides a full quantum
state description through these observables, enabling a
quantum version of ‘molecular movies.” A more challenging
goal of QT for electron state dynamics is quantum process
tomography (QPT), which involves reconstructing the pro-
cess matrix and enables the prediction of time evolution
beginning from an arbitrary (but known) initial state [119,
120]. QT of electron state dynamics is also a quite promising
new direction, enabling one-electron and two-electron
matrices of reduced density to be reconstructed. The latter
includes information on the effect of electron correlation,
which is of the utmost significance for strongly correlated
systems.

6. Conclusions

In this review, we presented the main development stages in
the field of detecting ultrafast structural dynamics using short
electron pulses, beginning with a pioneering experiment
conducted in Moscow in the 1980s. Successes in this field of
science were fostered by the introduction of reliable solid-
state pico-femtosecond lasers into scientific laboratories.
The development of UED/UEM has made it possible to
study laser-induced processes over their natural spatial and
temporal scales [121, 122]. The detection of structural
dynamics using ultrashort electron pulses has even made it
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possible to shoot molecular movies. High spatiotemporal
resolution and a precise registration scheme were needed for
this. When applied to the existing electron sources, such an
ambitious task can currently only be achieved with the help of
UED due to its higher sensitivity, particularly when studying
complex biological molecules. In order to observe irreversible
laser-induced processes, it is important to use dense multi-
electron pulses. Pico-femtosecond temporal resolution is
achieved by compression in a cell with an rf field or by
transition to a relativistic regime, with each probing bunch
containing up to several million electrons. Such approaches
are now also beginning to be used in the UEM area.

A key advantage of the adapted transmission electron
microscope is the wide spectrum of tasks it can assist with. In
imaging mode, the effect of spatial irregularities in a sample
on the structural dynamics can be studied. Time-resolved
measurements of electron kinetic energy using the EELS
method have two key applications: first, they enable the
transition from 4D to SD UEM for the study of laser-
induced processes (in a spatiotemporal continuum, augmen-
ted by high resolution over energy), and second, they facilitate
the development of attosecond (sub-femtosecond) micro-
scopy.

To demonstrate the potential of time-resolved electron
probing of ultrafast laser-induced processes, this review
describes a series of important recent experiments in the
field of UED/UEM. The review also presents femtosecond
quantum tomography, which offers new opportunities for
studying structural dynamics in a spatiotemporal continuum.
We would like to conclude this review with the prophetic
words of Louis de Broglie: “In space-time everything which
for each of us constitutes the past, the present and the future is
given en bloc. ...”

S.A.A.,B.N.M,,D.G.P,,and E. A. P. were supported
by project FFUU-2025-0006 of the Institute of Spectroscopy
of the RAS.
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