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a b s t r a c t 

We implement a parametric study with single electron pulses having a 7 ns duration to find the optimal 

conditions for imaging, diffraction, and electron energy-loss spectroscopy (EELS) in the single-shot ap- 

proach. Photoelectron pulses are generated by illuminating a flat tantalum cathode with 213 nm nanosec- 

ond laser pulses in a 200 kV transmission electron microscope (TEM) with thermionic gun and Wehnelt 

electrode. For the first time, an EEL spectrometer is used to measure the energy distribution of single 

nanosecond electron pulses which is crucial for understanding the ideal imaging conditions of the single- 

shot approach. By varying the laser power, the Wehnelt bias, and the condenser lens settings, the opti- 

mum TEM operation conditions for the single-shot approach are revealed. Due to space charge and the 

Boersch effect, the energy width of the pulses under maximized emission conditions is far too high for 

imaging or spectroscopy. However, by using the Wehnelt electrode as an energy filter, the energy width 

of the pulses can be reduced to 2 eV, though at the expense of intensity. The first EEL spectra taken with 

nanosecond electron pulses are shown in this study. With 7 ns pulses, an image resolution of 25 nm is at- 

tained. It is shown how the spherical and chromatic aberrations of the objective lens as well as shot noise 

limit the resolution. We summarize by giving perspectives for improving the single-shot time-resolved 

approach by using aberration correction. 

© 2018 Elsevier B.V. All rights reserved. 
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. Introduction 

Most transformations at the nanoscale evolve quickly at high

emperatures, stresses, and other external stimuli, which can kinet-

cally drive non-equilibrium states. It is these materials states that

re of particular interest. Their study allows fundamental property-

tructure correlations to be made that are useful for understand-

ng a material’s macroscopic behavior in applications. However,

bserving these non-equilibrium states under rapid microstruc-

ural evolution is challenging with conventional microscopy

nstrumentation, as much of the salient features of the microstruc-

ural evolution are missed due to slow recording rates. Laser-based

ime-resolved transmission electron microscopy (TEM) technolo- 

ies, working with ultrashort electron pulses instead of contin-

ous beams, aim to improve the temporal resolution of in-situ

echniques [1,2] . High-temporal resolution is achieved by the syn-

hronization of the laser pump pulse on the samples that initiates
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aterials dynamics with the arrival of the laser-induced photoelec-

ron pulse that probes the dynamics occurring in the material. 

The transformation of nanomaterials after an external stimu-

us can be reversible or irreversible. Correspondingly, there are

wo approaches implemented in the laser-based TEM technolo-

ies, stroboscopic [2–6] and single-shot [1,7–11] , which are com-

lementary in their parametric ranges. These time-resolved TEM

echniques overcome the signal limitations of conventional elec-

ron sources by using laser-induced electron emission, producing

uch higher peak currents within the pulse (e.g., μA to tens of

A). Such intense beams come at a cost; electrons are closer in

pace and scatter off each other (Coulomb interaction) [12] that

egrades the resolution of the time-resolved electron microscopy

echniques. The stroboscopic method minimizes Coulomb effects

y limiting the number of electrons in the probe pulse, requiring

ntegration of millions of pump-probe events to build-up enough

ignal for an image or diffraction pattern. Though the stroboscopic

pproach under specific conditions provides femtosecond time res-

lution and sub-nanometer spatial resolution [5,6,13] , the materials

rocesses that it can usefully interrogate must be fully reversible.

owever, due to inevitable entropy increase, the majority of the

aterial processes of interest in chemistry and materials science
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Fig. 1. Schematic drawing of the single-shot UTEM setup. The electron-optical setup 

and ray paths are simplified (not all lenses are shown). 
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tend to be irreversible, e.g., first-order phase transitions or irre-

versible chemical and structural changes, requiring the use of the

single-shot approach to study their ultrafast materials dynamics. 

The single-shot approach explores nonrepetitive events by tak-

ing “snap-shot” images using electron pulses with a bunch length

of 5 ns to hundreds of nanoseconds that contain up to billions of

electrons [11,14] . With such high amount of electrons in a sin-

gle pulse, the Boersch effect, lateral space-charge effects, and tra-

jectory displacements pose significant challenges for imaging and

spectroscopy using these intense electron pulses [8,12,15,16] . In the

nanosecond regime, Coulomb repulsion and Boersch effects have

a negligible influence on the temporal resolution, slightly increas-

ing the pulse duration by a couple of nanoseconds [15,17,18] . How-

ever, Boersch effects dramatically increase the energy spread and

the lateral extension of the pulse, requiring trade-offs to be made

in signal and spatial coherence. Though prior work has described,

theoretically and through simulations, the influence of Coulomb

interactions and has given perspectives on the resolution limits

[8,12,15,16] , no direct correlation or systematic experimental study

has been made about the impact of microscope and laser parame-

ters on the resolution of the single-shot approach. 

Here, we explore the influence of pulse electron current,

Wehnelt bias, and the convergence angle of the probe on the spa-

tial resolution of single-shot images as well as on the energy res-

olution in EELS and quantify their effect on the resolution. Due to

a large number of electrons needed for imaging in the single-shot

approach, Boersch effects and large energy spreads are an inherent

and unavoidable consequence. However, electrons within a narrow

range of kinetic energy can be selected using an appropriate con-

figuration of the Wehnelt electrode to obtain energy filtering so

that enough temporal and spatial coherence is achieved for imag-

ing. A similar method has been used in the stroboscopic approach

to increase pulsed electron beam coherence, which was termed

chromatic filtering [6] , though at the cost of signal. Increasing the

signal in the single-shot approach can be accomplished by length-

ening the pulse duration, which requires complex and large laser

systems [11] . At a fixed laser pulse duration, increasing signal can

only be achieved by making a trade-off between the use of con-

verged beams and increased aberrations. Thus, we aim to find the

optimal resolution for both imaging and diffraction by experimen-

tally quantifying shot noise limits and the influence of spherical

and chromatic aberration on spatial resolution. 

Exploring the influence of electron optical and laser parameters

also allows us to define suitable conditions for performing core-

loss electron energy-loss spectroscopy. In this article, we show the

first electron energy-loss spectra recorded with single nanosecond

electron pulses. In comparison to conventional core-loss EELS spec-

tra, which are rarely acquired with exposure times below a few

milliseconds, the single-shot DTEM technique can provide six or-

ders of magnitude in temporal resolution, though at the expense of

energy resolution and counting statistics. Nonetheless, under par-

ticular electron optical and laser conditions core-loss EELS spec-

troscopy can be performed at acquisition times of less than 10 ns. 

2. Experimental methods 

The experiments were carried out by using a Jeol 2100 with

thermionic gun setup including a Wehnelt electrode. The setup is

shown schematically in Fig. 1 . The microscope was modified by

IDES Inc. to serve for ultrafast imaging [4,6] . An additional con-

denser lens CL 0 above the CL 1 lens allows increased collection of

electrons and the focusing of the electron beam through a hole in a

molybdenum mirror that is located between the condenser lenses

CL0 and CL1 and reflects the UV laser beam onto the photocath-

ode. The optical tables housing the lasers with the optical setup

were attached to the column. As emitter, a Ta disc (0.8 mm diam-
ter) was used. The Wehnelt bias was adjustable within a range

f 83–1125 V. All experiments were performed at 200 kV accelera-

ion voltage of the microscope. For creating photoelectron pulses,

 nanosecond laser (Litron Nano T) emitting UV pulses (213 nm)

ith a duration of 7 ns at an energy of up to 0.4 mJ per pulse was

sed either in the single-pulse mode or at a repetition frequency

f 20 Hz. In the pump-probe approach, a femtosecond fiber laser

Amplitude Satsuma) was used for inducing transformations in the

ample. An EEL spectrometer (Gatan Enfinium) was used for spec-

roscopy. 

A detailed characterization of the nanosecond electron pulses

as accomplished by varying the UV laser power (that determines

he number of electrons per pulse) and the Wehnelt bias. The in-

uence of both parameters on the electron pulse energy spread

nd the image resolution was studied. The temporal resolution of

he microscope is mainly limited by the duration of the nanosec-

nd laser pulses; the electron-optical parameters only have an in-

uence up to an order of 100 ps [6] and are therefore negligible in

his setup. The influence of other parameters such as the cathode-

ehnelt distance, the current in the C 0 lens, or the beam conver-

ence angle at the specimen were also studied. 

The number of electrons per pulse is the decisive parameter

n single-shot imaging and was estimated according to the fol-

owing procedure. For improved accuracy, the energy of the UV

ulses arriving on the photocathode was measured with the elec-

ron gun removed. The reflectivity of the Ta cathode is ∼70%, and

he conversion efficiency at 213 nm is 10 −4 [19] . For a typical UV

ulse energy of 565 μJ, which is at the upper end of the ener-

ies used in this study, we obtain approximately 9 × 10 9 electrons

er pulse. However, a certain fraction of the photoelectrons is lost

n the Wehnelt, on the anodes, and on the different apertures in

he column. The transmission through the column depends on the
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Fig. 2. The Zero-loss peak of EEL spectra taken with electron pulses of 7 ns. (a): Comparison of three single pulses (black, red, and blue spectrum) taken at a UV laser pulse 

energy of 85 μJ and minimum Wehnelt bias. Inset: grey-scale electron beam profile for three different shots (not the same as the spectra) with a fully focused spot. (b): 

EELS at Wehnelt bias of 80 V; (c): EELS at Wehnelt bias of 10 0 0 V; both at low intensity of UV pulses (5 μJ). Both spectra are averaged over 100 pulses to facilitate the 

measurement of the width. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ehnelt bias, the lens currents, and the diaphragms. At 565 μJ UV

ulse energy and all apertures retracted for maximum transmis-

ion, an average current of 800 pA is measured on the fluores-

ent screen at a repetition frequency of 20 Hz, corresponding to

.5 × 10 8 electrons per pulse. The same order of magnitude is ob-

ained by acquiring the pulses with the CCD camera. Thus, approx-

mately 98% of the photo-emitted electrons are lost between the

athode and the screen or detector in the present configuration,

.e., with all parameters optimized for maximizing electron trans-

ission through the column. In a standard TEM, i.e., without C 0 

ens, the loss would be even higher. 

. Results 

.1. Energy width of nanosecond electron pulses 

The energy width of the pulses is not only of importance in

ELS but also for imaging due to the considerable influence of the

hromatic aberration of the objective lens on the image at high en-

rgy spreads. The energy spread is measured as the full width at

alf maximum of the zero-loss peak (ZLP). EEL spectra were taken

n the imaging or diffraction mode where as many electrons as

ossible are focused through the entrance aperture (2 mm) of the

pectrometer. It is found that the width of the ZLP depends on the

nergy of the laser pulses as well as on the Wehnelt bias. 

Fig. 2 (a) shows EEL spectra and the appearance of the focused

lectron spot (image taken from the spot without specimen) un-

er the conditions of the minimum Wehnelt bias voltage setting.

t is apparent that three individual pulses result in quite different

pectra and electron beam profiles. This is due to unavoidable in-

tabilities in the operation of the flashlamp-pumped nanosecond

aser with 5th harmonic generation. Energy widths of the order

00 eV are obtained which are unsuitable for EELS and imaging.

ig. 2 (b) shows the peak for low Wehnelt bias and a lower laser

ulse energy. The energy width is still around 100 eV under these

onditions. However, the situation improves drastically when the

ehnelt bias is increased. Fig. 2 (c) shows the zero-loss peak at

aximum bias and a UV energy of 5 μJ/pulse. The spectra were

ntegrated over 100 pulses to eliminate noise. An energy width of

.1 eV can be obtained, though at considerable expense of counts

n the spectrum. 

Fig. 3 shows ionization edges taken with one single 7 ns pulse.

he carbon K edge in Fig. 3 (a) was taken from carbon nanotubes.

t an energy width of 30 eV in this case, the fine structure of the

pectrum is not visible, but the presence of carbon can be clearly

hown. Fig. 3 (b) shows the oxygen K and the nickel L edge taken
rom a nickel oxide film with a 7 ns pulse at an energy width of

0 eV. Energy widths of 30 or 60 eV seem high in comparison to

onventional TEM; however, ionization edges can be clearly identi-

ed and separated if they are not too close to each other, and the

resence of the respective elements can be shown. Even a rough

uantitative estimation of the composition seems feasible. 

Fig. 4 shows the influence of the Wehnelt bias on the energy

idth and the number of electrons in the pulses at different laser

ulse energies. A comprehensive study at different laser pulse en-

rgies is shown in Fig. 4 (a). To obtain the curves, the Wehnelt bias

as increased from the top right to the bottom of the data points.

 turning point appears at high bias and low �E. This is due to

he appearance of the halo in the emission pattern close to sat-

ration [6] which focuses a population of off-axis electrons into

he beam spot. In the bottom half of the curves, below the turn-

ng point, the halo contributes, causing an observable increase in

he energy width. To achieve low energy spread, the optimum op-

ration conditions are therefore close to the turning point on the

eft-hand side in Fig. 4 (a). As a detail from Fig. 4 (a) at a UV pulse

nergy of 85 μJ, Fig. 4 (b) shows the decreasing energy width and

umber of electrons with increasing bias. Generally, a reasonable

ompromise between energy width and counting statistics can be

ound. 

.2. Imaging with nanosecond pulses 

As in EELS studies, the critical parameters in the single-shot

peration are the number of electrons per pulse and the energy

idth of the pulses. Whereas noise generally leads to a limit of in-

ormation in an image, increased energy width degrades the image

esolution due to the chromatic aberration of the objective lens.

urthermore, since the pulses have low intensity, the beam must

e focused onto the specimen which also degrades the resolution

ue to the spherical aberration of the objective. These contribu-

ions were studied separately by taking the same images with one

ingle pulse as well as with a high number of pulses. The latter

liminates the contribution of shot noise so that aberration effects

an be studied separately. Pulse lengths of 7 ns were used for all

maging studies. 

We first study the influence of the energy width on the resolu-

ion. Fig. 5 shows images of gold nanoparticles on an amorphous

arbon film at different Wehnelt bias settings. To eliminate the in-

uence of image noise, all images have been recorded at a constant

ignal intensity by integrating over a certain number of pulses. The

eries has been taken at a UV pulse energy of 400 μJ which is close

o the upper limit. It is clearly visible how the image resolution im-
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Fig. 3. Single-shot EEL spectra of absorption edges taken with single electron pulses of 7 ns. (a) Single-shot carbon K-edge of carbon nanotubes, with �E = 30 eV, 

5 × 10 6 e/pulse (bias = 665 V, UV pulse energy 200 μJ). (b) Single-shot spectrum obtained from a 40 nm thick NiO calibration sample showing the oxygen K-edge and the 

nickel l -edge at �E = 60 eV and 5 × 10 7 e/pulse (bias = 560 V, UV pulse energy 450 μJ). 

Fig. 4. (a) Number of electrons per pulse as a function of energy spread for different laser pulse energies at a cathode-Wehnelt gap of 630 μm. The Wehnelt bias increases 

along the curves from top right to the bottom. (b): Energy spread and number of electrons per pulse as a function of Wehnelt bias at laser pulses of 85 μJ. 

Fig. 5. Gold particles on an amorphous carbon membrane imaged with different bias settings, corresponding to different energy widths of the pulses. Images were taken 

at constant signal intensity by integration over a different number of pulses. (a) �E = 14 eV, 2400 pulses (4 × 10 5 e/pulse), bias = 790 V, estimated resolution = 5 nm. (b) 

�E = 49 eV, 600 pulses (1.7 × 10 6 e/pulse), bias = 600 V, resolution = 13 nm. (c) �E = 64 eV, 400 pulses (2.5 × 10 6 e/pulse) bias = 520 V, resolution = 28 nm. The laser pulse 

energy was 400 μJ. 
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proves with increasing bias and decreasing energy width although

the lens currents of the microscope remain unchanged. The image

resolution was estimated by measuring the width of the blurred

edges of larger particles that give enough contrast (at perfect res-

olution, the edges would appear sharp at moderate magnification).

While the resolution is 28 nm in the low-bias regime, a resolution

down to 5 nm is achieved at high bias. It is obvious that the chro-
atic aberration of the objective leads to a blurring of the image

ue to the higher energy spread. With the chromatic aberration

oefficient C c = 1.4 mm of the objective and an illumination semi-

ngle α = 33 mrad (determined by measuring the diameter of the

entral spot in a convergent beam electron diffraction pattern), we

an estimate the chromatic resolution limit r chr = C c α�E / E of 15 nm

t �E = 64 eV and 3.2 nm at 14 eV. The calculated resolution r chr is
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Fig. 6. Images of gold particles recorded with different convergence angles of the beam and taken at constant signal intensity (UV pulse energy 400 μJ, bias = 750 V, 

�E = 22 eV, i.e. 10 9 electrons in each image). (a) α = 25 mrad, 80 0 0 pulses, image resolution = 5 nm. (b) α = 65 mrad, 100 pulses, resolution = 25 nm. 

Fig. 7. Comparison of a 10 0 0-pulse image (a) with a single-pulse image (b). Pulse duration: 7 ns. Convergence angles α = 25 mrad (a) and α = 45 mrad (b) were used. The 

energy widths were �E = 25 eV (a) and �E = 35 eV (b) corresponding to bias settings of 720 V and 670 V, respectively. (c) Single-shot diffraction pattern obtained from a Si 

monocrystal in the (100) zone axis orientation, with �E = 43 eV and almost parallel illumination (2 × 10 5 electrons). 
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bout half the measured values, suggesting that other factors, like

pherical aberration, play a role. 

Since the overall number of electrons is low in single-shot

maging, working with a parallel electron beam does not lead, in

ost cases, to a sufficient number of electrons on the camera.

his, again, limits the visibility of the specimen features of inter-

st. The beam has to be converged to a high illumination angle,

eading to increased influence of spherical aberration. Although it

s well-known how the convergence angle influences spatial res-

lution in conventional TEM, it was studied here for nanosecond

ulses. Fig. 6 shows two examples for convergence angles of 25

nd 65 mrad. Correspondingly, the number of electrons reaching

he camera differs by an order of magnitude. The blurring is obvi-

us in the image taken with a converged beam; the resolution is

pproximately 25 nm, compared to 5 nm with the expanded beam.

 comparison with the expected values, based on a rough es-

imation with the spherical aberration coefficient of C s = 1.0 mm

nd the resolution limit of r sph = 0.25 C s α3 , leads to a resolution of

8 nm for a convergence angle of 65 mrad and 3.9 nm for 25 mrad.

his low angle value is roughly in agreement with the experi-

ental resolution (5 nm). However, the estimation is difficult for

arge angles due to the third power relation between angle and

esolution. 

An important limitation in single-shot imaging is the low sig-

al/noise ratio. The influence of noise was studied by comparing

ulti-pulse with single-pulse images taken under optimized con-

itions for each case. Fig. 7 (a) and (b) show the difference between

 10 0 0-pulse and a single-pulse image taken from the same speci-

en. Noise in the single-shot image is considerable and limits the

esolution. No noise filtering was applied. The measured step edge

esolution is 25 nm in the single-shot image, while a resolution
own to 3 nm can be achieved with many pulses under optimum

onditions (low energy spread, low convergence angle). 

.3. Nanosecond electron diffraction 

The parameters limiting EELS and imaging, namely energy

pread, aberrations, and noise, have an influence on diffraction pat-

erns, though in a different way than in imaging. Diffraction disks

nstead of pin-point spots appear in the back focal plane when

onvergent illumination is used. Even for a parallel beam, the spots

re broadened due to the large virtual source size and low spatial

oherence of the beam (disk-shaped cathode, C 0 lens, and large

ondenser aperture). At low Wehnelt bias, the gun cross-over re-

ains unfiltered in energy and space and appears large. Further-

ore, the diffraction spots are widened due to the contribution of

lectrons with different energy and the chromatic aberrations of

he condenser and the objective (although this is a minor effect).

ue to the contribution of the convergence angle to the chromatic

berration, the influence of chromatic aberration can be reduced

y using smaller condenser apertures. In each case, it is manda-

ory to work under high-bias conditions, which reduces the en-

rgy width as well as the virtual source size. Noise has less in-

uence on diffraction than on imaging due to the concentration of

ll electrons into the diffraction spots. Broadening of the spots due

o variations of the Bragg angle at high energy spread is approxi-

ately three orders of magnitude smaller than the diameter of the

iffraction disk, even at �E = 100 eV, and therefore negligible. An

xample of a single-shot diffraction pattern taken with optimized

ettings is shown in Fig. 7 c. 
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4. Discussion 

Previous studies have already considered the influence of some

beam parameters on single-shot imaging [8,12,15] . However, since

EELS has not been available in the previously used instrument, the

energy distribution of the pulses remained unknown. Now, with

our knowledge about the energy distribution and the possibility to

reduce the energy width of the pulses by adjusting the Wehnelt

bias, a more comprehensive understanding on what limits resolu-

tion can be obtained. We discuss the requirements for imaging and

EELS which are different in that high spatial resolution and coher-

ence are required for imaging but not for EELS. 

4.1. Imaging 

Due to repulsion effects in the lens cross-overs, random scat-

tering of electron trajectories in the back focal plane of the objec-

tive can blur the imge and reduce spatial resolution. These effects

in the objective are thought to be the ultimate limit for single-

shot imaging as it has been predicted earlier [8] . However, the

present study shows that this limit is not reached under realis-

tic operation conditions. As shown experimentally, the resolution is

limited by a combination of chromatic aberration, spherical aber-

ration, and shot noise. Coulomb interactions at the cathode and

Wehnelt crossover are severe. Applying a high bias to the Wehnelt

cap, e.g., > 400 V, allows monochromation of the beam and reduces

the energy spread of the intense electrons pulses to a range of

30–70 eV, which is still acceptable for imaging with a resolution

of some nanometers. Use of a monochromatior greatly reduces the

pulse electron current, increases noise and requires the use of con-

verged beams that increase aberrations. Furthermore, it has to be

taken into account that the spatial coherence length within the

pulses is very low, most likely of the order of nanometers, due

to the large virtual source size in the single-shot setup. The addi-

tional condenser lens C 0 and the fully retracted condenser aperture

increase signal but reduce coherence. 

Depending on the system studied with single pulses, a balance

between two opposing conditions, reduced energy spread and the

required signal on the detector, has to be found to obtain the op-

timal resolution. For reaching an acceptable noise level, i.e., to be

above the shot-noise-limited resolution, the number of counts on

each pixel of the camera has to be as high as possible. This can

be achieved by increasing the UV power and/or decreasing the

Wehnelt bias to obtain intense electron pulses. On the other hand,

the number of electrons per pulse has to be kept small to reduce

the energy width and the influence of chromatic aberrations. 

According to the Rose criterion [20] , the shot noise in an im-

age has to be smaller than the contrast divided by the num-

ber of gray scale levels [8,16] . The shot noise is defined as N 

−1/2 

where N is the number of counts per pixel. If we assume a min-

imum useful contrast of 0.5 and 5 necessary gray levels, we ob-

tain a shot noise of 0.1 and, accordingly, 100 counts per pixel.

In the example of the single-shot image ( Fig. 7 (b)), 10 6 electrons

contributed to the image formation which would allow an expo-

sure on 10 4 pixels by 100 electrons on each pixel or an image of

approximately 100 × 100 pixels. The typical illuminated specimen

area has a size of 1.7 μm × 1.7 μm, hence 1.7 μm/100 pixel yields

r SN = 17 nm/pixel. However, under the conditions of this study, a

resolution of 17 nm is slightly below the achieved resolution. This

shows that the influence of aberrations is important. The energy

spread of �E = 35 eV and α = 45 mrad yield resolution limits of

r chr = 11 nm and r sph = 23 nm. As total resolution limit calculated

by 
√ 

r SN 
2 + r chr 

2 + r sph 
2 we obtain 31 nm, which is slightly larger

than the limit of 25 nm as estimated from the images. As we see

from the quantitative estimations in the previous section based on

the chromatic and spherical aberration of the objective, the reso-
ution is limited by the unavoidable energy spread and beam con-

ergence. Hence, a certain balance between noise and aberrations

an be obtained to reach the resolution limit under the given oper-

tion conditions. The best image resolution of 25 nm in this study

s achieved at a UV power of 400 μJ/pulse, a Wehnelt bias of 670 V,

nd a beam convergence angle of 45 mrad. This turned out to be

 useful compromise between aberration and noise limits. 

.2. EELS 

To obtain a useful EEL spectrum that provides interpretable in-

ormation, a sufficient number of electrons per pulse and an ac-

eptable energy spread are required to observe the desired features

f the ionization edges. The diameter of the fully focused spot on

he specimen and the entrance aperture of the spectrometer limit

he lateral selectivity and define the spatial resolution. It is ob-

ious that the operation with low Wehnelt bias is unsuitable for

ELS due to both the high energy width of the pulses and low spa-

ial resolution (large spot size). In conventional TEM instruments,

he maximum energy spread, being largest for thermionic guns, is

ess than 2 eV. This allows the analysis of fine structures within

he edges, requiring at least 2–3 eV. Although low energy spreads

an, in principle, be attained in zero-loss peaks using nanosecond

ulses ( Fig. 2 (b)), the need of signal in high-loss EELS of the ioniza-

ion edges pushes the limits towards 30–60 eV ( Fig. 3 ). Neverthe-

ess, the ionization edges of carbon, oxygen and nickel are clearly

isible at such energy spreads of tens of eV. High-energy spreads

ose difficulties for detecting the fine structure of the edges and

recise quantification. However, in many experiments, detecting

he presence and observing relative changes in composition during

apid nanomaterial dynamics would already provide tremendous

nsights. For example, the rapid decomposition of unstable parti-

les under heating or the explosive release of gases can now be

tudied at high temporal resolution. Under high temperatures in

ombination with the high surface area to volume ratio and the

mall particle diameters make mass transport and reaction rates

ast, requiring nanosecond time resolution to elucidate their dy-

amics. Furthermore, the experimental configuration of the present

TEM allows flexibility in tuning the EELS parameters for given ex-

eriments. For example, in the high-bias regime, we are able to

ork with low energy widths at the expense of signal, but this

ould allow applications in the low-loss regime of the spectrum.

lso, the UV laser power can be reduced that again reduces the

nergy spread. Increasing the Wehnelt-filament gap also provides

igher temporal coherence but again decreases the beam current.

he balance between noise in the spectrum and energy resolution

as to be adjusted to detect the desired features in the EEL spec-

rum. Since the diameter of the focused beam is relatively large,

he analysis of smaller features of the specimen is difficult. Objects

hat are much smaller than the beam diameter such as isolated

anoparticles receive only a small fraction of the electrons within a

ulse and contribute with a low signal to the spectrum. The lateral

electivity of EELS in the single-shot operation is therefore limited

ue to the large beam diameter. In spite of these limitations, quan-

itative ultrafast EELS studies can now be launched. 

. Conclusions and perspectives 

The first application of an EEL spectrometer in a single-shot,

anosecond time-resolved TEM shows that the energy width of the

anosecond electron pulses is a crucial parameter. Not only sets

he energy resolution the limits for EELS, it also has a considerable

nfluence on the image resolution due to the chromatic aberration

f the objective. The necessity of converging the beam onto the

pecimen due to the low number of electrons in one pulse imposes
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 considerable influence of the spherical aberration on the imag-

ng. Finally, shot noise in the weak electron pulses necessitates the

ollection of as many electrons as possible from a large angular

ange and requires the use of a moderate Wehnelt bias that pro-

uces pulses with large energy widths. 

Since EELS has already been carried out in stroboscopic UTEMs

ince some time [21,22] , a long-lasting question, namely whether

ELS can principally be carried out in single-shot TEM, can now be

nswered positively. Although the fine structure of the edges might

nly be resolvable in a few cases, the ionization edges in an energy

ange up to certainly more than 10 0 0 eV can be easily detected so

hat the dynamics of fast irreversible chemical reactions can now

e studied at high spatial and temporal resolution. 

An improvement of the spatial resolution necessitates an exten-

ive instrumental development. Due to the repulsion and scattering

f electrons near the cathode, the single shot approach is inher-

ntly signal-limited. High energy spreads due to the Boersch ef-

ect in the gun and the resulting chromatic aberration can only be

educed in the current instrument designs by using the Wehnelt

s a crude monochromator. This greatly reduces the signal and in-

reases noise in the image. The implementation of C c and C s cor-

ectors (after the objective lens) would allow the use of large en-

rgy widths and high illumination angles. This would allow us to

each the noise limit. As the above-mentioned estimation shows,

 resolution down to approximately 2–3 nm, hence a gain of one

rder of magnitude, could be achievable in the single-shot mode.

ince shot noise would still limit the resolution after correction of

berrations, a camera with higher detection efficiency such as a di-

ect detection CMOS camera would be another advantage. This has

lready been realized in a recent study on a dynamic TEM [13] .

n the level of the gun, an improved design of the Wehnelt elec-

rode could reduce space charge and allow pulses of lower energy

idth. If the gun cross-over can be shifted to higher electron ener-

ies within the acceleration regime, this would reduce the Boersch

ffect in the cross-over. The Wehnelt with its chromatic aberration

s used in the present configuration as a monochromator, allowing

s to reduce the energy width of the pulses. This could be im-

roved by using a dedicated monochromator in the gun with bet-

er control over the energy width. 
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