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             Introduction 
 The rising prevalence of  in situ  techniques in transmission 

electron microscopy (TEM) highlights an important fact: 

Conventional microscopy on static samples captures only 

what the sample  is  (structure) and not what it  does  (dynamics). 

Modern applications, ranging from materials science to 

biology to nanotechnology, demand an understanding of 

microscale and nanoscale dynamics, and  in situ  TEM fi lls 

this need by revealing not just the start and end states of a 

process, but also the states in between. Such information 

is crucial for the development and testing of models for 

mesoscale ( ∼ 1 nm to  ∼ 10  μ m) dynamics and predictive capa-

bilities for designing nanotechnological systems. Yet, many 

in situ  TEM instruments are limited to conventional video 

frame rates ( ∼ 33 ms), often far too slow to catch the relevant 

dynamics. At such frame rates, 10 nm of motion blur corre-

sponds to a feature moving at only  ∼ 0.3  μ m/s, an exception-

ally slow speed compared to many dynamical processes such 

as microstructural evolution in phase transformation fronts, 

with characteristic speeds of some millimeters or meters per 

second.  1   Capturing such processes requires nanosecond-

scale resolution. Many studies on condensed-matter physics 

require even higher time resolutions, at the picosecond level 

or lower. 

 These needs motivate today’s efforts to improve TEM time 

resolution by orders of magnitude through dynamic and 

ultrafast TEM (DTEM and UTEM, respectively). DTEM and 

UTEM, along with femtosecond lasers, free-electron x-ray 

lasers, high harmonic generation, and ultrafast electron diffrac-

tion, are part of an ongoing revolution in high-time-resolution 

studies in chemistry, materials science, biology, atomic physics, 

and condensed-matter physics. Although all of these fi elds 

benefi t from recent developments in lasers, electron sources, 

and electronics, they also share a long history, with roots going 

back many decades, and time-resolved electron microscopy 

is no exception. In the mid-1960s, Spivak et al. developed a 

multishot accumulation (i.e., stroboscopic) system to study 

magnetic domain wall motion, achieving microsecond time 

resolution by gating the thermionic electron source in a scan-

ning electron microscope.  2   Enabled by the development of pulsed 

lasers in the 1970s, Bostanjoglo and co-workers improved the 

temporal resolution of  in situ  TEM observations to nanosec-

ond time scales using pulsed lasers to generate short electron 

bunches through thermal emission and later by UV-stimulated 

photoemission.  3 – 6   Bostanjoglo and Domer especially focused on 

the single-shot approach in which a single pulse contains 

enough electrons to form a complete image.  6   More recently, 

Zewail and co-workers pushed the temporal resolution of the 
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stroboscopic approach to the subpicosecond regime using 

femtosecond lasers,  7 – 9   and researchers at Lawrence Livermore 

National Laboratory (LLNL) advanced the single-shot tech-

nique through the development of DTEM, which uses a single, 

intense electron pulse to image transient material states with 

nanometer/nanosecond resolution.  10 – 15   

 The single-shot and stroboscopic approaches to high-time-

resolution  in situ  TEM are complementary, based on similar 

physical principles but in very different regimes, and each is 

optimized for its own broad class of experimental problems. 

If the process to be studied occurs through a series of unique 

and irreversible events, as is typical of microstructural evolu-

tion and many solid-state phase transformations and chemical 

reactions, then a single-shot approach is required to observe 

the dynamics.  13 , 14 , 16 – 23   The spatial and temporal resolution of 

this technique is limited to the nanometer and nanosecond 

scales by electron–electron interactions and the brightness of 

the electron source.  10 – 15   

 The stroboscopic approach reaches subpicosecond time 

scales by accumulating the signals from millions of nominally 

identical laser-pump/electron-probe experiments from the same 

region on the sample, thus, requiring highly repeatable pro-

cesses that return to the undisturbed state between pump–

probe cycles.  7 , 9 , 24   Repeating the experiment for a series of 

pump–probe time delays yields a movie of an average cycle of 

the process. The stroboscopic approach is appropriate for the 

study of electronic excitations; elastic deformation; magnetic 

material dynamics; and other highly repeatable, reversible 

solid-state phenomena.  25 – 31   

 For high performance, the single-shot approach requires 

modifi cation of the TEM column to handle 

the extraordinarily high currents (multiple 

milliamperes, compared to the nanoamperes 

of conventional TEM),  13 , 14 , 32   whereas the stro-

boscopic approach typically uses the standard 

electron optics and confi gurations of the TEM 

manufacturer. In both cases, high time resolu-

tion requires that the electron source be based 

on laser-driven photoemission and that the 

TEM instrument be modifi ed to provide laser 

access to the electron source and the sample. 

Although some other mechanisms have been 

proposed,  33   laser-based photoemission is the 

only proven way to generate pulses with the 

brightness and short durations needed for high-

time-resolution electron microscopy.  11 , 12 , 15 , 34     

 Movie-mode DTEM 
 Movie-mode DTEM (MM-DTEM,   Figure 1  ) 

refers to a technique in which multiple single-

shot acquisitions are captured in as little as 

 ∼ 1  μ s, producing a frame rate nearly 10 6  times 

higher than that obtained by conventional 

 in situ  TEM. MM-DTEM is designed for study-

ing processes in which complex sequences of 

irreversible events unfold in just a few microseconds. Although 

similar capabilities were developed in the past,  35 – 37   modern 

MM-DTEM works by using a laser based on an arbitrary 

waveform generator (AWG) to generate a series of electron 

pulses and a fast post-sample defl ector to send each pulse to a 

different region on a camera.      

 Modifi ed electron optics 
 First, we discuss the electron optical issues associated with 

single-shot and MM-DTEM, as well as methods for address-

ing these issues. Given the need to capture a complete high-

quality image, which requires  ∼ 10 8 –10 10  electrons in  ∼ 10 ns, 

DTEM must use beam currents of tens or hundreds of 

milliamperes. These values are orders of magnitude greater than 

the currents used in conventional TEM, forcing some changes 

to the gun and condenser lens systems. Conventional TEM 

typically discards most of the beam current to improve spatial 

coherence, but DTEM can afford no such luxury. Optimal perfor-

mance at multi-milliampere currents requires modifi cations, 

including (1) removal of many of the fi xed apertures, espe-

cially those between the gun and the fi rst condenser lens (C1); 

(2) replacement of the sharp cathode tip with a fl at cathode de-

signed for uniform emission over a large ( ∼ 100- μ m) region with 

uniform extraction fi elds and low geometrical aberrations; and 

(3) modifi cation of the condenser lens system itself, for example 

through the addition of a weak “C0 lens” (called so because it 

precedes the C1 lens), as described in Reference 32. 

 With these modifi cations, a large fraction of the electrons 

that leave the cathode can be directed onto a few-micrometer-

diameter region on the sample, with negligible degradation 

  

 Figure 1.      Schematic of movie-mode dynamic transmission electron microscope. (1) An 

arbitrary-waveform laser strikes a photocathode, producing a series of (2) nanosecond to 

microsecond scale electron pulses with any desired temporal pattern. (3) A second laser strikes 

the sample, initiating the process to be studied. (4) A high-speed defl ector (also broken out in 

detail on the right-hand side) defl ects each of the nine images onto (5) a camera, allowing 

the system as a whole to capture multiple images in a single microsecond. Note: AWG, 

arbitrary waveform generator; CCD, charge-coupled device. Figure created by Ryan Chen 

of the Technical Information Department at Lawrence Livermore National Laboratory.    
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of effective brightness from condenser lens aberrations. High 

gun-to-sample throughput is crucial. Because current extraction 

from a DTEM photocathode is always in the space-charge-

limited regime, such that the electric fi eld from recently 

emitted electrons retards and defl ects later electrons, any elec-

tron emitted but not used represents an irretrievable loss in 

performance. 

 The use of large sources and apertures implies a reduc-

tion in spatial coherence at the sample. This is an inevitable 

consequence of the law of conservation of brightness and the 

extremely high current. As a result, single-shot DTEM images 

cannot be expected to reach subnanometer resolution unless 

either (1) the exposure time is increased to the microsecond 

regime, or (2) the brightness of the gun is greatly improved.  15   

Even if the gun brightness is increased, the ultimate resolution 

limit might come not from limited spatial coherence but rather 

from electron–electron scattering in post-sample crossovers.  11   

This “stochastic blur” effect can be reduced by increasing the 

electron kinetic energy to the megaelectronvolt regime, but 

this carries complications, including engineering challenges and 

sample damage.   

 Movie-mode laser system 
 The generation of a laser pulse train enables MM-DTEM to 

yield a series of time-resolved nanosecond images of a tran-

sient materials event. The AWG laser provides unique fl exibil-

ity for tailoring the laser parameters for a given experiment. 

This laser can shape laser pulses in any desired temporal 

pattern, thus allowing the experimenter to easily change the 

pulse duration, arrival time, and intensity for every single 

pulse. The AWG uses a high-speed digital-to-analog conver-

tor to drive a fi ber-based electro-optical modulator, thereby 

temporally shaping a continuous-wave fi ber-laser seed pulse. 

The modulated waveforms are then amplifi ed through fi ber 

and neodymium:yttrium aluminum garnet rod amplifi ers, fre-

quency-converted to ultraviolet, and delivered to the instru-

ment’s photocathode. The result is a train of electron pulses, 

each pulse with a specifi ed duration ranging from 10 ns to 1  μ s, 

distributed in any desired pattern within a 100- μ s window. 

The AWG also allows each pulse to be shaped such that 

after the multiple nonlinear processes between the modulator 

and the cathode, each electron pulse has a square temporal 

profi le, thus avoiding effective brightness degradation from 

time-varying space charge effects.   

 High-speed defl ector system 
 There are two ways to separate the individual images pro-

duced by each electron pulse in the train. One is to use a fast 

framing camera to capture each image between pulses. This 

would require a highly specialized camera with performance 

specifi cations challenging the limits of current technology. 

The other option is to install a high-speed defl ector ( Figure 1 , 

detail on right-hand side) system between the sample and 

a standard TEM camera so as to defl ect each pulse onto a 

different area of the camera, with an electronic timing system 

that switches defl ection states in the dead time between elec-

tron pulses. This is the method used in the LLNL MM-DTEM 

prototype.  14 , 38   

 Because MM-DTEM demands interframe times of tens 

to hundreds of nanoseconds, the defl ector uses electrostatic 

plates (following the pioneering work in References 3, 4, and 6) 

rather than magnetic coils. Various designs are possible, for 

example, a single-stage multipole unit or (as in the LLNL 

prototype) two perpendicular pairs of nearly parallel plates. 

Because the cost and engineering diffi culties of high-speed 

switching electronics scale rapidly with the voltage, the plates 

need to be designed to operate with as low a voltage as possi-

ble while keeping specifi cations for image distortion and fi eld 

of view within acceptable tolerances. The LLNL prototype 

operates at 850 V, with interframe times of  ∼ 75 ns (limited 

by residual blur as the voltage settles to its fi nal value) and 

independent control over all four defl ectors. Using different 

voltages for different defl ector plates, this system can collect 

up to 16 frames in a single acquisition.    

 Example applications of movie mode: Phase 
evolution in reactive nanolaminate foils 
 An example is presented of the benefi ts of MM-DTEM for a 

specifi c case—chemical reaction propagation fronts in reactive 

multilayer foils (RMLFs). These foils consist of alternating 

layers of dissimilar metals and are used for rapid, local applica-

tion of heat for joining and fusing applications. Before movie 

mode became available, DTEM experiments were limited to 

a single image frame per sample drive event, which, in the case 

of RMLFs (in which each event consumes an entire fi lm), meant 

that a fresh sample was needed for every time delay to be cap-

tured. Although this approach has provided a general view of the 

microstructural evolution in Ni-Al RMLFs (including the rev-

elation of an unexpected emergent liquid-phase structure  17 , 18  ), it 

cannot reveal in detail how  individual  microstructural elements 

evolve, nor can it fully quantify the inherent variability of the 

process. This variability means that the arrival time of the reac-

tion front at a given point has an inevitable random error, and in 

the case of RMLFs, this error is comparable to the time scale of 

the reaction itself. This means that precise extraction of reaction 

rates, kinetic parameters, and statistical distributions of propa-

gation rates in single-shot DTEM can be quite tedious; indeed, 

a great many samples and many days of experiment time are 

required to bring the error bars under control. 

 MM-DTEM solves this problem by capturing multiple 

images as a single reaction front passes through the fi eld of 

view ( Figure 1 ). A single measurement of one sample produces 

a data set with statistical power rivaling a week’s effort using 

the single-frame approach. Not only can the front velocity 

be measured with high precision, but its statistical variation 

can also be measured in space and time, allowing assessment 

of the mechanisms that produce propagation instabilities. 

Such understanding is crucial for developing and optimizing 

RMLFs for specifi c applications, and it also opens a unique 

window onto far-from-equilibrium material dynamics. 
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 The example in   Figure 2   shows the MM-DTEM acquisi-

tion of a reaction front in a Ti–B RMLF with the stoichiome-

try 2Ti–3B.  39   The granulated appearance of the product phases 

provides a stark contrast between the reacted and unreacted 

zones, allowing precise determination of the front velocity: 

9.90 ± 0.06 m/s. A similar measurement of an RMLF with 

the stoichiometry Ti–2B revealed a higher velocity of 13.37 ± 

0.03 m/s (see   Figure 3  ), as expected from the higher reaction 

heat and resulting higher temperatures as well as the enhanced 

diffusion kinetics and reaction rates.  39   In both cases, the prop-

agation speed was constant, which, along with the smooth 

appearance of the front, indicates a stable, steady propagation 

regime. Surprisingly, the product-phase microstructure formed 

quickly behind the front and, once formed, exhibited neither 

coarsening nor morphological changes. Close examination 

revealed a thin (100–200-nm) dark-contrast region at the 

reaction front, which we speculate to be liquid. A short-lived 

liquid phase is expected, as Ti–B reactions have high combus-

tion enthalpies of 4200 kJ mol –1  and adiabatic temperatures of 

3200 K that far exceed the melting temperatures of titanium, 

boron, and some of their compounds but are lower than the 

melting point of TiB 2 ; 
 40   under this interpretation, the thickness 

of the dark-contrast line is related to the time required for full 

intermixing and formation of the fi nal product. 

This is in contrast to the much longer-lived 

and morphologically distinct liquid-phase stri-

ations observed in previous DTEM measure-

ments of Ni–Al RMLFs,  17 , 18   indicating very 

different transformation pathways for the two 

material systems.         

 To characterize the phase evolution under 

steady-state reaction conditions, we obtained 

a sequence of diffraction patterns using MM-

DTEM as the reaction front passed through 

a 1.75-µm-diameter fi eld of view in a Ti–B 

system (shown in   Figure 4  ).  39   At the reaction 

front (0 ns), the diffraction pattern exhibits 

three broad peaks with peak positions and 

intensities that cannot be attributed to nano-

crystalline  β -Ti or boron. The measured peaks 

were much broader and shifted to higher scat-

tering vectors with time, indicative of a disor-

dered noncrystalline phase, consistent with a 

liquid phase existing at the front. A signifi cant 

fraction of TiB 2  formed within 250 ns, and 

the foil completely transformed within 750 ns. 

Given the front velocity, a transient zone 

existing for 750 ns corresponds to a distance 

beyond the front of 7.5 µm, illustrated by 

the scaled real-space image adjacent to the 

diffraction spectra in  Figure 4 . At times less 

than 250 ns, we observed irregular dark 

regions in the real-space images that were 

speculated to be pockets of liquid, and this is 

consistent with the broad diffraction peaks 

observed from 0 to 125 ns.     

 The kinetics of the transformation to the TiB 2  phase can 

be quantifi ed by assuming the overall diffraction spectra to 

be superpositions of the individual spectra of nanocrystal-

line TiB 2  and an amorphous Ti–B phase and using Rietveld 

analysis to determine the TiB 2  phase fraction  f  as a function 

of time (  Figure 5  ).  39   We employed Johnson–Mehl–Avrami–

Kolmogorov analysis to obtain the kinetic parameter  K , the 

incubation time  τ , and the Avrami dimensionality parameter 

 n  as defi ned in the equation:  41 , 42  

  1 exp τ .
n

K tf  (1)       

 The resulting value of the Avrami parameter,  n  = 1.5, indicates 

heterogeneous nucleation with one-dimensional growth, as 

expected for a steady-state propagating planar reaction front. 

The large, 13-ns error in the 2-ns incubation time suggests that 

product-phase nucleation has no incubation or that products 

readily nucleate at the front. Assuming an Arrhenius relation-

ship with temperature, the activation energy  E  can be calculated 

from the expression

  ( )0 cexp / κ ,K K E T= −  (2) 

  

 Figure 2.      Nine-image sequence of a propagating front in a reacting 2Ti–3B reactive 

nanolaminate fi lm. The exposure time of each image was 17 ns. Note the thin dark line 

at the reaction front, which we interpret as a short-lived and likely inhomogeneous liquid 

phase with enhanced thermal diffuse scattering.  39      
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 with Boltzmann constant  κ  and combustion temperature  T  c . 

Using a kinetic parameter prefactor  K  0  = 4 × 10 10  s –1  from 

Reference 39, the activation energy is calculated to be 

439 ± 11 kJ mol –1 , comparable to published values determined 

from combustion-wave speed analysis of Ti–2B powder com-

pacts.  43 , 44   Holt et al. measured an activation barrier to form 

TiB 2  of 539 kJ mol –1  and a lower barrier of 410 kJ mol –1  for the 

mixed reaction of Ti + 1.5B, producing both TiB and TiB 2 . 
 44   

Although the latter activation barrier is quite close to our 

result, we did not observe the TiB product phase. This might 

be because of the rapid evaporation of the Ti capping layers 

(>8 at.% in Ti, determined by post-mortem energy-dispersive 

x-ray spectroscopy), cooling the foil in excess of 10 8  K/s and 

altering the kinetic pathway to produce only the TiB 2  product 

phase. 

 This example shows the ability of MM-DTEM to produce 

detailed quantitative information about complex nonequilibri-

um nanoscale phenomena. The image series in  Figure 2  and the 

set of diffraction patterns in  Figure 4  came from just two MM-

DTEM acquisitions, compared to many days of sample prepa-

ration and experiment time that would have been required for 

single-exposure DTEM. Moreover, the MM-DTEM data are 

of suffi cient quality to allow extraction of precise kinetic 

parameters that compare well with expected values and those 

reported in the literature. In addition, important observations 

such as the lack of microstructural coarsening after the reac-

tion and the steady propagation speed simply could not have 

been performed with single-pump/single-probe DTEM. Movie 

mode enables entirely unprecedented kinds of measurements, 

fi nally allowing the direct observation of fast, complex mate-

rial processes that have, until now, been only dimly glimpsed.   

  

 Figure 3.      Plot of the measured reaction front propagation as 

a function of time for Ti–2B and 2Ti–3B fi lms. The results show 

that the speed can be precisely determined using a movie-

mode dynamic transmission electron microscope and that the 

speed is constant for a given fi lm, yet can be varied by changing 

the fi lm composition.  39      

  

 Figure 4.      Sequence of diffraction spectra collected by 

movie-mode dynamic transmission electron microscopy as 

a reaction front passed through a 1.75-μm-diameter fi eld of 

view, showing the evolution from an amorphous Ti–B structure 

to a nanocrystalline (nc) TiB 2  hexagonal crystal structure. 

The simulated electron diffraction patterns were calculated 

assuming an effective instrumental broadening and 50-nm 

grain size and allow identifi cation of the phases present 

at various times as the reaction proceeds, for example 

through the appearance and disappearance of peaks 

characteristic of TiB (blue dashed lines) and TiB 2  (red dashed 

lines). The micrograph of a snapshot of the propagating front 

shows the position in the front corresponding to each point 

in time.  39      

  

 Figure 5.      Phase fraction  f  of TiB 2  as a function of time 

determined through Rietveld refi nement analysis of diffraction 

patterns in  Figure 4 .  38   These data were fi t with the Johnson–

Mehl–Avrami–Kolmogorov analytical model (see  Equation 1 ) 

to determine the activation barrier  E , incubation time  τ , and 

dimensionality  n  of the reaction. Note:  K , kinetic parameter; 

 K  0 , kinetic parameter prefactor;  T  c , combustion temperature; 

 κ , Boltzmann’s constant.  39      
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 The future of movie-mode DTEM 
instrumentation 
 Ultimately, we expect the temporal regimes of stroboscopic 

UTEM, DTEM, and conventional  in situ  TEM to overlap into 

a continuum. UTEM achieves subpicosecond time resolu-

tion by accumulating signal over millions of process cycles, 

but as the time resolution is relaxed, so is the number of 

required pulses per image, eventually reaching one pulse per 

image in the DTEM regime. With current technology, this 

crossover occurs at roughly 10 ns, depending on the required 

signal-to-noise ratio. Future megavolt DTEM instruments 

with ultrabright electron sources might push this transition to 

1 ns or below.  11   Electron kinetic energies in the MeV (or few 

MeV) range are required to mitigate stochastic blur effects in 

post-sample crossovers, although other strategies such as annular 

dark-fi eld imaging or astigmatic crossovers in multipole imaging 

systems have also been proposed. 

 However, this only solves one of the resolution bottlenecks, 

the other being fi nite brightness. TEM-like imaging of micro-

structure (e.g., diffraction-contrast imaging of dislocations 

and grain boundaries) requires some spatial coherence of the 

electron beam as it reaches the sample. Experience with 

the LLNL DTEM instrument suggests that the image quality 

becomes acceptable when the coherent fl uence ( N  C , the num-

ber of electrons per transverse coherence area per pulse  15  ) 

is  ∼ 1. This threshold depends on the contrast mechanism. 

Extremely incoherent imaging modes (e.g., shadow imaging 

of very thick material) can suffi ce with much less coherent fl u-

ence, whereas phase-contrast atomic-resolution imaging will 

require much more. The problem is that for a fi xed normalized 

peak brightness  B  N ,  N  C  is directly proportional to the pulse 

duration.  B  N  itself is a function of the cathode material, the 

extraction fi eld, and the physics of photoemission and cannot 

be improved with lenses, accelerators, apertures, or aberration 

correctors. Current megavolt-/picosecond-scale electron pulse 

sources usually have coherent fl uences of much less than 1, 

which means that their use in single-shot imaging systems 

might be limited to the most incoherent contrast mechanisms. 

Details of microstructure, not to mention atomic-scale struc-

ture, might require substantial increases in source brightness, 

perhaps through unconventional electron sources such as the 

emerging ultracold gas sources.  45 , 46   

 Continuing an upward path through the continuum of time 

scales, one reaches the scale of tens of nanoseconds, where not 

just single shot but also MM-DTEM becomes possible, with 

multiple images per sample event. This technology is still 

in its early days, and one can expect not only decreases 

in the minimum interframe time (currently  ∼ 75 ns), but also 

increases in the maximum movie duration (currently  ∼ 100  μ s 

with up to 16 frames). This leaves a gap between MM-DTEM 

and conventional  in situ  TEM, with its continuous rolling 

acquisition and millisecond-scale interframe times. Ultimately, 

MM-DTEM should also be developed into a rolling-acquisition 

system, possibly by combining the fast defl ectors with a 

direct-detection framing camera operating at hundreds of 

kilohertz, such that nanosecond-scale measurements can be 

conducted with almost no limit on the total frame count 

of a movie.  34   This possibility carries signifi cant engineering 

challenges. The acquisition system must have extremely high 

data throughput and capacious storage, and the power and 

heat-dissipation requirements will be very challenging for the 

arbitrary-waveform-photocathode approach used in the LLNL 

dynamic transmission electron microscope.   

 Conclusions 
 With the ongoing development of MM-DTEM and UTEM, 

 in situ  TEM is moving toward a truly general capabil-

ity for observing complex atomic-, nano-, and microscale 

materials phenomena on their own natural time and length 

scales and under the same physical conditions as used in 

real-world applications. Our example of Ti-B reactive 

multilayer foils shows how MM-DTEM can produce both 

quantitative insights and qualitative data for a deep and 

complete understanding of a real-world far-from-equilibrium 

materials problem under the same extreme temperatures 

and temperature gradients as encountered in the applica-

tion. Previous examples  38   showed how MM-DTEM can 

reveal the details of crystalline nucleation and growth in 

thin-fi lm phase-change memory materials at the actual 

 ∼ 900 K temperatures of the application, and extrapolation 

of previously available low-temperature data to 900 K was 

practically useless for determining relevant kinetic param-

eters. MM-DTEM, in particular, excels at revealing not just 

the average statistical behavior of a process, but also devia-

tions from the average, and in many applications, it is the 

variability that ultimately determines the reliability of the 

phenomenon for technological applications. The observed 

steady nature of the Ti–B reaction front, for example, is impor-

tant for its ability to perform in its intended use, namely, 

rapidly and reliably depositing a large amount of heat into 

a small volume. Despite rapid development over the past 

decade, UTEM and DTEM have substantial room for 

improvement, including incorporation of ultrabright elec-

tron sources, extension of the technology to higher beam 

voltages, and gradual merging and overlapping of the tem-

poral domains of UTEM, DTEM, and conventional  in situ  

TEM, thus, fi nally and completely opening up the black box 

of nanoscale materials dynamics.     
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