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8. High-Speed Electron Microscopy

Geoffrey H. Campbell, Joseph T. McKeown , Melissa K. Santala

High-speed electron microscopy has emerged
as a well-established in situ transmission elec-
tron microscopy (TEM) capability that can provide
observations and measurements of complex, tran-
sient materials phenomena with high spatial and
temporal resolutions. The development and ad-
vancement of the two categories of high-speed
electron microscopy, each optimized for specific
regimes of spatial and temporal resolutions—
single-shot dynamic TEM (DTEM) and stroboscopic
or ultrafast TEM (UTEM)—are reviewed and the
technologies employed in both techniques are
described. Limitations of the techniques are de-
scribed and example applications are provided.
Finally, an outlook for future development of time-
resolved electron microscopy is provided, offering
potential directions for new levels of performance
and flexibility.
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Throughout its history, transmission electron mi-
croscopy (TEM) has been performed on static samples,
with images recorded on film using exposure times
of a few seconds. Yet the first in situ experiments in
the transmission electron microscope were performed
shortly after its routine deployment as a tool to inves-
tigate microstructure in thin metal films [8.1, 2], and
actual observations of moving dislocations were re-
ported in 1956 [8.3], illustrating the interest in materials
dynamics that has existed from the early days of imple-
mentation of the TEM.

Many phenomena in physics, chemistry, biology,
and materials science require understanding the dy-
namics of processes across length and timescales that
span orders of magnitude (i. e., pico-, nano-, micro-,
mesoscales). Experimental techniques developed to
probe these regimes in space and time include free-
electron x-ray lasers, short (femtosecond) laser pulses,
optical techniques, and ultrafast electron diffraction

(UED), the last of which has been developed with tem-
poral resolutions approaching that of the optical and
x-ray methods [8.4–11]. Although all of these methods
are powerful, the widespread use of and accompanying
extensive literature demonstrate that there are signif-
icant benefits to the high-spatial-resolution imaging
capability of TEMs, which often provides a more direct
interpretation of structure and its evolution. The ever-
expanding role of in situ TEM as a characterization tool
further demonstrates the need to identify through imag-
ing the transient states of processes, which are often far
more important than just the starting and ending states,
particularly for the development and validation of pre-
dictive modeling capabilities.

In situ TEM has been constrained by conventional
video frame rates (30Hz or � 33ms), though recent
advances in cameras based on CMOS (complementary
metal-oxide semiconductor) and direct detection cam-
eras have reduced these frame rates to 300Hz (� 3ms)
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Table 8.1 Overview comparison of UTEM and DTEM

Stroboscopic/ultrafast TEM (UTEM) Single-shot/dynamic TEM (DTEM)
# Electrons/pulse � 1�10 � 107�1010

# Pulses/image �105 1
Temporal resolution fs ns
Spatial resolution Å � 10�20 nm
Strength Spatiotemporal resolution Image irreversible processes in real space
Weakness Reversible processes only Resolution

Stroboscopic/ultrafast TEM (UTEM) Single-shot/dynamic TEM (DTEM)
# Electrons/pulse � 1�10 � 107�1010

# Pulses/image �105 1
Temporal resolution fs ns
Spatial resolution Å � 10�20 nm
Strength Spatiotemporal resolution Image irreversible processes in real space
Weakness Reversible processes only Resolution

and even 1600Hz (� 625s), respectively, using sub-
area sampling rates [8.12]. However, many dynamic
processes require temporal resolutions of nanoseconds
and higher, and gaining an understanding of these
rapidly evolving physical phenomena has motivated the
development of high-speed electron microscopy.

High-speed TEM can be separated into two cate-
gories, each optimized for specific regimes of spatial
and temporal resolutions: stroboscopic or ultrafast TEM
(UTEM) and single-shot or dynamic TEM (DTEM).
These techniques are summarized in Table 8.1, in which
it is evident that high-speed TEM occupies a param-
eter space that lies between x-ray free-electron lasers
(XFELs) and MeV electron beam diffraction methods
in terms of spatial and temporal resolutions [8.13–
15]. In both high-speed TEM cases, electron pulses are
generated by laser-induced photoemission, with mod-
ifications to the TEM column to allow lasers to access
the electron gun and the specimen. The stroboscopic ap-

proach achieves atomic-level spatial resolution and sub-
picosecond time resolution using femtosecond lasers to
accrue signals from millions of identical pump–probe
experiments [8.16–20]. This requires highly repeatable,
reversible processes, such as electronic excitations and
elastic deformation. The single-shot approach attains
nanometer and nanosecond resolutions in space and
time using single intense electron pulses [8.21–30],
and this technique is suited to the study of unique,
irreversible processes, such as microstructure evolu-
tion and phase transformations [8.31–38]. While both
approaches have been advanced significantly over the
past decade or so, the history of both techniques dates
back many decades. In this chapter, we review the
development and advancement of high-speed electron
microscopy, describing the technologies employed in
UTEM and DTEM. We discuss the performance, lim-
itations, and applications and conclude with a look to
the future of these instruments.

8.1 Technologies of High-Speed Electron Microscopy

8.1.1 Anatomy of a High-Speed Electron
Microscope

Two approaches exist for time-resolved electron mi-
croscopy: single-shot [8.21] and stroboscopic [8.17].
In the single-shot approach, a single pulse of electrons
is used to capture the image or diffraction pattern of
the specimen. This approach requires upwards of sev-
eral 109 electrons in the single pulse. The highest time
resolution of this approach is limited to the nanosec-
ond regime due to space-charge effects that will be
discussed elsewhere in the chapter. It is appropriate
for capturing irreversible processes in materials such
as phase transformations, plastic deformation, or any
microstructure evolution. The other approach, strobo-
scopic or pump–probe, is done with millions or billions
of pulses, each containing one to several electrons. The
specimen is repeatedly pumped into a specific state and
then probed at a distinct and highly time-resolved point
in time after the pump event. The reduced charge in
each pulse compared to the single-shot approach means

that space charge is not an issue and the time resolution
is pushed into the femtosecond regime. This approach
is appropriate for studying physical phenomena that
are highly repeatable, such as electronic transitions and
elastic vibrations.

Both approaches are implemented on a transmission
electron microscope platform. The platform is aug-
mented by integration with one or more lasers that allow
it to be operated in a pulsed mode. The base micro-
scope is a commercially available instrument, but the
lasers have typically been interfaced to the microscope
by modifications performed in the investigators labo-
ratories. Only recently has a commercial venture been
offering this integration capability.

Single-Shot (DTEM)
The single-shot approach was first pioneered at the
Technische Universität (TU) Berlin [8.39–41] and then
extended at Lawrence Livermore National Laboratory
(LLNL) [8.29]. The layouts of the systems share much
in common (Fig. 8.1). The central element is a TEM
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Fig. 8.1a,b Schematic comparison of (a) TU Berlin DTEM and (b) LLNL single-shot DTEM. Reprinted from [8.24],
with permission from Elsevier

that is interfaced to laser systems. The cathode laser
generates a pulse of ultraviolet (UV) light with a photon
energy greater than the work function of the material
used as the photocathode. The light pulse is introduced
to the vacuum column of the microscope through an
appropriate window, typically fused silica, which can
transmit the frequency without appreciable losses. Op-
tical elements within the vacuum system direct the
laser pulse to the electron gun and onto the photocath-
ode [8.27].

The electron gun used to date for single-shot DTEM
has been a conventional thermionic system, originally
developed for tungsten hairpin or LaB6 crystal emit-
ters that are heated to high temperature. Moreover, the
photocathodes have been built onto the tip of a refrac-
tory metal wire hairpin. This arrangement offers the
advantage of being able to heat the hairpin to achieve
thermionic emission of electrons and thus operate the
microscope in continuous wave (CW) mode for align-
ment and experimental setup. For pulsed mode, the
current to the cathode is turned off and the laser pulse
generates all of the electrons by photoemission. The
ability to operate the same cathode in both the pulsed
and CW modes offers significant operational advan-
tages, as well as the ability to acquire CW images to as-
sist with unambiguous interpretation of pulsed images.

The electrons that are emitted from the surface of
the cathode by photoemission are drawn away from the
surface by the electrostatic field generated by the elec-
tron accelerator. According to Child’s Law [8.42], the

current drawn out from a cathode surface depends on
the applied field strength. The field generated by the ac-
celerator has a fairly weak gradient, and this had led to
speculation that increased current could be achieved in
electron guns that apply high fields to the cathode, such
as in a field-emission-type electron gun. However, this
approach has not yet been implemented and it is not
clear that the same emitter could support both CW and
pulsed modes in such an arrangement.

Once the electrons are emitted by the gun assembly,
they enter the acceleration gun of the microscope and
are accelerated up to an energy of, typically, 200 keV.
The illumination section of the microscope is the first
place that the electrons encounter electron-optical el-
ements that act to focus them. The DTEM has an
additional, weak condenser lens, called the C0 lens,
placed before the condenser lenses of the original mi-
croscope design. The purpose of this first lens is to steer
the beam through the microscope section containing the
mirror that reflects the cathode laser pulses up the col-
umn to the gun without clipping on any of the optical
elements [8.27]. This lens has the added benefit that it
efficiently couples all of the electrons emitted at the gun
into the microscope column, maximizing the brightness
of the illumination.

The electron pulse travels down the column of the
microscope in the same way as would a CW beam. The
optical elements of the microscope act on the electrons
and are able to control the characteristics of the electron
illumination on the specimen and subsequent image or
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diffraction pattern formation. The main difference be-
tween pulsed and CW operation of the microscope is
a degradation of the image resolution due to the space-
charge effects. However, the pulsed electrons retain
sufficient coherence to form dynamical diffraction fea-
tures in the image. All of the crystal defects that control
material properties, such as precipitates, dislocations,
stacking faults, twins, and grain boundaries, can be im-
aged with the commonly interpretable contrast features
that are expected from dynamical contrast in the TEM.
This is achieved by using an objective aperture to pro-
duce contrast, as in conventional diffraction-contrast
imaging in a TEM. This also serves to decrease the
number of electrons in the beam as it passes through the
projector lens system, where the numerous crossovers
can produce image distortions if space-charge effects
are significant. It should be noted that many of the fixed
apertures, particularly between the electron gun and
the first condenser lens, have been removed from the
DTEM to maximize the number of electrons directed to
the specimen for imaging.

The final element of the DTEM is the camera. The
cameras used by DTEM are the same as those used
for standard TEM. No time-resolution requirements are
imposed on the camera because those parameters are
all determined by the characteristics of the electron
pulse generated in the gun. The camera is composed of
a scintillator that converts the incident energetic elec-
trons to light signals that are coupled to a CCD detector
by, typically, a fiber-optic bundle. Since the number of
electrons in a pulse is limited, it is desirable to detect
all of the electrons in the camera, and single-electron-
sensitive sensors are now standard in currently available
electron microscope cameras.

Movie-Mode Single-Shot (DTEM)
The instrument described above is capable of acquir-
ing one time-resolved image at a specific time after
a specimen pump laser pulse arrives at the specimen.
The limitations on measuring kinetics with just a single
image became obvious, and the capability to acquire
multiple images of a single event as it unfolds with
time was built [8.28, 33]. Similar capabilities have been
developed previously [8.41, 43, 44], but this new capa-
bility requires that a train of electron pulses be created
at the photocathode. A new type of cathode laser is re-
quired that can generate an arbitrary waveform (and will
be described in more detail in Sect. 8.1.4).

This laser can generate a pulse duration that is user-
defined, from a minimum of 15 ns to a maximum of
> 1s. It can also generate a user-defined number of
pulses, which is usually set to nine pulses for reasons
that will become clear shortly. These pulses may be ar-
bitrarily spaced in time, within the overall envelope of

the laser capabilities determined by the energy content
and decay time of the laser amplification medium.

The next component of this capability is fast elec-
trostatic deflection plates that are located low in the col-
umn. The two sets of plates are oriented orthogonally,
such that they can deflect the (typically) nine electron
pulses into an array of three by three nonoverlapping
images on the square CCD detector. A schematic of the
LLNL movie-mode DTEM is shown in Fig. 8.2.

Stroboscopic (UTEM)
The idea for periodically illuminating a microscope
specimen with an electronically deflected electron
beam while simultaneously pumping the specimen at
the same frequency was first proposed and demon-
strated in the 1960s [8.46]. It was subsequently mod-
ified to use photoemission with pulsed lasers in the
1980s [8.43, 47], and it was finally incorporated into
modern high-resolution instrumentation recently, where
femtosecond time resolution was demonstrated [8.16,
19]. A schematic of the UTEM developed at the Cali-
fornia Institute of Technology (Caltech) [8.16] is shown
in Fig 8.3.

The instrumentation for stroboscopic microscopy
shares a superficial resemblance to single-shot, but
there are significant differences, especially in the laser
systems employed. Significantly, a femtosecond pulsed
laser with a high repetition rate in the MHz regime is
typically used. This family of lasers is usually based
on Ti-doped sapphire that lases at 800nm. These sys-
tems will typically have pulse durations of 100 fs or
less and it will be the only laser, as opposed to two
separate lasers on the single-shot instruments. The fs
laser pulses are split with a beam splitter, and one leg is
sent to the specimen while the other leg is sent through
a time delay arrangement and on to the photocathode.
The relative arrival times of the split laser pulse legs is
controlled through adjusting the path length of one leg
versus the other.

The part of the fs pulse of light that is sent to the
photocathode is frequency converted to third harmonic
(267 nm), sent through the adjustable delay line, intro-
duced into the vacuum of the microscope column, and
brought to the electron gun. The pulse creates a small
number of photoelectrons at the photocathode, of which
approximately one electron per pulse is actually ac-
celerated and injected into the electron-optical column
of the microscope. The issue of space charge is thus
obviated.

The other branch of the pulse is brought to the spec-
imen in the microscope and used to pump a response
in the specimen. The delay line on the photocathode
branch is adjusted such that the arrival time of the single
electron traveling down the column arrives at the spec-
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Fig. 8.2 Schematic of movie-mode DTEM, illustrating (1) the arbitrary waveform generation (AWG) cathode laser
producing a train of UV pulses to generate (2) electron pulses with the same temporal pattern. (3) The specimen laser
initiates the process to be studied, and (4) a high-speed deflector array (shown in detail on the right-hand side of the
image) rapidly switches each pulse to a different region of (5) a single-electron-sensitive CCD camera. Figure created
by Ryan Chen of the Technical Information Department (TID) at Lawrence Livermore National Laboratory

imen position at a specific time relative to the pump
pulse. If the desired image requires, for example, 109

electrons to achieve a particular signal-to-noise ratio,
then this pump–probe cycle must be repeated � 109

times. To map out the time evolution of the process,
the delay between pulses is changed by altering the de-
lay line path length and repeating the image acquisition.
A fundamental consideration for the experiment is that
it unfolds in exactly the same way for the billions of
image acquisitions. This consideration makes the tech-
nique suited to only those processes that are reversible,
such as elastic vibrations [8.48, 49] and electronic tran-
sitions [8.50].

8.1.2 Photoelectron Guns

To date, the electron guns that have been used as pho-
toelectron guns have been essentially the same guns
made by the electron microscope manufacturers for CW
emission. These have been the thermal-emission type of
gun that uses either a hot filament ofW or a heated crys-
tal of a low work function material, such as LaB6, as the
electron source in CW mode. These filament materials

have then been used also for the pulsed source, with
somemodifications discussed below. The electrons gen-
erated at the cathode source are drawn away from the
surface by the accelerating potential of the microscope.
The negative bias applied by the Wehnelt assembly acts
to focus the electrons to their first crossover.

An important consideration for the electron gun is
the constraint imposed by Child’s Law [8.42]. This re-
lation reveals the important role of the gun and the
characteristics of the laser pulse in optimizing the
charge extracted during time-resolved operation of the
microscope. In particular, the higher the field gradient
at the photocathode surface the more charge that can be
extracted. However, the gradient is set by the accelerat-
ing potential of the microscope, and it is comparatively
shallow because it has been designed for minimum rip-
ple during CW operation to minimize energy spread in
the electron beam. Higher gradients are present in field-
emission guns (FEGs), but they offer the complication
of needing a sharp tip for field emission, which does
not offer a good target for a laser pulse. Thus, no field-
emission sources have yet been tried for time-resolved
operation. The other factor introduced by consideration
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Fig. 8.3 Schematic of the Caltech UTEM, showing the optical, electric, and magnetic components. The optical
pulse train generated from the laser, with a variable pulse width of 200 fs�10 ps and a variable repetition rate of
200 kHz�25MHz, is divided into two parts after harmonic generation. The frequency-tripled optical pulses are con-
verted to the corresponding electron probe pulses at the photocathode in the hybrid FEG. The optical pump branch of
the laser excites the specimen with a well-defined time delay with respect to the electron probe pulse. The electron
probe pulses can be recorded as an image (conventional TEM image or filtered, EFTEM), a diffraction pattern, or an
electron energy-loss spectrum. The STEM bright-field detector is retractable when not in use. Reprinted (adapted) with
permission from [8.45]. Copyright 2007 American Chemical Society

of Child’s Law is the need to reduce spatial and tem-
poral structure in the laser fluence. Even illumination,
with no hot spots or temporal spikes, will produce the
greatest charge emitted from the photocathode surface
because of the tendency of the emitted charge to satu-
rate as fluence increases.

8.1.3 Materials for Photoelectron Guns

The goal of material choice for the photocathode is to
optimize the efficiency of electron emission. The typ-

ical considerations are the work function and physical
robustness. The work function of the material should
be chosen based on the photon energy of the cathode
laser. Single photon absorption is much more efficient
than multiphoton absorption for emission. Likewise, the
greater the spread between the work function and pho-
ton energy allows residual kinetic energy to improve the
efficiency of the electrons actually escaping from the
surface. The physical robustness of the material comes
into play because of the repeated laser illumination that
can cause thermal cycling or material ablation.
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Semiconducting Emitters
The early development of single-pulse microscopy in-
vested much effort in the development of materials for
the photocathode, with emphasis on semiconducting
materials [8.40]. One of the best materials found after
these investigations was ZrC, because of its combina-
tion of low work function and refractory properties.
Moreover, it was found to work best with a rough sur-
face, where the jagged irregularities would create field
enhancements near the surface for greater efficiency in
extracting the charge. These emitters were formed by
electrophoresis of ZrC powder onto the tip of a stan-
dard W hairpin emitter. Heating of the hairpin by direct
current in a vacuum allowed the adhered powder to
sinter and create a structure somewhat robust to laser
illumination, but these emitters did suffer from limited
lifetime.

Stroboscopic microscopy has generally less strin-
gent requirements on the photocathode due to the lower
energy delivery from the low duty cycle of the laser.
These photocathodes have typically been based on the
standard LaB6 single crystals that are used for thermal
emission in electron microscopes.

Metallic Emitters
The recent development of single-shot microscopy with
the DTEM at LLNL has used Ta as the photocathode
material. Ta metal is structurally robust because it is
a ductile metal, and its high melting point also makes
it robust to material ablation. While its work function
is somewhat higher than semiconductor materials, the
use of fifth harmonic (211 nm) photons makes the pho-
toemission process efficient. The form of the emitter is
a simple disk of Ta with 800m diameter that has been
welded to the tip of a wire hairpin emitter, as shown in
Fig. 8.4. The simplicity and long life of this emitter has
made it the preferred choice.

Ta disk

Ta disk W hairpin

1 mm 1 mm

Fig. 8.4 Photographs of an 800-m
Ta disk that has been welded to the tip
of a wire hairpin emitter, used as the
photocathode in the LLNL DTEM

8.1.4 Lasers

The requirement of single-shot time-resolved mi-
croscopy to generate all of the electrons needed for
the image in a single pulse generally dictates that sub-
stantial laser energy is used for photoemission. The
experience with the DTEM at LLNL is that the fifth
harmonic of an Nd:YLF laser (fundamental 1053 nm)
works well for efficient generation of photoelectrons
from a Tametal photocathode.Using the fifth harmonic,
with the associated losses in energy during the fre-
quency conversion, means that a pulse energy around
100mJ in the fundamental is required. Moreover, pre-
cise control of the spatial and temporal pulse shaping is
needed.

The spatial profile that maximizes the electron
emission from the photocathode is a top hat profile.
That is to say, the intensity of the photon fluence is
constant across the diameter of the circular illumina-
tion spot on the cathode. Fine-scale structure such as
hot spots should be avoided. This profile is achieved
through relay imaging a filled aperture to the position
of the photocathode.

The temporal profile of the laser pulse energy
should also be flat topped, which helps to avoid
the effective brightness degradation from time-varying
space-charge effects [8.30]. Moreover, the duration of
the pulse should be adjustable to the requirements of
the experiment. The longer the pulse, the more charge
can be extracted from the photocathode. Thus, for ex-
periments that require lower time resolution the pulse
can be lengthened and better signal-to-noise ratio can be
achieved in the image. These characteristics of the laser
pulse have been accomplished in the LLNL DTEM
with an arbitrary waveform generator to create seed
pulses for the amplification system. The seed pulse
counters the system’s natural tendency to create a Gaus-
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sian waveform and instead forces it to make a pulse of
constant intensity for the entire pulse duration.

The arbitrary waveform generator also enables
a new mode of operation for the instrument called
movie mode, in which multiple images are recorded
of a specimen during a single experiment as its struc-
ture evolves. The arbitrary waveform generator creates
a train of pulses, separated by user-defined time in-
tervals, which is introduced into the amplification and
frequency conversion systems. The laser pulse train cre-

ates a series of electron pulses at the photocathode that
are introduced to the microscope column. To record the
image in each pulse, fast deflection plates are placed in
the lower part of the column, directly above the view-
ing chamber. These electrostatic plates steer each pulse
to a different patch of the phosphor screen that is op-
tically coupled to the CCD image-recording device. In
this way, nine images are typically recorded in a 3� 3
array tracking the time evolution of the specimen during
the experiment.

8.2 Limitations

Both DTEM and UTEM are photoemission techniques
with high temporal resolution, but they differ greatly
in their capabilities, strengths, and limitations. DTEM
is distinguished from UTEM in that each photoemit-
ted pulse contains enough electrons to form an image
or diffraction pattern. While this makes DTEM suit-
able for imaging irreversible reactions, limitations arise
in the spatial and temporal resolution due to the ex-
tremely high instantaneous electron current density.
The high current density can also result in different
damage mechanisms.

In UTEM, the electron emission is precisely con-
trolled by the incidence of the laser on the cathode,
but neither the total electron dose nor the current den-
sity need be higher than in conventional TEM. Thus,
the limitations in spatial resolution due to high current
density do not apply to UTEM, but there are other lim-
itations to spatial resolution as well as to the specimen
and types of reactions that can be probed. Damage due
to exposure to the photoemitted pulses in UTEM is not
expected to exceed those of conventional TEM imag-
ing, but damage may accrue from repeated excitation of
the sample.

8.2.1 DTEM Limitations

DTEM Temporal Resolution
The major consideration for temporal resolution in
DTEM is the resolution required for acquisition of
a single image or diffraction pattern. Thus, the tempo-
ral resolution of the DTEM in imaging or diffraction
is determined by the duration of the electron pulse at
the sample. Depending on the application, � 106�108

electrons are needed at the detector to form an image
with sufficient signal-to-noise ratio to be useful [8.22,
27]. More electrons must therefore be generated at the
source, as some will be scattered to high angles or
purposely excluded by apertures (e. g., to increase con-
trast), and therefore each pulse requires � 109�1010

electrons at the photocathode in order to form an im-
age that is not limited by noise.

To date, DTEM has been realized with electron
pulses that deliver the required number of electrons over
several nanoseconds. In this regime, the electron pulse
length is essentially equal to the cathode laser pulse
length, as the mechanisms that degrade the time resolu-
tion relative to the cathode laser pulse duration typically
occur on the picosecond scale. An electron pulse from
a photocathode will undergo temporal broadening dur-
ing propagation due to an initial energy distribution in
the pulse, trajectory differences in the drift region, and
space-charge effects [8.51].

Temporal expansion due to the energy spread in the
electron pulse in the initial acceleration region is of
order

�tE D .2m�E/
1
2 d

eV0
; (8.1)

where m and e are the electron mass and charge, �E
the energy spread, d the cathode–anode distance, and
V0 the accelerating voltage [8.51–53]. This contributes
a few picoseconds or less to the temporal broadening
for typical DTEM parameters. The temporal spread due
to space-charge effects in the initial acceleration region
is
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where N is the number of electrons in the pulse, "0 is the
vacuum permittivity, and rb is the radius of the electron
beam [8.51]. In the drift region, the temporal spread due
to space-charge effects is
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where L is the length of the drift region [8.51].
From (8.2) and (8.3), it can be seen that small d and L
and large V0 and rb are favorable to reduce space-charge
effects. For current DTEM parameters, the temporal
spread of the electron pulse is expected to be less than
a nanosecond. The electron pulse is much longer than
it is wide—a 20-ns, 200-keV pulse will be � 300 cm
in length but a fraction of a millimeter in diameter
(depending on lens settings and position within the
column). In this high-aspect-ratio limit, longitudinal
space-charge effects can be practically neglected except
near the leading and trailing edges of the pulse.

The DTEM at LLNL has been operated with in-
dividual photoemitted electron pulses ranging from
1:5 ns for single-shot electron diffraction [8.31] to
15�50 ns for electron imaging experiments [8.24, 38].
For a DTEM functioning in the nanosecond regime,
the time resolution will be controlled essentially by the
photocathode pulse length. Pushing the single-frame
temporal resolution to shorter timescales (i. e., 1 ns or
below) will be challenging but may be possible through
the use of relativistic beams. Simulations have demon-
strated the feasibility of generating an electron pulse
in the picosecond range with adequate intensity for
single-shot DTEM [8.54, 55]. However, considerable
challenges remain in the design of electron optics for
imaging with relativistic electron pulses. Beam damage
may also be a limiting factor [8.25].

DTEM is signal-limited even in the nanosecond
regime, such that the optimal time resolution is dictated
by the required fluence at the sample, the brightness of
the electron source, and the maximum tolerable conver-
gence angle. Even if an adequate number of electrons
can be emitted, the limiting factor to the temporal
resolution will be space-charge effects, which will de-
grade spatial resolution even with an optimized source
and column design. Brightness and the factors limiting
spatial resolution are considered in Sect. 8.2.1 DTEM
Spatial Resolution.

While the time resolution for a single electron pulse
is dictated by the required total electron fluence at
the sample and directly controlled by the photocathode
laser pulse duration, the interframe time resolution in
a multiframe experiment is controlled by (1) the abil-
ity to produce a series of uniform electron pulses with
adequate intensity and a desired interframe spacing and
(2) the ability to detect and store the rapidly generated
electron images. At LLNL, the pulsed cathode laser
system is operated at 10Hz. To produce a pulse train
with nano- to microsecond spacing between pulses, the
AWG laser is used to temporally shape each of the laser
pulses produced at 10Hz. The AWG uses a waveform
generator to drive a fiber-based electro-optical modula-
tor that temporally shapes a continuous fiber laser seed

pulse, essentially carving out a series of shorter, closely
spaced pulses from the longer pulse to allow easy mod-
ifications to both the pulse duration and interframe
spacing. The modulated waveforms are then amplified
to energies of � 1 J using free-space diode laser heads.
An upper limit of � 100s on the total length of the
pulse train arises from the temporary depletion of the
lasing media in the amplification stages [8.28, 30].

Cameras with single-electron sensitivity, high-dy-
namic-range amd nanosecond readout times are still
well beyond current detector technology. This limita-
tion was overcome in the LLNL DTEM using a custom-
built, high-speed electrostatic deflector array installed
between the sample and the CCD camera to direct each
electron pulse in the pulse train to a different region
of the camera. The entire image sequence is read out
as a single CCD exposure at the end of the experiment
and segmented into separate frames. Typically, 9-frame
movies are generated, though it is possible to produce
16 or 25 frames with the AWG and deflector system,
though this has not been done because of the loss of
spatial resolution that would accompany the implemen-
tation of a higher number of frames with the current
2k�2k CCD camera used with the DTEM. The electro-
static deflector system places a lower limit on the tem-
poral spacing between two sequential pulses in a pulse
train, because of residual blur as the voltage in the de-
flectors settles to its final value (limited by the slew rate
of the high-voltage electronics) [8.24]. Currently, the
interframe spacing in the LLNL DTEM is limited to
50 ns, and start-to-start interframe times of 70 ns (using
a 20-ns electron pulse) have been achieved [8.56].

Developments in high-speed camera technolo-
gies [8.57] that use on-chip buffered storage to achieve
high frame rates [8.58–61] have the potential to dra-
matically increase the maximum number of frames that
can be captured, especially if they are developed along
with a timed electrostatic frame shifter. The gains that
have been seen in optical photography would have to be
adapted for electron detection [8.24]. Any increase in
the number of frames requires a matching rapid repeti-
tion in production of the required cathode laser pulses.
Advances in camera and laser systems would enable
DTEM movie acquisitions with dozens or hundreds of
frames [8.28]. Experiments of this kind would entail
collecting, handling, storing, and analyzing large data
sets, though this issue is not unique to high-speed TEM.

Finally, the temporal resolution with respect to the
timing between the specimen trigger and the elec-
tron probe pulse may be accurate to within � 100 fs
if both are generated from the same beam-split laser
pulse [8.11]. However, the typical time delays required
for DTEM experiments are on the nanosecond to mi-
crosecond timescales, and it is impractical to implement
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these time delays with an optical delay line. For this
reason, separate lasers are used to trigger the reaction in
the specimen and induce photoemission in the DTEM at
LLNL. In this case, the uncertainty in the delay depends
on the jitter in the timing system, which is � 1 ns [8.24].
When a trigger other than a laser is used, such as heating
from an in situ nanocalorimeter [8.62] or a piezo-driven
in situ straining holder [8.63, 64], the uncertainty in the
delay may be longer than 1 ns, depending on the re-
sponse time of the triggering device.

It is instructive to compare the time resolution in
DTEM with that of conventional in situ TEM. Con-
ventional in situ TEM is typically limited to video
rate imaging (� 30ms per frame), though newer com-
mercially available cameras can achieve faster imaging
(� 3ms per frame) but with limitations on the num-
ber of electrons reaching the detector. Considering the
current limitations of multiframe DTEM acquisitions—
the minimum interframe spacing (� 50 ns per frame),
the maximum number of frames that fit into a single
CCD readout, and the upper limit on the duration of
a single pulse train (� 100s)—a gap of several or-
ders of magnitude still exists between the frame rates
achievable with conventional in situ TEM and DTEM.
Thus, materials processes that evolve over hundreds of
microseconds to milliseconds are too slow for DTEM
and too fast for conventional in situ TEM. Bridging
this temporal gap remains a significant and costly en-
gineering challenge, which will likely involve DTEM
(to address the brightness requirements of short pulses)
and fast detector technology [8.30, 65].

DTEM Spatial Resolution
The ability of a conventional static TEM to attain sub-
angstrom resolution depends on factors such as beam
brightness, energy spread, lens aberrations, and sam-
ple quality. All of these are typically compromised in
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Fig. 8.5 Image blur will be caused by
any deviation from an unperturbed,
low-current trajectory caused by
random electron–electron scattering
events. A blur profile is constructed
from a histogram of the values of
�r, the deviation between Coulomb
perturbed and unperturbed electron
positions found by mapping the
ray-traced electron trajectories to the
image plane. Reprinted from [8.22],
with permission from Elsevier

the DTEM. The peak current during a pulsed exposure
in the DTEM is in the low milliamp range, orders of
magnitude higher than the nanoamp operation regime
of a conventional TEM [8.22]. If the sample can survive
this high required fluence, the instrument’s resolution
limit lies in the electron optics and electron–electron
interactions, including space-charge effects, stochastic
blurring, and Boersch effects [8.66–68]. These effects
can be substantial in the DTEM, because of its ex-
tremely high electron current densities relative to con-
ventional static TEM.

Coulombic repulsion between electrons degrades
DTEM spatial resolution through redistributions within
an electron pulse that manifest as space-charge effects
and stochastic blurring. Space-charge effects result in
a global expansion of the electron pulse, which may
be considered as a negative lens to first order, pro-
vided the illumination is uniform [8.22]. This effect
could be compensated for with standard TEM elec-
tron optics, but in reality, the electron distribution is
nonuniform, and higher orders cause aberrations in the
space-charge lensing. Global space-charge effects may
therefore change both the effective focal lengths and
aberration coefficients of each of the lenses. Space-
charge defocusing would merely require a readjustment
of the lens currents and a possible recalibration of
the microscope in pulsed mode, though the effects of
space-charge-induced spherical aberration will remain
and degrade the resolution. For the DTEM at LLNL,
the optimum objective lens currents for conventional
thermionic and pulsed imaging modes are close, al-
lowing for fine adjustments to the defocus in pulsed
mode.

Stochastic blurring, or the trajectory displacement
effect [8.67, 68], results in an irretrievable loss of image
information in an electron beam or pulse due to ran-
dom electron–electron scattering events. This is shown
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graphically in Fig. 8.5, in which two random interac-
tions alter the trajectory of an imaging electron. By
projecting the undeviated path of the detected elec-
tron back to the specimen plane, the displacement, �r,
gives a measure of the image blur. Figure 8.6 shows
a blur profile calculated for conditions similar to those
encountered during current DTEM experiments [8.22,
68]: 2�104 200-keV electrons with a peak current of
106 electrons in 1 ns and propagated through one stage
of magnification .� 6:2�/ with an objective lens focal
length of 2:5mm, assuming a crossover at the speci-
men of 1m diameter and a divergence half angle of
10mrad. The full-width at half-maximum (FWHM) of
the displacement is nearly 19 nm for these conditions.
Stochastic blurring will increase with electron density
and propagation time of a pulse, and a beam with higher
peak current will exhibit increased blur for the same
electron optical configuration shown in Fig. 8.6. As
well, this blur profile is for a single stage of magnifi-
cation, and blurring effects will occur at all stages and
be especially severe at crossovers, where the electron
density and likelihood of random electron–electron in-
teractions is highest. This reveals the significance of
stochastic blur on degrading the resolution, and this ef-
fect may be the single most important limitation for
spatial resolution in DTEM. This resolution limit will
depend strongly on beam current and voltage; the num-
ber, position, and convergence angle of crossovers; and
the positions and degrees of magnification at every
image plane. Stochastic blur cannot be completely elim-
inated, as the electron pulse must have high density
at the specimen. For imaging, the back focal plane
of the objective lens will have high electron density
as the electrons are imaged into disks in reciprocal
space [8.22, 68]. This degradation to the resolution limit
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Fig. 8.6 A blur profile for 2�104
200-keV electrons with a peak current
corresponding to 106 electrons in 1 ns,
with a 1-m-diameter crossover at
the sample and 10mrad divergence
half-angle, propagated through one
magnification stage with an objective
focal length of 2:5mm and � 6:2�
magnification. Reprinted from [8.22],
with permission from Elsevier

may be reduced by changing the lens excitations in the
intermediate/projector lens system.

The energy spread of the electrons, �E, is expected
to be large in the DTEM, because of enhanced Boersch
effects at high currents [8.41]. The Boersch effect in-
creases the energy spread of a charged particle beam by
coupling the lateral and longitudinal degrees of freedom
via statistical electron–electron interactions [8.66–68]
and will interact with the objective lens chromatic aber-
ration, CC, to limit resolution. This process saturates
when all degrees of freedom are in thermal equilibrium.
Saturation energy depends on accelerating voltages and
convergence angles [8.67]. Estimates suggest this en-
ergy may saturate in the early part of the column, and
that it may be responsible for much of the energy spread
measured by Bostanjoglo et al. [8.69]. They measured
�E of 8:7 eV for the prototype DTEM at TU Berlin and
used Loeffler’s formalism [8.70] to estimate a value of
7:6 eV for the energy spread due to the Boersch effect.

The spatial resolution achieved in the DTEM is
strongly dependent on the signal-to-noise ratio needed
to discern a feature at a desired resolution. DTEM is
generally signal-limited, so the brightness of the source
will have a large impact on the performance of single-
pulse electron-imaging instruments. A high-brightness
electron source is required to attain high fluence with
nearly parallel illumination, as angular spread in the
condensed beam tends to wash out the high spatial-
frequency information [8.71]. The brightness of the
source, Bsource may be defined as

Bsource D Ne

. r2/ . ˛2/�t
; (8.4)

where N is the number of electrons in the pulse, e is
the electron charge, r is the transverse pulse radius, ˛
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is the local convergence semiangle, and �t is the pulse
duration [8.25].

For a fixed accelerating voltage, Bsource is ideally
constant as the pulse propagates in the TEM column,
though in reality, electron–electron interactions (global
space charge) and lens aberrations will degrade the
brightness. When considering instrument performance,
it is convenient to introduce the coherent fluence, NC, as
a figure of merit. The coherent fluence is the number of
electrons per transverse coherence area per pulse, com-
bining the number of electrons in a pulse (Bsource�t)
with the variation of the brightness with accelerating
voltage

NC D N�2

r2’2
D  2Bsource�t

e
(8.5)

where � is the electron wavelength. NC is a convenient
figure of merit because of its relationship to the lateral
coherence, rC D �=˛, and because it is nearly con-
served during propagation of the pulse in the column.
NC is conserved with respect to focusing, apertures, ac-
celeration, and space-charge effects, though aberrations
and incoherent scattering can degrade it. Calculations
of instrument performance [8.25] relative to NC are
shown in Fig. 8.7, using 10-ns and 1-s pulse lengths
and a standard transfer function for phase and ampli-
tude contrast in a partially coherent conventional TEM
(see [52] for details). The simulation includes curves
for phase and amplitude contrast as well as incoherent
imaging modes (such as HAADF and mass-thickness),
for which ˛ is held to a large constant value. On the
basis of the simulation, incoherent imaging with a 10-
nm pulse should achieve resolution of a few nanometers
in a sample with 100% contrast, which is of the cor-
rect order of magnitude for the highest demonstrated
resolution in the DTEM at LLNL. Using a 15-ns elec-
tron pulse, a spatial resolution better than 20 nm was
achieved using a calibration specimen of Au-C lay-
ers [8.24], which exhibited exemplary mass-thickness
contrast, as shown in Fig. 8.8. As in conventional TEM,
the attainable spatial resolution is specimen-dependent,
and the resolution during processes of interest in many
materials will be considerably lower than the maximum
achievable resolution. Nonetheless, image resolutions
on the order of a few tens of nanometers have been rou-
tinely achieved for a variety of liquid-to-solid [8.35,
38, 72, 73] and amorphous-to-crystalline [8.33, 37, 74]
phase transitions, and the high current and spatial co-
herence of the pulsed electron beam are more than
sufficient for dynamical contrast imaging of microstruc-
tural features such as stacking faults and dislocations
(Fig. 8.8). The simulations suggest that resolution as
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Fig. 8.7a,b Cs-limited (a) and Cs-corrected (b) DTEM
resolution limits as a function of the scaled product of
brightness and pulse duration. Parameters are 200-keV
electrons, Cs D 2mm (a), 5m (b), CC D 2mm, �E D
3 eV, DTEM brightness 3�107 A cm�2 sr�1, FEG bright-
ness 2�109 A cm�2 sr�1. For ideal samples with 100%
contrast; curves for real samples will be shifted to the right.
Vertical dashed lines are NC values for four scenarios, as
indicated between the plots. From [8.25], reproduced with
permission

high as 0:3 nm can be attained with CS-limited coher-
ent imaging modes by lengthening the electron pulse to
1s, and CS correction may improve this further. How-
ever, the simulations do not include global space-charge
effects and stochastic blurring, which will limit the res-
olution in practice.
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Fig. 8.8 (a) Conventional continuous wave (CW) bright-field TEM image of an Au-C multilayer foil with individual
layer thicknesses of � 10 nm, for comparison with (b) a 15-ns pulsed DTEM image of the same multilayer foil. The
layers are clearly resolved in the pulsed image. The inset line profile in (b) shows the pixel intensity across the multilayer,
with the intensity from the layers visible above the background, indicating that the resolution is � 10 nm. (c) CW bright-
field TEM image of a stainless steel microstructure, including dislocations and stacking faults, for comparison with
(d) a 15-ns pulsed image of the stainless steel microstructure. Despite the difference in exposure times of nearly eight
orders of magnitude, most of the microstructural features in the CW image are visible in the pulsed image. These images
were not processed apart from standard dark count and flat-field corrections. (a,b) reprinted from [8.24], with permission
from Elsevier. (c,d) reprinted from [8.27], with the permission of AIP Publishing
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The fluence at the sample can, in principle, be im-
proved by increasing magnification and reducing the
area of illumination, but the time-dependent radiation
sensitivity of a specimen may limit the usable current
density, such that the practical resolution limit has a de-
pendence on the sensitivity of the specimen to electron
beam damage. In conventional TEM, 1A of current
at the specimen is extremely high, corresponding to
roughly 1 electron per 160 fs with an axial spacing
of � 33m at 200 keV. Plasmon lifetimes are in the
fs range, while TEM samples are typically less than
200 nm thick, so the sample has sufficient time to re-
lax between electron transits (apart from heating and
radiation damage). The theory of electron–specimen in-
teractions in conventional TEM uses the assumption of
one electron in the specimen at a time. Since instanta-
neous currents in the DTEM are orders of magnitude
higher than in a conventional TEM, many more than
one electron may be in the sample at a given time. At
high current density, each electron may encounter pre-
viously excited plasmons as it transits the specimen.
In addition to degrading the spatial resolution, the high
DTEM current density may cause new damage mecha-
nisms, which will be considered in Sect. 8.2.1 Damage
in the DTEM.

Finally, image resolution may be impacted by pro-
saic issues. Whereas low-frequency vibrations and
high-voltage instabilities can affect conventional TEM
resolution, they are not a significant concern during the
nanosecond DTEM pulsed imaging due to the short
exposure times. However, the triggering of a phase
transformation (or the transformation itself) may cause
the specimen to move rapidly during an exposure or be-
tween image frames. For laser-induced experiments, the
sample may distort due to local heating, and for both
laser- and mechanical-triggered processes, the speci-
men may move vertically and thus out of focus. These
effects may be mitigated by appropriate design of the
specimen geometry and the experimental setup.

Damage in the DTEM
Because of the inelastic scattering of electrons in TEM,
a large amount of energy (typically tens of eV per
primary electron) may be deposited in the sample.
For continuous electron exposure used in standard
TEM, damage is linearly related to the total radiation
dose [8.75, 76], but the extremely high dose rate during
a DTEM pulse raises the possibility of new radiation
damage mechanisms and the time dependence of radia-
tion damage must be considered.

Since the timescale of the electron pulse can be
comparable to the thermal diffusion time, specimen
heating may be a more significant issue for DTEM
than for conventional TEM. The deposited energy

density can be very large. As an example, for wa-
ter irradiated with � 200-keV electrons at a density
of 10 electrons=Å2 (a typical density for cryoEM) in
a single pulse, an estimate of the inelastic cross-sec-
tion [8.75] results in a deposited energy density of
about 300 eV=nm3, about 10 eV per water molecule.
For a Gaussian beam with 1=e radius of 100 nm and
1=e half-width of 1 ns in water, assuming only standard
thermal diffusion using room temperature constants, the
deposited energy density will reach 90% of the value
it would have with no diffusion. For materials with
lower heat capacity and larger thermal conductivity,
as found in metals, the effect will be much reduced.
With the same beam properties, the energy density in
an aluminum sample will reach only 5% of the zero
diffusion energy density. These results depend strongly
on the pulse duration—at a sufficiently short pulse du-
ration with high electron density, sample heating may
result in melting, vaporization, or other unintended
effects.

In practice, it has been observed that a single con-
densed DTEM pulse can cause crystallization of amor-
phous semiconductors and chalcogenide-based phase
change alloys, and repeated pulses can melt these mate-
rials. During the setup of DTEM experiments, it is often
practical to align the microscope first in thermionic
mode followed by an alignment in pulsed mode with
the unshuttered cathode laser generating electron pulses
at the laser repetition rate (� 10Hz). The extreme con-
dition of either a condensed pulse or multiple pulses
on the region of interest can be avoided by setting up
the experiment on a sacrificial area of the specimen,
then moving to a nearby unexposed region of the spec-
imen with the pulsed beam shuttered just prior to data
collection. Thus, the only exposure of the specimen in
the region of interest is the single electron pulse train
used to probe the region after the process has been initi-
ated. Although the instantaneous current density during
a DTEM pulse will be several orders of magnitude
higher than in conventional TEM, it is only sustained
over nanoseconds. By only exposing a specimen to
a single DTEM pulse (or pulse train), the total electron
dose to the specimen can be lower than in conventional
TEM.

Although a wide variety of inorganic and metallic
samples can be readily imaged with very high resolu-
tion in conventional TEM, for some materials (notably
polymers and biomaterials), electron beam damage is
the most significant limiting factor in obtaining high-
resolution images. One strategy for reducing radiation
damage is to lower the total dose [8.77]. As it is possi-
ble to expose the specimen with a single electron pulse
with a great deal of control, the use of DTEM has been
suggested for imaging beam-sensitive samples, such as
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fully hydrated biological materials in an aqueous en-
vironment, since the total dose from a single DTEM
pulse may be less than the dose during conventional
TEM, but also because the pulsed imaging would miti-
gate blurring from Brownian motion or other motion in
an aqueous sample.

The high sensitivity of protein crystals to radiation
damage is a barrier to high-resolution protein structural
characterization [8.78]. In addition to the Brownian
motion that may affect conventional TEM imaging,
other issues may affect TEM imaging of biological
specimens in aqueous environments, including reac-
tive species created in irradiated water, low contrast,
intrinsic radiolytic susceptibility, and weakly bound ter-
tiary and quaternary structures of proteins. The use
of a short, intense probe pulse to characterize radia-
tion-sensitive specimens before significant damage has
occurred has been demonstrated for structural char-
acterization of hydrated proteins with subpicosecond
x-ray pulses [8.79]. Although the x-ray pulse ulti-
mately destroys the sample, useful structural data is
collected before damage has significantly altered the
structure. This diffract-and-destroy [8.80] technique
may also be used for photoexcited states (again with
many molecules probed), enabling structural character-
ization of nanoscale biostructural dynamics [8.81]. For
this type of structural characterization, a stream of pro-
tein crystals must be used to collect the millions of
diffraction patterns needed, thus it is analogous to stro-
boscopic UTEM when considering high-speed electron
microscopy techniques.

A diffract-and-destroy type of technique using elec-
tron pulses presents its own advantages and challenges
(for a comparison of electron and x-ray pulses for this
purpose, see [8.82]). Electrons deposit much less en-
ergy per inelastic scattering event than x-rays: less than
50 eV per event for electrons [8.75] versus approxi-
mately 10 keV for x-rays, and the ratio of inelastic to
elastic scattering events is roughly a factor of three
smaller for electrons [8.11]. This results in � 1000
times less energy deposited in the sample per unit
signal for electrons compared to x-rays. Electrons scat-
ter with 104 greater probability than x-rays, which
allows imaging with a much lower electron density.
However, the electron fluence at the sample is lim-
ited because of the degradation of spatial and temporal
resolution that occurs at high current densities. The
challenge with electron microscopy will be to obtain
a pulse of sufficient quality and electron density to
obtain a high-resolution image, which is also short
enough to avoid damage to the sample during the
pulse. This pushes further than the structural x-ray tech-
nique, because it demands all the signal come from
a single pulse rather than from many pulses (which

would be strictly analogous, but not useful for imag-
ing). Assuming radiation damage can be outrun with
electron pulses �100 fs in duration, a hollow-cone illu-
mination technique has been proposed [8.83] for fast
TEM that allows a larger photocathode area (corre-
sponding to an increase in the number of electrons per
pulse) but, by reciprocity with scanning transmission
electron microscopy (STEM), can provide near-atomic
resolution.

Hydrodynamic modeling of single particle diffrac-
tive imaging with electrons [8.84] indicates that
4Å resolution is possible for a molecule of 10 nm
radius with 100 keV electrons at a density of
107 electrons=.100nm/2, with a pulse width of 2 ps.
These single particle models only consider naked
molecules where the damage mechanism is Coulomb
explosion. Although a 2-ps electron pulse width is prob-
ably beyond the capability of DTEM using standard
electron guns, sub-100 ps pulse widths are not incon-
ceivable at the required electron density. Attaining the
necessary spatial and temporal coherence in an ul-
trashort, high-brightness pulse will probably be very
difficult but perhaps within the reach of foreseeable im-
provements in electron gun technology. Furthermore,
the RF (radio frequency) accelerator community is
aware of the potential for ultrashort, high-brightness
electron guns in electron microscopy [8.85].

Finally, a small amount of experimental evidence
exists suggesting that, in some cases, damage may
be reduced by the use of pulsed electron exposure
even when the total dose of the pulsed exposure is
greater than under continuous exposure. Fryer [8.86]
imaged monolayer films of aromatic hydrocarbons and
observed damage thresholds of 90�100 e=Å2 when us-
ing 10- to 100-ms electron pulses, while the damage
threshold was 3�4 e=Å2 when imaged under continu-
ous exposure. This observation suggests that, at least
for some materials, pulsed electron imaging may be
a means to mitigate beam damage.

8.2.2 UTEM Limitations

UTEM Temporal Resolution
The timescales of the processes that may be probed
with UTEM are orders of magnitude shorter than with
DTEM. As mentioned previously, the synchronization
of the pump and probe lasers are achieved with an op-
tical delay line between a split beam from a single
laser, and thus the timing can be accurate to within
� 100 fs [8.11].

UTEM Spatial Resolution
Since UTEM operates in a regime where there is � 1
electron per pulse, the spatial resolution does not suffer
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Fig. 8.9 (a) High-resolution phase-
contrast UTEM image of an
organometallic crystal of chlorinated
copper phthalocyanine. (b) A mag-
nified view of the outlined area
in (a), showing a spatial resolution
of 1:46 nm. Reprinted (adapted) with
permission from [8.45]. Copyright
2007 American Chemical Society

from degradation due to space charge effects. Spa-
tial resolutions of 1:46 nm in an organometallic crys-
tal (chlorinated copper phthalocyanine) [8.45], shown
in Fig. 8.9, and 0:34 nm in images of the planes of
graphitic carbon [8.18, 19] have been demonstrated
with UTEM, without laser excitation of the speci-
men. This is comparable to the resolution achieved
with conventional high-resolution TEM. Since UTEM
images are built up from millions of single-electron
pulses, several seconds are required for image acquisi-
tion, and specimen drift and high-voltage stability may
limit spatial resolution. The loss of resolution during
a time-resolved experiment with specimen excitation
may come from imperfect reversibility of the process
being studied or by movement or damage to the speci-
men caused by the laser excitation over the millions of
pulses required to collect the image [8.87].

UTEM Other Limits
The energy distribution of the electrons in UTEM is
limited by the extent to which the incident photon en-
ergy exceeds the cathode work function. This may be
controlled to better than 0:1 eV [8.45]. This enables
electron spectroscopy and also the femtosecond tempo-
ral resolution of the technique [8.88].

Since each image in UTEM is formed by integrating
millions of electron probes of the pumped specimen,
the processes must be repeatable and the specimen
must relax to the identical state between shots [8.22].
Thus, UTEM is ideally suited for reversible processes
that reset rapidly, such as excitations of plasmon-
polariton fields [8.89], but it is not suited for irreversible
processes.

8.3 Applications of High-Speed Electron Microscopy

Before discussing recent applications of both DTEM
and UTEM, a brief historical review of high-speed elec-
tron imaging is provided, limited to time resolutions
of microseconds or less. In the mid-1970s, Bostanjoglo
et al. [8.43, 86] developed a technique to produce stro-
boscopic images in TEM using beam blanking. In these
pump–probe studies, ultrasonics were used to pump
samples and study stroboscopically the fast transitions
in the materials [8.47, 90–97].

Stroboscopic diffraction studies were carried out in
the early 1980s [8.98–100]. Real-time gas-diffraction
experiments were reported in 1984 [8.101]. The first pi-
cosecond time-resolved structural studies in the solid
state occurred in the early 1980s with a streak cam-
era used as the basis of a diffraction instrument [8.4,
5]. This led to the first picosecond time-resolution ob-
servation of a phase transition in Al [8.6]. In the late

1980s, pulsed photocathode [8.102], multiframemovies
[8.103], and dynamic imaging were demonstrated at
TU Berlin [8.104]. In the 1990s there was work in
gas-phase energy transfer [8.105], superheating of lead,
and structural dynamics [8.106]. The techniques were
applied to complex transient phenomena including
the dynamics of cyclohexadiene [8.8], photodissocia-
tion [8.107], direct observation of ultrafast thermal lat-
tice expansion (Ag) on picosecond timescales [8.108],
melting of amorphous Si [8.9], phase explosion in metal
films [8.109], and melting of Al [8.110].

TEM with high time resolution began at TU
Berlin in the 1970s with stroboscopic imaging of pe-
riodic processes using a periodically deflected electron
beam [8.43]. In this configuration, time resolutions
of 200 ps were achieved for periodic processes up to
100MHz [8.111]. This technique was applied to ultra-
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sonically driven disruption of crystals and magnetoe-
lastic effects [8.112, 113] and magnetic field-induced
oscillations of the domain magnetization, of domain
walls, and of their substructures [8.91, 111, 114]. After
1980, the instrument was modified to study nonperiodic
processes. That instrument operated in three modes:

1. Selected-area image-intensity streaking provided
time resolution of 3 ns and selected areas � 500 nm
[8.94]. This was applied to studies of electron-
[8.92, 94, 95] and laser-induced [8.115, 116] crys-
tallization of metals and semiconductors, thermo-
capillary oscillations [8.117, 118], and solidification
of laser-induced melts [8.109, 117, 118].

2. Streaked imaging was used to study solidifica-
tion [8.117], flow [8.117, 119, 120], and evapora-
tion [8.119, 120] of laser-pulsed samples.

3. High-speed imaging and three-frame movies with
temporal/spatial resolutions of 10 ns=200 nm, inter-
pulse spacing > 20 ns [8.41], and diffraction with
time resolution of 10 ns were demonstrated [8.41].

Several techniques were employed to achieve
the high time resolution, including gating the elec-
tron detector [8.104, 119, 121], rapid beam blank-
ing [8.122], laser-induced thermal emission [8.69, 123–
126], and finally laser-induced photoemission [8.41,
127]. Nanosecond time resolution studies using the
photoemission source were carried out on hydrody-
namic instabilities caused by chemocapillary, ther-
mocapillary [8.128], and mechanical stresses [8.129].
Phase explosion and plasma formation of highly su-
perheated metals were studied at the same time reso-
lution [8.109, 130].

Since the early to mid-2000s, Zewail and re-
searchers at Caltech have pushed the temporal resolu-
tion of the stroboscopic approach with UTEM to the
subpicosecond regime with femtosecond lasers [8.17–
19], while researchers at LLNL have advanced the
single-shot approach with DTEM using single electron
pulses in the nanosecond regime [8.21–25, 28]. Appli-
cations of these two complementary techniques, each
optimized for a particular, broad class of experiments,
will be discussed separately in Sects. 8.3.1 and 8.3.2.

8.3.1 DTEM Applications

As has been discussed, DTEM is optimized to study
irreversible processes with nanometer and nanosecond
spatial and temporal resolutions. Much of the DTEM
work has focused on transient states of strongly driven
or highly nonequilibrium phase transformations and
measurements of the kinetics of these rapidly evolving
processes.

Phase transitions in nanocrystalline Ti [8.31,
131], transient structures and morphologies of mov-
ing reaction fronts in Ni=Al reactive multilayer foils
(RMLFs) [8.32, 132], studies combining nanocalorime-
try with DTEM [8.62], crystallization processes in
Ni-Ti metallic glass [8.133], GeTe [8.134, 135] and
Ge2Sb2Te5 [8.136] phase-change materials, and amor-
phous Ge thin films [8.137, 138], rapid solidification in
pure Al [8.72] and Al-based [8.35] alloys, in situ heat-
ing of Al nanoparticle aggregates [8.139], and pulsed-
laser-induced dewetting of Ni [8.140] and Co-Cu [8.34]
thin films are examples of studies using single-shot
DTEM prior to the implementation of the multiframe-
acquisition movie-mode capability. An example of
a single-shot time-resolved image series is provided
in Fig. 8.10, showing results obtained during crys-
tallization of an amorphous Ge thin film. Single-shot
DTEM studies require many experiments to be per-
formed at different time delays on fresh, unirradiated
regions of a specimen to quantify the overall statis-
tics of kinetics and evolution of the process of interest.
There is inherent variability associated with the single-
shot approach to irreversible processes, as there may
be small differences in the evolution of the process
from experiment to experiment, as well as variation in
parameters such as the laser energy used to drive the
process.

Movie-mode DTEM was developed to alleviate
these issues, providing a multiframe acquisition mode
from a single drive-laser event. Examples of movie-
mode DTEM experiments are provided in Figs. 8.11
and 8.12 to illustrate the types of data that can
be obtained. Figure 8.11 shows crystallization in
an amorphous GeTe film, where growth was cap-
tured following a single nucleation event. Figure 8.12
shows the rapid solidification of an Al-4 at:%Cu al-
loy [8.38], with the associated measurements of the
kinetics of the transformation. Other applications of
movie-mode DTEM include disorder–order transitions
in 2D copper-intercalated MoO3 [8.36], nanoscale
condensed-phase reactions with Al and CuO nano-
particles [8.142], propagating fronts in reacting Ti-B
nanolaminate films [8.30], crystallization kinetics of
amorphous Ge [8.37, 143] and GeSb6Te phase-change
materials [8.74], dewetting of nanoscale Ni thin films
on SrTiO3 substrates [8.56], and rapid solidification of
pure Al thin films [8.73].

8.3.2 UTEM Applications

UTEM is optimized to study reversible, highly repeat-
able processes, reaching atomic-scale spatial resolution
with femtosecond temporal resolution, that are induced
by optical excitation, including electronic and plas-
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Fig. 8.10a–c Single-shot DTEM image series of the time-evolving microstructure during laser-induced crystallization
of amorphous Ge. (a) Large, radially elongated crystals grow outwards with a radial velocity of � 8m=s. (b) A banded
microstructure composed of layers of elongated crystals that grow azimuthally along the crystallization front. (c) A post-
mortem image showing the crystalline microstructure, with three zones of growth shown. Zone I is a region of nucleation
and growth of nanocrystalline grains. Zone II is comprised of the large, elongated crystals that grow radially outward.
The crystallization front is initially flat, then develops microscopically smooth protrusions that show an increasingly
faceted appearance at the boundary where growth transitions to Zone III, which is comprised of layers of elongated
crystals separated by layers of nanocrystalline grains. Adapted with permission from [8.138]. Copyrighted 2013 by the
American Physical Society

monic excitations [8.141] as well as repeatable nanome-
chanical excitations [8.145–149]. The high temporal
resolution of UTEM demands precise (picosecond to
femtosecond) synchronization between the specimen
pump laser and probing electron pulses. The main focus
of UTEM research has been nonequilibrium structural
phase transitions, nanoscale phenomena, and biological
imaging, with recent additions of electron energy-loss
spectroscopy (EELS), energy-filtered UTEM imaging,
and scanning transmission UTEM.

Examples of applications of UTEM imaging and
diffraction include structural phase transitions in VO2

[8.150, 151], the dynamics of structural and mor-

phological changes in Au and graphite thin films
induced by ultrafast laser heating [8.18], complex
nanoscale mechanical phenomena in copper-7,7,8,8-
tetracyanoquinodimethane [Cu(TCNQ)] single crys-
tals [8.49, 145], single-crystalline graphite [8.48], Ni-
Ti nanostructures [8.152, 153], and nanoscale Si can-
tilevers [8.149], the heating and cooling dynamics
of carbon nanotubes [8.154], photon-induced near-
field imaging of carbon nanotubes [8.141], Ag na-
nowires [8.141], biomimetic protein vesicles [8.155],
unstained, unfixed E. coli cells [8.155], Ag nanopar-
ticles [8.156], optomechanical phenomena of amor-
phous silicon nitride at the interface with carbon na-
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Fig. 8.11 Movie-mode DTEM showing growth of crystalline regions (false-colored yellow) into amorphous GeTe (false-
colored blue) in a nine-image series of 17:5-ns electron pulses after 4.7-J laser shots. The time signature in each frame
is relative to the time of the peak specimen laser intensity with an uncertainty of ˙3 ns. Adapted from [8.33], with the
permission of AIP Publishing
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Fig. 8.12 (a) Dynamic time-delay sequence of images recorded during rapid solidification in an Al-4at.%Cu thin-film
alloy. The indicated times below each image are the delays (in s) between the peak of the Gaussian laser pulse used
to melt the film and the 50-ns electron pulse used to form the image. (b) Time evolution of the (left) melt pool area,
(middle) semi-major and semi-minor axes of the elliptical melt pool, and (right) solidification front velocity. The brown
areas bounded by the semi-major and semi-minor axes represent the ranges of (middle) axis length and (right) velocity
along the solid–liquid interface. Adapted from [8.38]

notubes [8.157], structural dynamics in macromolec-
ular poly(ethylene) oxide (PEO) [8.146], biomechan-
ics of DNA structures [8.158] and amyloid [8.147,
148], transient structures in GeTe phase-change ma-
terials [8.159], and the photocatalytic active sites
in titanosilicate, Na4Ti2Si8O22 
 4H2O [8.160], imag-
ing of defect-modulated phonon dynamics in WSe2
and Ge [8.161], and the acousto-plasmonic vibra-
tional dynamics in Au nanorods [8.162]. Examples
of UTEM experiments are provided in Figs. 8.13
and 8.14, showing, respectively, photon-induced near-
field electron microscopy (PINEM) from a carbon
nanotube [8.141] and single-nanoparticle morphology
dynamics on spin crossover in a metal-organic frame-
work Fe(pyrazine)Pt(CN)4 [8.144].

UTEM has also been used to study irreversible
phase transformations, such as amorphous to crys-
talline transitions in Si [8.163] and martensitic phase-
transformation dynamics in Fe [8.164]. In these cases,
nanosecond laser pulses were used to achieve adequate

signal for a single image or diffraction pattern acquired
from a specific state of the specimen, and the temporal
resolution is similar to that of single-shot DTEM. Thus,
UTEM can be operated in two modes, a high-temporal-
resolution (picosecond to femtosecond) stroboscopic
mode for highly reversible processes that can be in-
duced with precisely coordinated pump excitations and
a single-shot mode for irreversible processes that can be
induced with pulsed-laser heating.

In addition to imaging and diffraction applications,
numerous techniques for UTEM have been explored
and developed, including ultrafast EELS [8.50, 165,
166], PINEM [8.89, 141, 155, 156, 166–168], ultra-
fast convergent-beam diffraction [8.169] and Kikuchi
nanodiffraction [8.170], ultrafast electron tomogra-
phy [8.171], ultrafast scanning electron microscopy
(SEM) [8.172–174], ultrafast Lorentz electron mi-
croscopy [8.175], ultrafast STEM [8.176], ultrafast
spectrum imaging [8.177], and ultrafast cryo-electron
microscopy [8.178].
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Fig. 8.13 (a) Electron energy spectra of carbon nanotubes irradiated with an intense fs laser pulse at two time delays.
(Left) Zero-loss peak (ZLP) of the 200-keV electrons (black curve) acquired when the electron packet arrived prior to
the femtosecond laser pulse, with only the plasmon peaks present in the spectrum. The energy spectrum when the laser
and electron pulses are coincident (t D 0 fs; brown curve) displays the multiple quanta of photon absorption/emission.
The inset shows the positive energy-gain region multiplied by 5 for the t D 0 spectrum, indicating that absorption of at
least eight quanta of photon energy were observed at maximum spatiotemporal overlap. (Right) Magnified view of the
t D 0 energy spectrum. The energy is given in reference to the loss/gain of photon quanta by the electrons with respect
to zero-loss energy. (b) Photon-induced near-field electron microscopy of an individual carbon nanotube. A bright-field
TEM image of the nanotube is provided for reference (average diameter across the tube is 147˙20 nm). The nine energy-
filtered UTEM images were acquired using only electrons that have gained energy (up to n D 4) relative to the ZLP. The
time of arrival of the electron packet relative to the laser pulse is indicated in the upper left of each image. Images are
provided in false color for clarity, with blue indicating regions of the CCD where no counts were recorded (only the
Cn¯! region of the spectrum was selected) and red representing the evanescent fields created by the femtosecond pulse
around the surface of the nanotube and their decay with time. Adapted from [8.141]
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Fig. 8.14a–d Single-nanoparticle morphology dynamics on spin crossover in a metal-organic framework
Fe(pyrazine)Pt(CN)4. (a) Bright-field recorded at three time delays (indicated in lower right of images). The red and
blue lines (labeled 1 and 2) refer to the particle directions used to quantify dimensional changes with time, while the
yellow box (labeled SAI) was used to quantify contrast dynamics (see [8.139] for further details and plots). (b) Single-
nanoparticle diffraction pattern. (c) Corresponding dark-field images at the three time delays. The (110) diffraction peak
(red) was selected to construct the dark-field images in (c) and visualize the contrast dynamics. Diffraction peaks circled
in gray belong to the supporting graphite substrate. (d) Schematic of the morphology dynamics on spin crossover. LS and
HS refer to, respectively, diamagnetic low-spin and paramagnetic high-spin states. Prior to laser excitation (before t D 0),
the nanoparticle shape is buckled/strained, and after t D 0 the structure expands and relaxes. Adapted from [8.144]

8.4 Outlook

The evolution of high-speed electron microscopy over
the last decade has taken the field to the point of al-
lowing direct visualization of dynamic processes in
materials as they unfold on timescales from femtosec-
onds to microseconds, with spatial resolutions from
the atomic scale to tens of nanometers. While this is
a significant achievement, there is much room for im-
provement.

UTEM achieves subpicosecond temporal resolution
by accumulating millions or more electron pulses from
reversible process cycles, but as this temporal resolu-
tion is relaxed the number of pulses required for an
image decreases, eventually reaching the single-shot
regime of DTEM with its current limits of � 10-ns
temporal and 10-nm spatial resolutions for irreversible
processes [8.30]. Future radio frequency (RF) photoin-
jectors with MeV electron beam energies may allow for

single-shot imaging with picosecond temporal resolu-
tion and � 10-nm spatial resolution, representing an
improvement of 3 orders of magnitude compared to
current single-shot DTEM temporal resolution [8.54],
though their use in single-shot imaging systems may
be limited to incoherent contrast mechanisms [8.30].
Eventually, the temporal regimes of all time-resolved
techniques may overlap into a continuum, with the
method of choice depending on the necessary spa-
tiotemporal resolution for the process of interest.

8.4.1 Improving and Bridging
Temporal Resolutions

Pulse Compression for Single-Shot Imaging
To recap, the electron pulse duration at the sample is
equal to the single-shot time resolution of the DTEM.
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At present, this is essentially equal to the cathode
laser-pulse duration and is dictated by the experiment’s
fluence requirements and the electron gun brightness.
However, many methods exist for longitudinally com-
pressing an electron pulse, many of them developed by
the accelerator community for high-voltage RF elec-
tron guns. These involve passing the pulse through
specialized elements such as a microwave cavity oper-
ating at a carefully chosen phase [8.179–181], or static
magnetic fields in a chicane [8.182–184], ’-shaped
magnet [8.185], or other pulse-compressing arrange-
ment [8.186]. These devices are routinely used to com-
press multimegavolt pulses of � 1010 electrons down to
picosecond or shorter durations, with normalized emit-
tance values of � 1m rad and � 1% energy spreads.
The desired DTEM parameter space is very different,
of order 200keV, 108 electrons, less than 0:1m rad
emittance, and an energy spread of order one part in
105. Without increasing the effective brightness of the
electron source by crowding the electrons into a shorter
pulse, there are many measurements (requiring a com-
bination of high fluence, small convergence angle, and
high time resolution) that will simply be impossible.

Even then, there will be fundamental limits. Elec-
trons are fermions and can be compressed to a finite
density only in six-dimensional phase space [8.66].
Passive transformations to the electron pulse (e. g., ac-
celeration, lens action, and most compression methods)
can change only the shape of the phase space envelope
and not its density [8.66, 187]. Thus, every compression
method that does not actually refrigerate the electron
pulse will involve trading off one design parameter
against another. Ultracold sources decrease the emit-
tance, increase the transverse coherence length, and
increase the brightness [8.188]. To that end, signifi-
cant effort has been devoted to developing ultracold
electron sources [8.188–199], which potentially could
provide increased brightness with sufficient coherence
for single-shot imaging of microstructural details or
even atomic-scale structure [8.30].

Relativistic Beams
High time resolution can also be achieved by increasing
the accelerating voltage of the electrons. The applica-
tion of RF photoinjectors with MeV electron beams
offers the advantages of an extremely high brightness,
high acceleration gradient (� 100MV=m, compared to
< 10MV=m in a conventional TEM due to arcing in
the gun) [8.54], high final beam energy (� 3�5MeV),
and high beam charge (up to a few nC or 1010 elec-
trons per pulse) [8.54]. These sources have enabled the

development of x-ray free-electron lasers [8.200]. The
electron beams become relativistic in a few centime-
ters, quickly reducing the space-charge force repulsion.
(Space-charge force is reduced for high-energy beams.
Several books derive the space-charge equations for
both longitudinal and transverse space charge, showing
the force varies as the Lorentz factor ��2 [8.201, 202].)

While these sources have yet to be implemented
in electron-based imaging instruments, such as a time-
resolvedMeV TEM, the last decade has seen significant
progress toward using RF photocathode guns for ul-
trafast electron diffraction [8.15, 203–208]. There are
currently ongoing research efforts to develop MeV
TEM with picosecond temporal resolution and � 10-
nm spatial resolution [8.54, 55, 209, 210]. Prototype
instruments have been developed [8.55, 211], and simu-
lations [8.54] have shown that it is possible to generate
a 5-MeV electron beam with 1 pC of charge, 3 ps RMS
(root mean square) width, < 10 nm normalized emit-
tance, and < 1m rms spot size at the sample.

Bridging Temporal Resolutions
Temporal resolutions from femtoseconds to nanosec-
onds are not always required. For many applications,
continuous acquisition of multi-kHz frame rates is more
than sufficient, representing a gap between high-speed
movie-mode DTEM and the millisecond timescales of
conventional in situ TEM. While still early in its devel-
opment, solutions to bridging this temporal gap using
a deflector system, as used in movie-mode DTEM, are
underway, potentially enabling continuous-acquisition
in situ experimentation on microsecond timescales to
enhance the data throughput of in situ and analytical
(S)TEM [8.30, 212].

8.4.2 Further Directions for High-Speed
Electron Microscopy

Future directions of high-speed electron microscopy
also include time-resolved imaging of processes under
conditions that are used in real-world applications, such
as in specific gaseous [8.213, 214] or liquid [8.215]
environments or under extreme mechanical loading
conditions [8.63, 64], topics that are highly studied us-
ing conventional in situ TEM techniques. The ability
to acquire images with high temporal resolution un-
der conditions that are used in real-world applications
would provide insights to materials processes that cur-
rently cannot be obtained, and efforts to characterize the
limits of these in situ techniques using DTEM are in the
early stages.
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8.5 Conclusions
The interest in ultrafast science continues to grow, and
high-speed electron microscopy has emerged over the
last decade into a well-established field. Ongoing de-
velopments in both DTEM and UTEM are moving
in situ TEM toward becoming a capability that can
provide observations of complex and transient materi-
als phenomena at relevant length and time scales for
the processes of interest, spanning orders of magni-
tude (i. e., pico-, nano-, micro-, meso-) in space and
time. As well, observations of these processes are now
becoming possible under conditions that are used in
real-world applications. Even with the recent rapid de-
velopment in DTEM and UTEM, significant improve-
ments are possible, including brighter electron sources,

pulse compression, relativistic accelerating voltages,
and an eventual intersection of techniques to encom-
pass a temporal domain that bridges the current gaps
that exist between UTEM, DTEM, and conventional in
situ TEM.
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