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Ultrafast laser spectral and electron diffraction methods complement each other and open up new
possibilities in chemistry and physics to light up atomic and molecular motions involved in the primary
processes governing structural transitions. Since the 1980s, scientific laboratories in the world have
begun to develop a new field of research aimed at this goal. “Atomic-molecular movies” will allow
visualizing coherent dynamics of nuclei in molecules and fast processes in chemical reactions in
real time. Modern femtosecond and picosecond laser sources have made it possible to significantly
change the traditional approaches using continuous electron beams, to create ultrabright pulsed
photoelectron sources, to catch ultrafast processes in the matter initiated by ultrashort laser pulses
and to achieve high spatio-temporal resolution in research. There are several research laboratories
all over the world experimenting or planning to experiment with ultrafast electron diffraction and
possessing electron microscopes adapted to operate with ultrashort electron beams. It should be
emphasized that creating a new-generation electron microscope is of crucial importance, because
successful realization of this project demonstrates the potential of leading national research centers
and their ability to work at the forefront of modern science.
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femtosecond and picosecond pulsed electron beams, ultrafast photoexcitation of molecules, coherent
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Memoobl ceepxbolcmpoii s1eKmpoHHOU OUPPaKUUUL, A3EPHOT CNeKMPOCKONUU U K8AHMOB8OU Xu-
MUU, OONONHAS OpYe OpYyaa, OMKPbLEAOM HOB8ble B03MOIKHOCMU USYUEHUSL BHYMPUMONEKYJSPHOU
OuUHAMUKU 8euiecms, yuacmeyrouwux 8 npoyeccax xumuueckux peaxyuil. IlepexooHoe cocmosiHue
XuMUUecKux peaxkyuil onpedensem HanpasaeHue smux npoueccos. Hauurnas om nepssix pabom
1980-x 20008, gvinonHeHHbIX 8 Poccuu U noka3asuux NPUHYUNUATLHYIO 803MOAKHOCMb UCCAE00-
8AaHUSL KO2epeHMHOU OUHAMUKU S0ep MONeKYJAPHBbIX cucmem, mHozue HayuHble sabopamopuu
8 Mupe Hauaiu UHMeEeHCUBHY paspabomiky Ho8ol obriacmu ucciedos8aHull, HanpPasieHHy HA
sKCNepuUMeHMaIbHOe UCCe008aHUE NEePEXOOHO020 COCMOSTHUSL MemoOoMm ceepxbblcmpoil ougpai-
yuu atekmponos. IlocnedosamenvHoe passumue 3moz20 HaANpPasieHust NPueesio K cCo30aHuU0 makx
HA3bl8AEMO020 “AMOMHO-MONEKYNAPHO20 KUHO”, NO3BONAIOULE20 BUIYANUIUPOBAMb KO2EPEHMHYIO
ouHaMuKy si0ep 8 MONEKYaax U ceepxbblempble NPOUECCbl 8 XUMUUECKUX PeaKyusix 8 pesxume
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peanbHoz20 8pemeru. B Hacmosiuee epemsi psid HAYUHO-UCCAe008aMENbCKUX 1abopamopull 8 mupe
paspabamobiearom memoosl ceepxbolecmpoll OUGPAKUUU INEKMPOHO8 U PEHM2EeHO8CK020 U3NYyue-
HUSl, KOMOopble OMKPbLIU 803MOAHOCMb UCCE008AHUSL NEPEXOOHO020 COCMOSIHUSL XUMUUECKUX peark-
yuti. CozdaHue a1eKmpoHHbIX MUKPOCKONO8 C 8bLCOKUM NPOCMPAHCMBEHHO-8PEMEHHBIM paspeule-
HUeM 518/151emest HO8bIM HANPABIEHUEM 8 INEKMPOHHOU MUKPOCKONUU, OAUIIKO NPUMBLKAIOULUM K
9MOMY HOBOMY HANPABAEHUIO HAYKU. YCNeuHAsl peaiu3ayus 9moeo HanpaeieHus UCCae008aHull
demoHcmpupyem NOMeHUUANL 8e0YUlUX HAUUOHANLHBIX HAYUHO-UCCAe008AMENbCKUX UEHMPO8 U
ux cnocobHocms pabomame HA nepedHem Kpae CO8PeMeHHOU HaYyKU.

Knroueevte cnoea: ceepxbblcmpast OUPPAKUUSL INEKMPOHO8 U PEHM2EHO8CK020 U3TYUeHUsl, KPUCMAl-
J102paghust U INEKMPOHHASL MUKPOCKONUSL, YIbMpaKopomiKue AasepHble UMNY.TbCbl, hemMmoceKyHOHbLE
U NUKOCEKYHOHble UMNYJIbCHbLE 3EKMPOHHbLE NYUKU, ceepxbblcmpoe ¢homogo3byrkoeHue MONEeKY,
KozepeHmMHast OUHAMUKA s10ep, KO2epPeHMHASL OUHAMUIKA 9/IeKMPOHO8, OUHAMUKA PA308blX Nepexo0os.
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Introduction

The goal of any microscopy is to study the structure,
composition, and a variety of physical and chemical
properties of materials, biological samples, or other
microscopic items [1-3]. Conventional microscopy
can capture static images of structures on length scales
in the micrometer regime for optical microscopes and
nanometer, or even sub-nanometer scales, with electron
microscopes. Traditional microscopy aims to observe
snapshots of the microscopic world, frozen in time.
It is the goal of ultrafast electron microscopy to add a
temporal dimension to those observations, i.e. to observe
the motions of nanoscale objects.

In most conventional microscopies, electromagnetic
radiation or corpuscular beams act as the probes: optical
microscopes use light while electron microscopes use

electron beams for imaging, respectively. Other microscopic
methods take advantage of ions, protons, positrons,
neutrons, or acoustic or microwave radiation or other, less
common, methods [3-8]. In each of them, the specificity of
the interaction of a beam of particles (or photons) and the
molecules or atoms of a sample yield unique and rather
useful information about the structure, composition and
microscopic inhomogenieties of the sample, and the nature
of their intermolecular interactions [5, 6, 9]. Scanning probe
microscopies, which use a sharp probe tip that is scanned
across surfaces, are fundamentally quite different and
possibly more difficult to adapt to the time domain.

Imaging in classical microscopy is achieved in either
of two ways: In transmission mode, a large area of the
sample is illuminated by a beam of light or particles and the
image of the object is projected onto a screen or detector
by specifically designed lenses. In reflection mode, either
the primary radiation reflected off the sample, or secondary
particles or photons generated by the incident beam, are
used to form an image of the sample [1, 10]. Most often,
transmission microscopes that use, for example, a film,
photographic plate, photosensitive recorder or digital
camera, produce the entire image at once [11, 12]. Reflection
microscopes often operate in “scanning microscopy’”” mode,
where the sample is scanned by a beam focused to a spot of
rather small diameter, and the resulting image is assembled
point by point.

Because most materials absorb the optical radiation,
transmission optical microscopy is limited to sample
thicknesses of typically less than 1 mm. In electron
microscopy, the sample has to be much thinner because
the electrons interact with matter more strongly than
light. Transmission electron microscopy is therefore
applicable only to very thin slices, with film thicknesses
of much less than 1 micrometer. Such samples are
prepared using special ultramicrotomes that can produce
film thicknesses down to a few tens of nanometers [2].

1. Transmission and scanning
electron microscopy

Scanning microscopes form images by focusing
a beam of charged particles or photons to a very small
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diameter and moving it across the surface of an object.
Reflected particles or photons are recorded by a detector
that does not require imaging capability. The image is
constructed "point by point" by recording the signal
as a function of the probe beam position. The method
is reminiscent of the generation of an image using a
scanning electron beam in a traditional cathode ray tube
(CRT), or the modulation of the brightness of luminous
points in a LCD monitor [13]. Scanning microscopy is
a rather convenient tool to study the morphology and
topography of various geometric objects, to investigate
elemental compositions, to measure the electric and
magnetic fields in micro-volumes, or to test electrical
parameters such as lifetime diffusion length of charge
carriers in semiconductor crystals [14].

In a transmission electron microscope (TEM), an
electron beam illuminates a larger area of a very thin sample.
Asthey are relayed by a set of electrostatic or magnetic lenses
onto a fluorescent screen or equivalent position sensitive
detector, the transmitted electrons form an image [2, 15]. The
first such transmission electron device was demonstrated in
1931 by M. Knoll and E. Ruska [16], who imaged a wire
mesh using an electron beam. The image was formed by
an axially symmetric set of magnetic electron lenses with a
narrow annular gap and a sharp maximum of the magnetic
field on the axis. The first commercial transmission electron
microscope was developed and released by Siemens A.G. in
1939 under the supervision of E. Ruska, who received the
Nobel Prize for Physics in 1986 for his design of the electron
microscope.

The transmission electron microscope is the
now a ubiquitous tool that finds applications in the
study very thin samples and nanoscale structures with
typical dimensions of about 10-100 nm. Using electron
accelerating voltages of up to 200 kV [17], the electron
rays of the microscope are quite similar to those of
optical light microscopes in that they create an image of
the sample based on the transmitted beam, Fig. 1 [17].

The transmission electron microscope consists of an
electron gun and an assembly of electromagnetic lenses.
Fig. 1 shows the path of the rays in a microscope with three
levels of zoom and one condenser lens that is used to pre-
focus of the electron beam. The two common modes of
operation are the imaging mode and the micro-diffraction
mode. Inimaging mode, the plane of the sample conjugates
to the screen where the image is formed. It is assumed that
the sample is very thin compared to the focal length of the
imaging objective lens. In diffraction mode, the sample
conjugates to the back focal plane of the objective lens,
where the distribution of the amplitudes of the electron beam
corresponds to the Fraunhofer diffraction of the electrons by
the sample [1].

The diffraction mode makes possible the chemical
analysis of very small samples [18]. The phrase "micro-
diffraction" is often invoked, where the word "micro" implies

Fig. 1. The ray paths in the transmission electron
microscope and its modes of operation:
(a) — imaging the spatial structure of the sample;
(b) — micro-diffraction: 1 — the source of the electrons;
2 — the condenser lens; 3 — the sample;

4 — the object lens; 5 — the focal plane of the object lens;
6 — the first intermediate image; 7 — the intermediate lens;
8 — the second intermediate image;

9 — the projection lens; 10 — the selector diaphragm.

that the diffraction signal is observed from only a rather small
area of the sample. The area is chosen either by a special
selector diaphragm that is placed in the plane of the first
intermediate image (see Fig. 1), or by irradiation of the desired
part of the sample with a tightly focused electron beam.

In imaging mode, a so-called aperture diaphragm is
installed in the focal plane of the object lens in order
to limit the aperture of the beam, i.e. the opening angle
of the cone of rays emerging from the sample. This
helps to decrease the spherical aberration, a basic
imaging error that is associated with the projection of
a point in the sample to a point of the image [1, 19].
Fig. 1 presents the setup with the single-lens condenser.
Modern microscopes are usually equipped with a two-
lens condenser that allows for a rather high electron
flux to a small area of the object with characteristic size
of 1-5 microns. This eliminates problems arising from
the growth of films due to hydrocarbon polymerization
of oil vapors as a result of electron bombardment of
the unobserved sample areas in instruments where the
microscope column is evacuated by diffusion pumps.

Themostcommon electron microscopes, of whichmany
thousands have been produced, use electron accelerating
voltages of 80-100 keV. Several hundred instruments with
an accelerating voltage of between 200 keV and 500 keV
were created for the study of objects with thicknesses of
up to 10 microns. Comparatively few microscopes with
voltages in the MeV range have been built.
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The electrons of a typical transmission microscope
with an accelerating voltage of 100 keV have a de Broglie
wavelength of 3.7 pm. This is much smaller than the order
of 100 pm diameter of a hydrogen atom. Experience with
optical microscopes, where the resolution is limited by the
wavelength of the light, might suggest it is easy to observe
any atomic particle with an electron microscope. But instead,
it is extremely difficult to observe individual atoms. This
is because the spatial resolution is limited by the poor
quality of electron lenses compared to optical lenses: at
the same angular size of the light and electron beams,
electron lenses create almost of two orders of magnitude
more aberrations and image distortion [1, 15, 19].

2. 4D Electron microscopy

To observe the motions of microscopic systems
in a dynamical fashion, one encounters a challenge
with a well known tradition. While the human eye can
follow slow processes, events that happen on time scales
faster than about a tenth of a second elude our direct
observation. To probe temporal events faster than that,
the English photographer Eadweard Muybridge invented
the use of multiple cameras. As an example, Fig. 2 shows
an 1871 Muybridge recording that captures the moment
when a galloping horse separated all four hooves from
the surface of the earth.

Fig. 2. One of the first “movies” in history. These images were obtained by E. Muybridge in 1871.
The time delay between the exposures was about 50 ms [20].

Of scientific interest today would be movies showing
the movement of atoms in molecules, the fast dynamical
processes in biological systems, or the changes in the
geometrical structures of nanoscale devices. To estimate
the magnitudes oftime scales involved, we can extrapolate
from the observation of macroscopic objects by using as
the maximum velocity the speed of sound.Thus, if a time
resolution of 1 pus suffices to time-freeze the motions
of objects with spatial dimensions of 1 mm, then in a
system with a characteristic length scale of nanometers,
a picosecond (107'? s) time resolution is appropriate. To
resolve the motions of individual atoms and functional
groups within molecular systems, a time resolution in the
femtosecond regime is necessary.

The two principal designs of electron microscopes,
the scanning design and the transmission microscope
[1, 2], can each be adapted to a time resolved
operation. However, for all but the slowest processes
of interest, scanning an electron beam even as the
molecular dynamical process is unfolding, would be
too slow. Consequently, the scanning approach is best
implemented with temporal processes that are repetitive:

in a stroboscopic microscope, the scan of the electron
beam and the associated detection of back-reflected
primary and secondary radiation are synchronized
with the oscillatory motions of the nanoscale object of
interest. In contrast, a transmission microscope, which
can capture an entire image at once, does not require
repetitive processes. That approach is used in the so-
called dynamical transmission electron microscope [21].
Both types of instrument will be discussed in detail
below.

To illustrate the main components of an ultrafast
electron microscope, Fig. 3 shows the schematic of a
recently built instrument that was designed to explore
phenomena occurring on a picosecond or sub-picosecond
time scale [4, 22].

The instrument can conceptually be divided into
three components: (1) the electron gun, where the
sub-picosecond pulsed electron beam is formed and
accelerated to a high energy; (2) the interaction unit, in
which the sample is excited by femtosecond laser pulses
and its spatial-temporal structure probed by ultrashort
electron bunches; and, in this case, (3) the position-
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Fig. 3. Schematic illustration of an ultrafast electron
microscope. A commercial electron microscope, operating
in a continuous mode, can be taken as a basis in order
to create such a device. To adapt it to time-resolved
microscopy requires a femtosecond laser to provide a
pulsed excitation of the sample (laser beam shown in red),
and another one for the preparation of the photoelectron
probe pulse of ultrashort duration (marked in blue) [23].
(Reprinted figure with permission from [Grinolds M.S.,
Lobastov V.A., Weissenrieder J. and Zewail A.H. Four-
Dimensional Ultrafast Electron Microscopy of Phase
Transitions // Proc. Nat. Acad. Sci. U.S.A. 2006. V. 103.
P. 18427-18431]. Copyright (2006) National Academy of
Sciences, U.S.A).

sensitive detection of the electrons after their interaction
with the sample. In other designs, the backscattered or
secondary electrons will be observed.

Theuse of electron beams consisting of short electron
pulses imposes strict requirements on the detector,
because such pulses cannot sustain a large number of
electrons. To make up for this constraint, the detection
efficiency of the detector should be as high as possible.
After much development work, the detection efficiency
for the time-resolved instrument, illustrated in Fig. 3,
has been improved by almost an order of magnitude
compared to that of a standard electron microscope [4].
In addition to enabling the time resolved experiments, the
low electron flux also provides interesting opportunities
in areas where radiation damage is of concern, such as in
the imaging of biological samples.

The generation and propagation of ultrashort
electron bunches are at the core of time-resolved electron
microscopy. We will therefore pay special attention to
the effects that need consideration in the design of an
instrument [24]. The duration of the photoemission
of electrons from the surface of a solid cathode, and
therefore the initial duration of the photoelectron bunch,
is determined by the duration of the laser pulse. But
during the propagation from the photocathode to the
target, the electron beam is stretched in time. We shall

consider three major factors that lead to a smearing of
the electron bunch.

First, the acceleration of photoelectrons in a static
electric field near the solid photocathode causes so-
called time-of-flight chromatic aberrations (TFCA). The
temporal spreading of the electron pulse is given by:

Aty =\2m,AE, [eF , (1)

where AE is the initial spread of the kinetic energy of the
electrons as they emerge from the cathode and F is the
electric field in the acceleration gap.

This expression for TFCA can be obtained by
solving a quadratic equation that describes the uniformly
accelerated motion of the electrons in the acceleration
gap of the length of /:

v0t+(eF/me)t2/2=l

Differentiating the both sides with respect to time ¢
yields:

Avy +(ef /m,)At=0,

from which the expression for TFCA immediately follows.
As a numerical example let us consider an electron pulse
with an initial energy spread of AE = 0.3 eV, which is
accelerated by a field of F = 10® V/m. This is about the
maximum value of the field as higher values lead to
vacuum breakdown even with special electrodes that
have undergone thorough mechanical, electrochemical
and ionic treatment. With those parameters, eq. (1)
suggests a broadening of the pulse by At = 60 fs.
Secondly, the travel of electrons with slightly
different kinetic energies through the field-free flight
tube requires a fair amount of time, during which the
electrons drift apart. The resulting elongation of the
electron pulse during this time of flight is expressed as:

ATrop =trop(AE, [2K) . (2)

Here, 7, is the travel time of the electrons with
kinetic energy K from the photocathode to the sample.
Any temporal spreading after the sample is of no
consequence. As an example, using electrons with kinetic
energy K = 30 keV, an energy spread of AE, = 0.3 eV as
above, and a travel time 7, = 3 ns that corresponds to
a distance of 30 cm between the cathode and the target,
one obtains At = 15 fs.

Thirdly, the Coulomb repulsion between the
electrons that comprise a pulse causes a swelling of
the pulse. To estimate the effect of this space-charge

interaction on the temporal properties of the beam, we
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consider a model in which the electron bunch is traveling
through a field-free region. The total energy of the bunch,
consisting of N electrons, is conserved:

VJFW:%Zez/4ﬁgo|ri_1~j|)+%§jmevi2 (3)

Therefore, the characteristic value of the distribution
of the velocities, dv, resulting from the electrons pushing
each other apart, is qualitatively estimated as:

m6v* |2~ e*N/(167,57), “4)

where or is the initial size of the photoelectron cloud. In
this model, the velocity spread of the electrons causes an
elongation of the order of Az, ~t,,.0v/v,, which can be
rewritten as:

Az, = (tTOF/Ve)\/W ©)

As an example, consider an instrument with N =
10* electrons moving with a velocity of v, = 10° m/s for a
flight time of 7, = 3 ns. Let us assume that initially, the
electron pulse is confined to a an initial size of dr =~ 10
pum, which might result from the tight focusing of a laser
beam on a photocathode. Within the framework of the
simple model, we find that the space-charge interactions
lead to a broadening of the electron pulse by At. = 5 ps.

These considerations, and the numerical examples,
suggest that the Coulomb repulsion of the electrons
within each electron bunch is the main factor that
constrains the design of ultrafast electron microscopes.
Of course, various parameters can be optimized, although
in most cases there are trade-offs to be considered. For
example, the use of very high accelerating voltages, such
as 500 keV instead of 30 keV, can reduce the swelling
of the electron bunch due to Coulomb repulsion; but it
can also lead to enhanced damage of the sample. Use of
very fast electrons, in the MeV range, can further reduce
the space-charge broadening becasuse of the onset of
relativistic effects [25, 26]. It should also be noted that
an electrostatic mirror, a so-called reflectron, can be used
to re-compress the electron bunches after their original
spreading [27,28]. At the present time, a radio frequency
compression scheme is already in use for this purpose.

Visualizing the rearrangement of atoms in
different molecular and condensed-matter systems
requires resolving picometre displacements on a 10-fs
timescale [29]. The authors of this work demonstrated
the compression of single-electron pulses with a de
Broglie wavelength of 0.08 A to a full-width at half-
maximum duration of 28fs, substantially shorter than
most phonon periods and molecular normal modes.
These measurements pave the way to resolve the fastest

atomic motions relevant in reversible condensed-matter
transformations and organic chemistry.

An important challenge in the field of 4D, i.e.
spatially and temporally resolved, electron microscopy
remains the observation of an image or a diffraction
pattern produced by a single electron pulse. While for
pulses of long (nanosecond) duration this has been
achieved using conventional electron acceleration
voltages [30], meeting this challenge for ultrashort, i.e.
picosecond or femtosecond pulses, is more difficult. A
solution to this problem is rather important, because it
would enable the study of ultrafast irreversible processes.
An early breakthrough has been achieved by a collaboration
of scientists at Brown University and at SLAC, who used
ultrashort electron pulses with 5.4 MeV of energy, generated
using the Gun Test Facility at SLAC, to record single-shot
diffraction patterns of 160 nm thick aluminum foils [25,
26]. Their work showed that MeV electrons should make
it possible to achieve sub-100 fs time resolution using
single shot images. Subsequently, physicists in Japan,
applying a magnetic sector to compress the electron
bunches, were able to collect diffraction patterns of thin gold
films with single, subpicosecond electron bunches [31].

3. Examples of instrument designs

Conventional electron microscopes take advantage
oftwo ofthe three main properties ofthe electron: the small
de-Broglie wavelength, which enables very high spatial
resolution; and the electric charge, which allows one to
control its movement by electric and magnetic fields [1].
Already 60 years ago, a third important property of the
electron, its small mass and the concomitant low inertia,
began to be used in so-called stroboscopic electron
microscopy for the study of periodic processes [32]. The
essence of the method is quite simple: a sample with
periodically time-varying characteristics, with a fixed
rate of change, is irradiated by short bunches of electrons
that arrive at the sample with the same frequency and
with a fixed phase relationship. The synchronicity of
the periodic processes and the electron probe bunches
effectively freezes the image, which shows the state of
the sample at the time of arrival of the electron pulses.

Stroboscopic techniques were developed in the Soviet
Union as early as the 1960's by G.V. Spivak. All major
types of electron microscopes were adapted to this purpose
[33, 34]. These developments allowed the exploration of
many processes in rapidly varying thin films and in surface
layers of solids. Examples include the re-polarization of
ferroelectrics, the distinctions of the domain structure
during re-magnetization of thin magnetic films, the
heterogeneity of alternating fields of magnetic heads,
and the local defects of p-n junctions during their fast
switching between the locked and open states [35].

The initial work on stroboscopic microscopy
was in the microsecond and nanosecond time regime.
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Subsequently, several laboratories started to push into
the picosecond domain, usually using stroboscopic
scanning electron microscopy to investigate periodic
processes. The main difficulties arose from the gating,
the interruption, or the modulation of the electron beam.
Two methods can be used for this: first, one can change
the intensity of the electron beam by applying appropriate
voltage pulses across the cathode or across a modulator
in the electron gun; and secondly, one can deflect a
continuous electron beam by an electric or magnetic field
in the vicinity of a skipping aperture of small diameter.
The electron pulses so obtained should, of course, be
properly frequency and phase synchronized with the
periodicity of the sample to avoid a loss of resolution.

The larger the duty cycle of the blanking pulses,
i.e. the higher the ratio of the repetition period to the
duration of the front of the electron pulse, the better the
temporal resolution of the stroboscopic microscope, but
the lower the brightness of the image. Consequently,
each application requires a careful assessment of the
best trade-offs. Moreover, a very short front of the pulse
causes the resolution of the microscope to deteriorate
because of non-ideal edges of the pulse, the appearance
of chromatic aberration in transmission electron
microscopy and the manifestation of the Boersch-effect
[36], i.e. the transition of the longitudinal component of
the electron velocity to a transverse component due to
Coulomb repulsion.

Space-charge effects can be completely eliminated
by using electron pulses that contain, in the extreme
limit, only a single electron. If the pulse train has a
large enough number of electron pulses then the overall
current must not necessarily be small. Zewail and his
group have demonstrated this approach [37,38] by using
a femtosecond laser pulse train with 80 million pulses
per second to generate a current in the range of 500 pA,
implying about 40 electrons per pulse. This microscope
delivers not only excellent temporal resolution but also a
very high spatial resolution.

While the stroboscopic approach is limited to
repetitive signals to which the electron pulse train is
locked in frequency and phase, a different approach,
called dynamic transmision electron micrsocopy
(DTEM), enables the capture of images that follow
one-time events [21]. Just as Muybridge’s temporally
sequenced image frames were the predecessors of real
movies, so it can be expected that the step-by-step
acquisition of images can eventually lead to the creation
of the long-desired ‘molecular movies’.

A review article [21] and monograph [4] describe
the development of the methods of 4D, dynamic
transmission electron microscopy. A sketch of a DTEM
is reproduced in Fig. 4. In the DTEM approach, the
cathode drive laser pulse is sufficiently intense to
generate an electron bunch that contains a large number

of electrons. This pulse is accelerated toward the sample,
and just as in standard transmission electron microscopy,
the transmitted electrons are projected onto a screen
using a set of electrostatic lenses.

"‘ Laser.pulse-driven
r__'_,__,-"" hatessnstion cathoss
Camada-driv lases
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Fig. 4. The schematic of a dynamic transmission electron
microscope (DTEM) [21].

A challenging aspect of the DTEM design is
to minimize space-charge interactions between the
electrons vis-a-vis the need to have a sufficient number
of electrons to obtain an image. In the instrument shown
in Fig. 4, this is achieved by operating the device with
electron pulse durations of 10’s of nanoseconds. Such
long pulses can sustain the requisite electron numbers,
on the order of 108 electrons, to make imaging possible
with a single shot.

Quite recently a compact electron source specifically
designed for time-resolved diffraction studies of free-
standing thin films and monolayers has been developed
[39]. An extremely compact design, in combination with
low bunch charges, allows for high quality diffraction in
a lensless geometry.

A further important technological advance embodied
in the instrument of Fig. 4 relates to the recording of the
transmitted electrons. The problem with a conventional
detector capturing the transmitted electron image is that
the readout of the detector must be sufficiently fast to
follow the fast repetition rate of the electron bunches. To
solve this problem, the design of Fig. 4 uses a deflector
system to cast images from different electron bunches
onto different parts of the detector, so that an un-gated
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CCD camera can be used to capture multiple shots. As
illustrated below, the nanosecond time resolution of
the instrument is sufficient to explore many phenomena in
material science, such as the propagation of melting fronts
upon localized heating. The DTEM approach with the multi-
frame detector is attractive also because it approaches the
ultimate goal of recording movies of one-time events.

In 2016, at the Institute for Spectroscopy of Russian
Academy of Sciences (ISAN) it has been created ultrafast
transmission 75-keV  photoelectron microscope in
collaboration with the Moscow Technological University
(MIREA), Institute of Fine Chemical Technologies.
The setup is based on commercial transmission electron
microscope Hitachi H-300 and is intended for the researches
of dynamic processes in the solids by excitation of a sample

by femtosecond laser pulses and with probing emerging
dynamics using ~ 7 ps pulsed photoelectron beam. The
introduction of an adjustable optical delay between excitation
and probing channels enables observation of ultrafast
processes in matter. Our apparatus has been combined with
80-MHz femtosecond laser Mai-Tai, 2.5-MHz femtosecond
fiber laser Antaus, or 1-kHz source of amplified femtosecond
laser pulses with an energy of up to 4 mJ per laser pulse.
In the first part of the experiments it has been visualized
the interaction of picosecond 75-keV electron beam with
charged cloud emitted from copper target under the action
of focused femtosecond laser radiation. In the next part, the
laser-induced plasma and associated processes in the vicinity
of solid target will be investigated with high spatio-temporal
resolution.

Fig. 5. Overview of the ultrafast transmission electron microscope
at Institute of Spectroscopy of the Russian Academy of Sciences developed by research group
from ISAN and Moscow Technological University, Institute of Fine Chemical Technologies.

4. Applications of time-resolved microscopy

4.1. Phase transitions in nanoparticles

When vanadium dioxide, VO,, is heated beyond
67° C, it undergoes a phase transition of the first type,
reorganizing from a low-temperature monoclinic
structure (M) to a high-temperature tetragonal rutile
structure (R). The studies [23] describe the application
of ultrafast electron microscopy to explore this phase
transition. Since those studies used single electron probe
pulses, Coulomb space-charge problems were absent.
The authors were able to record a time series of images,
i.e. a movie, with a very high spatial resolution and an
ultrashort temporal resolution. They also showed that it
was possible to investigate an ultrafast metal-insulator
phase transitions in the same material. A structural

phase transition in VO, nanoparticles is manifest in the
diffraction patterns (atatomic scale) and in the microscope
images (on a nanometer scale) with a temporal resolution
on the order of 100 fs (Fig. 6).

This time-resolved ultrafast electron microscopy
study recorded the motion of atoms upon femtosecond
laser irradiation of the sample in the near IR, revealing
the phase transition in all three dimensions and in time.
It showed that as an initial step, the vanadium atoms are
separated from each other, and subsequently begin to
move towards their final positions.

Phase-change materials represent the main
candidates for data storage devices with high-speed
recording performance, which use the large difference
in the physical properties of their transitional lattice
structures. On a nanoscale, it is fundamental to determine
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Fig. 6. (a) Images showing a phase transition in the films of VO, (left) and after the phase transition (right),

were collected with a magnification of 42 000 (the bar corresponds to 100 nm). (b) The diffraction patterns, corresponding

to the phase transition in the films of VO, (right) and after the phase transition (left).
The monoclinic phase and the high-temperature rutile phase are experimentally observed (left side of panel (b)
and constructed by calculations, right side of panel (b). From [23]. (Reprinted figure with permission from [Grinolds M.S.,
Lobastov V.A., Weissenrieder J. and Zewail A.H. Four-Dimensional Ultrafast Electron Microscopy
of Phase Transitions // Proc. Nat. Acad. Sci. U.S.A. 2006. V. 103. P. 18427-18431].
Copyright (2006) National Academy of Sciences, U.S.A).

their performance, which is ultimately controlled by
the speed limit of transformation among the different
structures involved. In the work [40], the authors report
observation with atomic-scale resolution of transient
structures of nanofilms of crystalline germanium
telluride, using ultrafast electron crystallography. A
nonthermal transformation from the initial rhombohedral
phase to the cubic structure was found to occur in
about 12 ps. On a much longer time scale (hundreds
of picoseconds) equilibrium heating of the sample is
reached, driving the system toward amorphization. Thus
itis possible to visualize the elementary steps defining the
structural pathway in the transformation of crystalline-
to-amorphous phase transitions.

4.2. Laser-induced crystallization

Capturing movies of nanoscale objects undergoing
irreversible dynamical processes is one of the essential
goals of time resolved electron microscopy. The dynamic
TEM equipped with a multi-frame detector described above
(Fig. 4) enables the recording of brief image sequences
that can be assembled to a movie. The work [30] describes
the observation of irreversible phase transitions resulting
from the rapid heating of a sample with a short laser
pulse. Specifically, the authors reported the observation
of crystallization in GeTe, Fig. 7. The sequence of images
spans the time range from slightly before the exposure of the
sample by the laser to about 2.5 ps after the irradiation event.
During this time, the laser pulse heats the sample to
more than 800 K, at the center of the laser beam profile.
The material responds by undergoing a phase transition
to form crystallized GeTe, a process that unfolds on a
microsecond time scale. Since this time scale is much
longer than the duration of each electron bunch, 17.5 ns,
each exposure freezes the motions in time, resulting in
spatially well-resolved images.

Fig. 7. Frames of a ‘movie’ revealing the crystallization
of amorphous GeTe (blue) into crystalline regions (yellow)
after exposure of the material to laser pulses with 4.7 mJ
of energy. The individual frames were recorded
in the work [30] using 17.5 ns electron pulses deflected
onto different detector areas at the time points as indicated.

The recent progress in ultrafast and ultrabright
electron and x-ray sources makes it possible to extend
crystallography to the femtosecond time domain in
order to literally light up atomic motions involved in the
primary processes governing structural transitions [41].
The advances in this area have enabled atomic resolution
to structural dynamics for increasingly complex systems.
Corresponding scientific activity focuses on achieving
sufficient brightness in pump-probe schemes to resolve
the far-from-equilibrium motions directing chemical
processes that in general lead to irreversible changes
in different samples. Given the central importance of
structural transitions to conceptualizing chemistry, this
emerging field in science has the potential to significantly
improve our understanding of chemistry.
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4.3. Musical nanoscale instruments: a drum,
a harp and a piano

Most materials subjected to an ultrashort, intense
laser pulse experience strains that result from the non-
uniform spatial and temporal distributions of the absorbed
laser energy and from changes in the lattice parameters
induced by the sudden deposition of energy. For very
small structures, the accompanying deformations may
be very large. Using ultrathin platelets of graphite and
gold, Baskin with the co-workers [42] have used the
effect in a surprising way. In their experiments, graphite
nano-sheets with thicknesses of 75 nm were exposed to
pulsed laser radiation with a wavelength of 532 nm and
a repetition rate of 5 kHz [4]. The energy density of the
focused laser pulses reached a value of about 7 mJ/cm?,
an exposure that led to mechanical vibrations. Using
200-keV electrons, Baskin with the colleagues [42] were
able to image these vibrations, see Fig. 8.

Baskin et al. observed that immediately following
the exposure to the laser pulse, individual carbon atoms
vibrated in a random order. But after a few tens of

o 1 - 3
1.0 g i i

microseconds, the corresponding modes of the graphite
membrane began to synchronize (Fig. 8). Apparently,
the graphite sheet resembles a "drumbeat" — albeit with
a much higher frequency than found in a macroscopic
drum: the frequency of the nanoscale graphite membrane
is around 1 MHz.

To process the images of Fig. 8, a cross-correlation
function was defined as:

Wi =[2,,C (OC, (OINE C, P, C (],  (6)

X,y Xy XY X,y Xy Xy
where the contrast is:
C., (=[N, (@) - NN

Here, N_ (7) is the number of counts corresponding
to the picturé element (pixel) with the coordinates of
(X, y), and «<N(¢)> is the average number of the counts.
To assemble Fig. 8, 2000 images had to be collected
with time interval of 50 ns. The micrograph of the
graphite membrane itself is represented in the lower left
corner of Fig. 8.

B Tiwre {.li10_ fis}

Crema Comelation

Il

Fig. 8. The time-dependence of the oscillatory motions of graphite membranes, as represented by the cross-correlation
functions. The scale bar in the lower left figure indicates a length of 5 microns. Five areas that feature different
initial dynamics are marked in red, yellow, green, blue and purple. The transition from chaotic behavior to coherent
oscillations is shown in the panels I-II-III. They correspond to different temporal intervals as indicated in the top panel.
From [42]. (Reprinted with permission from (Baskin J.S., Park H.S., and Zewail A.H. Nanomusical Systems Visualized
and Controlled in 4D Electron Microscopy // Nano Lett. 2011. V. 11. No. 2. P. 2183-2191).

Copyright (2011) American Chemical Society).

Following the success with the graphite sheet
nano-drum, other nanoscale musical instruments
were constructed using arrays of cantilevers (Fig. 9.)
The devices were created from micro-structuring of
multilayer work-pieces of Ni/Ti/Si,N, using sharply-
focused ion beams [42]. Each work-piece consisted of 30
nm layers of nickel and titanium that had been applied to
15 nm films of Si,N,. To create a ‘piano’, the cantilevers

had almost the same lengths, approximately 4.6 pm,
but their width varied from about 400 nm to 2.3 pm. To
generate a ‘harp’, the lengths and widths of individual
elements varied in the range of 1.2 - 9.1 um and ~ 300-
600 nm, respectively.

To ‘play’ the instruments, the harp and the
piano were exposed to nanosecond 519 nm (or 532
nm) pulses from a Nd:YAG laser that arrived at 1 ms
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intervals and that carried energy densities per pulse of
2 mJ/cm?, Aided by the layered structures with different
coefficients of thermal expansion, the laser exposures
induced mechanical deformation that launched the
vibrations. The motions of the oscillators were observed

[Nano-piano

using the synchronized electron microscope. The results
for individual cantilevers pl, p5, h1l and h5 as indicated
in Fig. 9 are shown in Fig. 10. An analysis of the
dependence of the oscillatory frequencies on the device
dimension is provided in Fig. 11.

Nano-harp

Fig. 9. Images of nanoscale musical instruments, obtained with a scanning electron microscope.

Note that two of the thinnest cantilevers, p7 and p8 on the left, and two pairs of cantilevers, h1/h2 and h3/h4
on the right, are partially melted in the central part as a result of micro-structuring by the focused ion beam [42].
(Reprinted with permission from (Baskin J.S., Park H.S., and Zewail A.H. Nanomusical Systems Visualized and

Controlled in 4D Electron Microscopy // Nano Lett. 2011. V. 11. No. 2. P. 2183-2191).
Copyright (2011) American Chemical Society.).
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Fig. 10. Oscillations of cantilevers caused by the pulsed heating
of the sample (top) and the fast Fourier transform of the motions,
bottom. The experimental data are provided for a selection
of the structures as labeled in Fig. 9 [42]. (Reprinted with permission
from (Baskin J.S., Park H.S., and Zewail A.H. Nanomusical Systems
Visualized and Controlled in 4D Electron Microscopy // Nano Lett. 2011.
V. 11. No. 2. P. 2183-2191). Copyright (2011) American Chemical Society).

Beyond the pure pleasure of marvelling at the
richness of phenomena in the microscopic world,
nanoscale oscillatory systems can also have very
important applications. For example, Baskin et al. [42]
note that the layered nanostructures could be used to
precisely measure the temperature of a device with a
spatial dimensions of 10 pm, even while maintaining a
microsecond temporal resolution.

Only out-of-plane vibrations are represented
[42]. (Reprinted with permission from (Baskin
J.S., Park H.S., and Zewail A.H. Nanomusical

Systems Visualized and Controlled
in 4D Electron Microscopy //

Nano Lett. 2011. V. 11. No. 2. P. 2183-2191).
Copyright (2011) American Chemical Society).

4.4. 4D Electron tomography

Tomographic measurements, i.e. the mapping of
three dimensional structures using electrons, date back
to as early as the 1960-ies [43]. Since the analysis of
the data involves the processing of a large number of
2-dimensional electron diffraction patterns, progress had
been limited mainly by the lack of computer power. But
the development of modern computational capabilities
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has changed the situation, to the point where it is now To record a 3D image of a nanoscale object, the
possible to add the fourth dimension, time, using the object needs to be probed by the electron beam from
methodology of time-resolved microscopy. different directions, see Fig. 12.
A B 1—»59«:&
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Fig. 12. (A) Schematically, 4D electron tomography employes short laser pulses to induce a dynamical change,
followed by a short electron pulse a short time afterward. To record the tomographic image, the object needs
to be observed from different vantage points, which can be achieved by rotating it about a tilt angle, a.

(B) Here the series of two-dimensional electronic images can be taken at different angles a and time delays.
In the work of [44], the angle is varied from -58° to +58° in 1° increments, requiring a total of 4000 projections.

Applying the concepts of 4D electron tomography, Exposure of the sample to a femtosecond laser pulse
[44] studied the temporal behavior of carbon nanotubes. heated the nanotube and caused structural changes that
A nanotube of length L = 4.4 pm was twisted in the form unfold on picosecond and nanosecond time scales. The
of a bracelet. Here the images in Fig. 13 and 14 were spatial resolution was sufficient for the faithful imaging
obtained using electron pulses with an energy of 200 keV. of channels with ~ 10 nm diameter.

Fig. 13. (A) 3D images of multi-walled carbon nanotubes at different times. The lengths of the respective segments
around a fixed area are denoted as L1 and L2. (B) Cross section of the 3D images. Two-dimensional slices
in the plane xy are shown. The slice thickness is 4.6 nm. The arrows point to dark areas that show the cross sections
of the nanotubes. The spatial resolution is sufficient for the faithful imaging of channels with ~ 10 nm diameter.
(C) An image taken with a transmission electron microscope [44].
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The possibility to create a 3D atomic movie using
4D electron tomography is particularly exciting. It
should be emphasized that the pioneering experiments of
[44] did not induce irreversible damage in the structure
of the nanotube, because the total dose received by the
carbon sample during the experiment was about 2 orders
of magnitude less than the value at which the irreversible
deformations occur. This is a tribute to the extremely high
detection efficiency reached in 4D electron microscopy.

1950 ns

=
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Fig. 14. Mechanical vibrations of a carbon bracelet.
The arrows indicate the direction of the individual
sections of a carbon nanotube. From [44].

4.5. Plasmonics, nanophotonics and topological
phase of matter

The understanding of light—matter interactions near
the atomic scale in both space and time is crucial for a
variety of different applications, including plasmonics
and nanophotonics. It is well known, that rapidly
changing electromagnetic fields are the basis of almost
any photonic or electronic device operation. These
areas hold the promise of advancing both the speed of
computers and may also provide techniques to create a
new generation of ultrasensitive molecular biosensors.
Ultrafast electron microscopy provides a unique window
into ultrafast dynamics at the nanoscale: as a result,
internal structural, bulk electronic and surface near-
field dynamics of these devices can all be obtained with
nanometer and femtosecond resolutions. This makes
it possible to map the evolution of photonics-related
phenomena [45]. The establishment of the time scales of

the different transient structures permits determination
of the possible limit of performance, which is crucial for
the investigated devices.

The waveform electron microscopy, based
on ultrafast electron gun, can be used to visualize
electrodynamic phenomena in devices as small and fast
as available [46]. The authors observed collective carrier
motion and fields with high spatially-temporal resolution
using this approach. A collimated beam of femtosecond
electron bunches (probe) passes through a metamaterial
resonator, excited with a single-cycle electromagnetic
pulse (pump). If the probing beam is shorter in duration
than half a field cycle, then time-frozen Lorentz forces
distort the images quasi-classically. As a result, a
pump-probe sequence reveals in a movie the sample’s
oscillating electromagnetic field vectors with complete
information, including their time, phase, amplitude and
polarization.

The electronic and structural dynamics in the
topological insulator Bi,Te, under strong photoexcitation
were characterized with 4D electron microscopy and
ultrafast mid-IR laser spectroscopy [47]. The investigated
sample characterized as bulk insulators with an electronic
conduction surface band have shown a variety of exotic
responses in terms of electronic transport when observed
under conditions of applied pressure, magnetic field, or
circularly polarized light. However, the atomic motions
and their correlation between electronic systems in such
type of solids under intense laser excitation have not
been studied. The artificial and transient modification
of the electronic structures in topological insulator
via photoinduced atomic motions represents a novel
mechanism for providing a comparable level of bandgap
control. The results of time-domain crystallography
indicate that photoexcitation induces two-step atomic
motions: first bismuth and then tellurium center-
symmetric displacements. These atomic motions in Bi, Te,
trigger 10% bulk band gap narrowing: the obtained data
are consistent with ultrafast mid-IR spectroscopy results.

4.6. Imaging of isolated molecules
with ultrashort pulsed photoelectron beam

Aligning molecules with intense pulsed laser
radiation is a field at the interface between strong
laser physics and chemical dynamics with potential
applications ranging from high harmonic generation
and nanoscale processing to stereodynamics and control
of chemical reactions [48]. Intense linearly polarized
light induces a dipole force that aligns an anisotropic
molecule to the direction of the field polarization [49,
50]. Using femtosecond laser technology, it is possible
to spin anisotropic molecules [51, 52]. Rotating the
laser polarization causes the molecule to rotate: at high
spinning rate, the molecular bond can be broken and the
molecules dissociate [51].
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Imaging the structure of molecules in transient-
excited states remains a challenge due to the extreme
requirements for spatio-temporal resolution. Ultrafast
electron diffraction from aligned molecules provides
atomic resolution and allows for the retrieval of
structural information without the need to rely on
theoretical models [53-55]. In particular, diffraction
from aligned molecules has opened the door to
retrieving three-dimensional structures directly from
experimental data.

5. Future trend

5.1. Spatial and temporal electron microscopy
with additional spectral resolution

The combination of nanoscale spatial resolution
with subpicosecond, and eventually femtosecond
temporal resolution, forms the basis of the atomic
movie. Additional information can be gained when
the energy of the electron beam, transmitted through
the sample, is measured. Clearly, implementing
such a study poses serious experimental challenges.

Femtosecond

Electron Probe

Femtosecond
Excitation

Graphemne Substrate

Therefore, the precedent in this field plays an
important role.

This idea was first realized in the work of [56] using
a single metal nanostructure. In this experiment, a silver
particle of triangular shape with a characteristic length of
130 nm and a thickness of 20 nm was placed on a substrate
of graphene (Fig. 15) and irradiated by femtosecond laser
pulses with photon energy of 2.4 eV. The optical radiation
excites plasma oscillations that were probed by an ultrashort,
10 nm diameter electron beam that was moved across the
surface of the sample. The energy gain of the electrons
was measured in addition to its spatial and temporal
characteristics.

It is important to emphasize that due to the field localized
on the surface of a metal particle, the electrons can not only
lose kinetic energy, as would be the case with a standard
transmission electron microscope, but also acquire energy
(Fig. 16). In principle, this process can be controlled by
changing the wavelength of the laser radiation. Fundamentally,
the accuracy of this procedure is limited by the spectral width
of the laser pulse and could reach values approaching 1 meV.

Space-Time-Energy Resolved Frames

Fig. 15. In the process of ultrafast spectral imaging, a 10 nm electron beam was scanned over the silver particle
that was previously excited by a femtosecond laser pulse [56]. For each position of the probe, the change
of the kinetic energy of the electrons (i.e. their spectrum) was measured as a function of the delay between
the exciting optical and the probe electron pulses. The increase in the energy of the electrons is given in units
of the photon energy, being equal to v =2.4 eV. From the article [56].

Silver Nanoparticle
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Fig. 16. In [56] spectral and temporal characteristics of silver nanoparticles were investigated.
The electron spectra, obtained at a delay of 100 fs after the femtosecond optical pulse, is shown in the bottom traces.
Schematically indicated are the positions of the electron beam with respect to the triangular silver particles,
which are depicted in gray. From [56].
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The measurements by Yurtsever with the co-
workers resulted in a map of the plasmonic texture that
is generated on the surface of the silver particle, see Fig.
17. As is clearly seen, the field of plasma oscillations is
concentrated near the vertices (the cusps) of the triangular
particle. The authors report a fairly good agreement with
theory. Qualitatively similar results were obtained near the
sharp edges of a copper surface irradiated by the laser [56].

The advances of 4D ultrafast electron microscopy
in the field of nanoplasmonics and nanophotonics has

enabled observations of the dynamics of photon—matter
interactions at the atomic scale with ultrafast resolution
in image, diffraction and energy space [57]. In this work
the photon—electron interactions have been captured
by the method of photon-induced near-field electron
microscopy (PINEM) in image and energy space. It
should be emphasized, that the PINEM diffraction
method paves the way for studies of structural dynamics
in reciprocal and energy space with ultrahigh temporal
resolution.

0 hv

n=2 n=0

Fig. 17. Factually, plasma oscillations, optically excited in the silver nanostructure by femtosecond laser,
were observed using nanolocalized electron bunches. Here, the electron signal is proportional to the height
of the corresponding cylinder. For each panel, the energy, acquired as a result of the interaction of the electrons
with nanolocalized fields, is shown in the lower right corner. From [56].

5.2. Controlling the motions of free electrons
by femtosecond light pulses

Femtosecond lasers play a key role in 4D electron
microscopy since they are necessary for the optical
initiation of ultrafast processes in the sample as well as
to form the ultrashort electron pulses used to probe the
progress of the dynamical process. A further use of the
pulsed laser radiation is the measurement of the temporal
characteristics of the photoelectron bunches. Finally it
may be possible to implement additional compression
steps that generate shorter electron pulses, potentially
reaching into the attosecond regime.

The last statements need to be amplified on, because
they imply the possibility of controlling free electrons
with a laser beam. At first glance, this statement conflicts
with the well-known fact that free electrons cannot
absorb the electromagnetic (EM) radiation because the
laws of conservation of energy and momentum cannot
simultaneously be satisfied. Yet it turns out that free

electrons can scatter EM radiation. From a quantum
mechanical point of view, this is the result of stimulated
Compton scattering in a strong electromagnetic field.

The possibility to control the translational degrees
of freedom of charged particles, in particular of free
electrons, by a spatially inhomogeneous electromagnetic
field was demonstrated theoretically by Gaponov and
Miller in the mid 1950's [58]. The mechanism leads to
the ejection of charged particles from the strong field.
In the case of high-power laser radiation, the Gaponov-
Miller, or ponderomotive (gradient) force (PF) [59],
which is defined as the spatial gradient of the so-called
ponderomotive potential U, can reach sufficiently high
values to form a basis for the effective control of electron
pulses in vacuum.

For non-relativistic electrons, the concept of the
ponderomotive potential in a spatially inhomogeneous
electromagnetic field, £ = £ (r)sin(er) , can be introduced
by averaging the Hamiltonian H over the fast oscillations
with frequencies ® and 2o [24]:

H=((p+eE, (r)sin(or)/ w)* ) 12m, = p* | 2m, +[eE ()] / (4m,@”) = p* 1 2m, +U, (7

Here, me and e are the mass and the charge of the
electron and «...» denotes an averaging over optical
cycles. As a result, the expression for the PF can be
written as:

F#od (r,1)=—[e?A? | 64> m,e,c* IVI(r,1) (8)

Here ¢ is the dielectric constant, ¢ the speed of light
and A the wavelength of the laser radiation. It follows
that for a tightly focused laser pulse with an intensity of
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10 W/em? in the center of a focal spot of 2 um diameter
(at the level of 1/e) and A=800 nm, the force, F*"¥ =~ 101!
N, is approximately equal to the strength of the interaction
between two electrons separated by a distance of 5 nm. In
this example, the ponderomotive potential is U,=60eV.

It follows that ultrashort laser pulses allow the
control of free electrons in vacuum on a femtosecond
time scale. This makes possible both the creation of
ultrashort photoelectron bunches and the measurement
of their duration [60, 61].

The determination of the temporal characteristics
of a pulsed electron beam is based on scanning the time
delay between the laser radiation that forms the bunch
and the tightly focused laser beam that changes the
velocity distribution of the photoelectrons as a result
of the PF. Such a method compares favorably with a
standard streak camera in its technical characteristics
and can be used for femtosecond electron beams [61].
In a streak camera, the electrons are deflected by a high-
speed and high-voltage electric field with an amplitude
of about 2 - 5 kV before reaching a position-sensitive
detector. The rate of change of the high electric field
determines the temporal resolution of the device. The
currently best time resolution is in the subpicosecond
range, approaching values of ~ 300 fs [62]. Even so, it
is noted that the femtosecond temporal synchronization
of the high-voltage electrical pulse in the streak camera
and the femtosecond laser pulse that forms the ultrashort
photoelectron bunch poses serious technical challenges.

The study of the behavior of the free electrons in
spatially inhomogeneous electromagnetic fields began
shortly after the development of the theory of Gaponov
and Miller. The first experiments were devoted mainly
to the possibility of creating traps using microwave
technology [63]. Here, special attention was focused
on the observation of the passage of the electrons with
a certain kinetic energy through the ponderomotive
potential, which allowed, for example, one to determine
the value of UP [63, 64]. The first demonstration of
scattering of the photoelectrons by the ponderomotive
potential, created by an intense sub-nanosecond laser
pulse, was done in the study of Bucksbaum et al. [65].
Here the multi-photon ionization of Xe, especially
bleeding in the vacuum system, was used to prepare the
pulsed photoelectron beam with kinetic energies less
than 5 eV. This experiment demonstrated the control of
low-energy photoelectrons by an optical ponderomotive
potential of about 10 eV.

Special attention should be given to the
measurement of the value of the PF from the tightly-
focused femtosecond laser radiation that interacts with
the electrons propagating in vacuum. This may be
useful for in situ space-time diagnostics of the laser
fields of high intensity, and can be used to validate the
measurement of ultrashort electron pulse durations based

on the irradiation of the electron bunches with the laser
pulses of high intensity. Here it should be noted that
the use of laser radiation with intensities of more than
10" W/cm? may be accompanied by the photoionization
of the residual gas in the vacuum system and thus by
a possible deformation of the electron trajectories that
encounter a cloud of charged particles.

The strong electromagnetic field of the focused
laser beam can eject electrons from their field-free paths.
This is illustrated in Fig. 18, which shows two counter-
propagating, tightly-focused laser beams forming a
standing wave from which the electron pulse is deflected.
The scheme using counter-propagating lasers has two
purposes. First, it allows to determine the duration of
the initial electron bunch by scanning the timing of the
laser pulses that create the standing wave, and using a
position-sensitive detector to analyze the rejected, but in
general diffused, electron beam components. Secondly,
the deflected electron pulses have potentially a shorter
time duration than the incident electron pulses.

Ploosecond i I
electron bunch

Stan allng Wi,
formed by two
Intense femtasecond
lzzer puses
Fig. 18. Deflection of an electron beam as a result
of the optical ponderomotive force generated
by an ultrashort laser pulse. For illustrative purposes,
it is shown the deviation of the electron beam
with a very small transverse diameter, when the maximum
intensity of the laser field is shifted down somewhat
(in the picture). In general, the scattering pattern
is more complicated.

Two important remarks should be made here. The
scheme in Fig. 18 requires the spatial-temporal matching
of two femtosecond laser pulses from two directions and
a (sub)picosecond electron bunch from another direction.
The use of a single laser beam for the electron scattering
would, of course, be simpler. However, in the standing
wave the spatial inhomogeneity of the electromagnetic
field is about A/2, a rather small value that is technically
difficult to obtain with a single amplified femtosecond
laser beam. For example, a parabolic mirror can usually
focus 800 nm amplified femtosecond laser radiation
to a spot diameter of d,, ~ 6 microns. Therefore, for a
given laser pulse energy, laser wavelength and focusing
conditions, the scattering of electrons in a pulsed standing
wave will be more pronounced.

A further important consideration relates to the
ultimate possibilities of this approach. This is important
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because it is rather interesting to know the accuracy
of the electron pulse duration measurement as well as
the duration of the deflected electron bunch. These
characteristics are directly related to the transit time of
the fast electrons through the laser focal spot,

z-ﬁn =Ty = dl/e /VE 5 (9)

where v is the speed of the electrons. Using d,, = 6 pum
and v, = 10° m/s for electrons with 30 keV of kinetic
energy, we find z_= 60 fs. Note that the use of a standing
wave formed by two laser beams (Fig. 18) will not
lead to a decrease in tfin, and hence the accuracy of
measurement for this example will remain of the order
of 100 fs. Therefore, to obtain a femtosecond electron
bunches with t ~ 10-50 fs it is important to ensure the
tight focusing of intense laser radiation, and/or to use
electrons with higher kinetic energy.

An alternative way of creating ultrashort electron
bunches also employs a standing light wave, but in
a collinear geometry [4]. This approach is shown
schematically in Fig. 19.

Electron pulse Time:
_— —
Mcivire] intEnsity
wave
-
HP ’
o il
A/\ i
(=]
f@\." I
f\ LN :

Fig. 19. Schematic diagram of the creation
of attosecond electron pulses.
a) An electron bunch with sub-picosecond duration
is irradiated by two counter-propagating laser beams
(forward and after the bunch) with different wavelengths.
In the reference frame of the electrons,
the wavelengths are the same as a result
of the Doppler-effect, and a standing light wave is formed.
b) Ponderomotive forces push electrons away
from the strong laser field.
c) As a result, the compression leads to the formation
of electron bunches with attosecond duration. Strictly
speaking, the envelope duration of the initial electron
bunch remains constant, but importantly, the attosecond
spikes appear inside the envelope [66].
(Reprinted figure with permission from [Baum P.
and Zewail A.H. Attosecond electron pulses for 4D
diffraction and microscopy // Publ. Nat. Acad. Sc. 2007.
vol. 104, no. 47, pp. 18409—-18414].
Copyright (2007) National Academy of Sciences, U.S.A).
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In this context it should be recalled that on the basis
of the uncertainty principle, AEA£>#, the existence of
ultrashort, in this case attosecond, bursts needs a wide
spectrum of energy AE . For example, a bunch with 100
as (10-16 s) duration has at least AE, = 6 €V. The initial
picosecond photoelectron pulse does not exhibit such
spectral properties. As shown in Fig. 19, the required
broadening is due to the work of the ponderomotive
forces [4]. We illustrate this with a simple estimate, by
writing down the expression for the work in the traditional
sense, where the energy gain of the electrons is equal to
AE, = F77y, (with 7 the laser pulse duration), and
the force is approximately defined as F*" ~2U o' A
(with A" the wavelength of the laser radiation in the
reference frame of the fast electron). In the conditions of
the numerical experiment [4], Up ~0.2eV,\" =370 nm,
v, = 108 m/s and T, = 300 fs, one finds AE = 32 V. The
calculated value AE, exceeds by 2 orders of magnitudes
the spectral width of "normal" sub-picosecond electron
pulse, emitted from the solid photocathode under the
action of femtosecond laser radiation.

As considered in the monograph by [4], this
scheme is rather elegant. Even so, it is important to
emphasize that the measurement of the duration of the
formed attosecond electron bursts remains a challenging
experimental problem. It is possible that it belongs to the
class of experiments in which it is easier to create an
ultrashort bunch than to measure it.

Conclusions

Electron microscopy and diffraction with a high
temporal resolution have opened the possibility of
directly observing processes that occur in non-steady
states of materials. A temporal resolution on the order
of 100 fs corresponds to the time scale of transitions of a
quantum system through an energy barrier of a potential
surface, or the formation or breakup of chemical bonds
during a chemical reaction. The advances of time-
resolved electron microscopy thus open the possibility of
investigating the coherent nuclear dynamics of molecular
systems and condensed matter [4, 24, 67].

In the past two decades it has become possible
to observe the motions of nuclei in time intervals
corresponding to the period of oscillation of the nuclei.
The changes in the nuclear system during these time
intervals probe the fundamental transition from the
macroscopic kinetics of a chemical system to the
dynamics of the phase trajectory of a single molecule,
the molecular quantum state tomography [67—70].

The development of dynamic electron microscopy
and the first steps devoted to the progress in the study of
structural dynamics of ultrafast processes are illustrated
in Fig 20, which summarizes some of the milestones and
recent accomplishments.
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Fig. 20. Chronology of important developments in ultrafast time resolved electron microscopy since 1980’s [21].

At present, both the instrument development and
the exploration of new phenomena continue at a rapid
pace. The methods of ultrafast electron crystallography
and electron microscopy with temporal resolution from
microseconds to femtoseconds open great opportunities
to study the 4D structural dynamics. Very recent advances
in the formation of ultrashort electron pulses allow us to
reach an attosecond temporal resolution and observe the
coherent dynamics of the electrons in molecules [71—
73]. It is all but certain that exciting developments in this
field will continue into the future.
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