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Abstract
Many pivotal aspects of material science, biomechanics, and chemistry would benefit from
nanometer imaging with ultrafast time resolution. Here we demonstrate the feasibility of short-
pulse electron imaging with 10 nanometer/10 picosecond spatio-temporal resolution, sufficient to
characterize phenomena that propagate at the speed of sound in materials (1-10 kilometer/second)
without smearing. We outline resolution-degrading effects that occur at high current density
followed by strategies to mitigate these effects. Finally, we present a model electron imaging

system that achieves 10 nanometer/10 picosecond spatio-temporal resolution.



Due to the speed limitations of electronics, typically ultrafast time domain experiments (including
imaging) require “flash” illumination of the sample in analogy with time-resolved pump-probe
optical spectroscopy. The time resolution for this technique is determined by the duration of the
pump and probe pulses — the pulse duration must be shorter than the time scale of dynamics of
interest. The analogous experiment with electron imaging (or diffraction) involves initiation of
sample dynamics followed by sample illumination with an electron probe pulse. Scattered electrons
from the probe pulse may be projected via electron optics onto a 2D detector to obtain a magnified
image (or diffraction pattern) of the sample, as shown in Fig. 1. For single shot imaging, the image

must be obtained with a single electron probe pulse after a single pump pulse.

Pump-probe x-ray and electron diffraction techniques have recently been employed in the
investigation of phenomena ranging from biomolecule structural dynamics to ultrafast melting [1-
9]. Diffraction experiments have a great advantage over spectroscopy, as diffraction directly probes
atomic positions. Typically, diffraction experiments can achieve atomic (Angstrom scale) spatial
resolution even with ultrafast time resolution, while static imaging with electrons can achieve sub-
Angstrom resolution.[10,11] Although such results provide invaluable insight into ultrafast
processes on atomic length scales, diffraction is significantly limited in field of view, requires a
sample with a periodic character, and is inherently an ensemble measurement [6, 12]. Yet, material
dynamics often occur in contexts which are inherently non-periodic with a larger field of view [13].
Diffractive imaging techniques are being developed to address these issues [6,14-16], but direct
imaging is ideally suited to characterize such systems and electron imaging has played a pivotal

role in the discovery of phenomena that are difficult to observe with diffraction [17,18]. Also, the



dynamics of phenomena at the 10 nanometer scale are often unique and non-reversible. At ultrafast
time scales, such data may only be obtained with a single shot probe. Here we define ultrafast as
sufficient time resolution to characterize effects that propagate at the speed of sound in the sample

without smearing at the achievable spatial resolution.

The primary problem with obtaining high temporal and spatial resolution with electrons in this
scheme involves the degradation of resolution through Coulomb interactions within the probe pulse.
Although ultrafast stroboscopic imaging avoids space charge issues [19], in general imaging is
most useful for the observation of stochastic, irreversible processes which are difficult to
consistently prepare. Yet, ultrafast stroboscopic imaging requires a sample which can rapidly,
identically refresh for up to 10’ experiments to built up an image. Here we outline the relevant
issues for single shot ultrafast imaging and present a model electron optical system which obtains

high spatial resolution ultrafast images.

To obtain a high quality image, a minimum scattered particle fluence (i.e. detected particles
scattered per unit sample area) is required to achieve a given spatial resolution via shot noise
statistics. A rough constraint for distinguishing features in an image is given by requiring the shot
noise in a single pixel to be less than the contrast in the image by a quality factor — the Rose

criterion [20],

Shot noise < contrast
~ # of gray scale levels (D

Typically, the number of gray scale levels (the contrast divided by the noise) must be around 3-5

for minimum acceptable image quality. Shot noise is given by

Shot noise = \/LN ()



where N = the number of detected particles per pixel. So, for 10° detected particles scattered from a
sample with 50% contrast in a shot noise limited imaging system, the noise would have to be below
10% by eq. 1 (assuming 5 gray scale levels). By eq. 2, this requires a pixel size that is sufficiently
large to detect an average of 100 particles per pixel, giving 10* pixels for 10° total detected
electrons across the field of view — a 100x100 image. In the case of a 1 um’ illuminated sample
region, this implies a shot noise limited resolution of 10 nm. For imaging systems which use direct
current to illuminate the sample, the peak current can be arbitrarily small (i.e. low current with long
integration time), effectively eliminating Coulomb interactions between electrons. For ultrafast
imaging, the added requirement to obtain high temporal resolution in a single shot constrains the
peak current to be much higher. In particular, an electron pulse of 10 ps duration containing 10°
electrons has a peak current of approximately 20 mA, many orders of magnitude larger than the
current found in standard transmission electron microscopy (~ nA). In this regime Coulomb effects

are significant and must be considered in the electron optical design of the imaging system.

The effects of Coulomb interactions in an electron pulse can be broadly divided into two
categories: large scale, or "global" space charge (GSC) effects, and stochastic scattering between
individual electrons. GSC effects are relatively straightforward: on large scales a uniform
distribution of charge remains uniform as it propagates [21, 22]. From an electron optical
perspective, uniform global space charge behaves precisely as a negative lens and the effects of
global space charge can be corrected to first order by electron optics. In a real imaging system, the
electron pulse will not be uniform, and global space charge may result in higher order aberrated
distortions of the electron pulse, potentially requiring the use of aberration corrected electron lenses

[23]. Global space charge will not significantly degrade the resolution with proper design of the



imaging system, but random smaller scale electron interactions still limit the achievable resolution

at high current density.

Stochastic scattering fundamentally limits the achievable resolution through random electron-
electron scattering, which results in irreversible loss (blurring) of image information as the pulse
propagates [24, 25]. Essentially, image information encoded in electron trajectories (after being
scattered from the sample) is lost via thermal equilibration. This effect has a significant impact on
high current charged particle optical systems and has been modeled within this context. [24-30]
Typically, the degree of resolution degradation is characterized by a blur profile — a histogram of
the deviation (in the image plane) between image forming electrons which are ray traced through
the optical system and electrons whose trajectories are perturbed by Coulomb interactions. This
procedure gives a blur profile, which is similar to the point spread function used as a transfer
function in traditional optics and may be used to estimate the optimum resolution of the imaging
system. Since blur cannot be completely eliminated, it must be mitigated by reducing the current

density through instrument design.

We explored two strategies to reduce the effects of stochastic blur: the use of relativistic pulses and
annular dark field imaging. For picosecond duration pulses of sufficient charge to image in a single
shot, the use of relativistic electron energy is necessary to mitigate stochastic blur and maintain an
ultrashort pulse duration over relatively long propagation lengths [31]. Although blur is
significantly reduced at high electron energy, our simulations indicate that even for short
propagation lengths (~1 cm) at 5 MeV electron energy, 10° electrons in 10 ps gives roughly ~10 nm

of blur. An actual imaging system would involve much longer propagation lengths (resulting in



higher blur), so this strategy alone is insufficient to achieve 10 nm/10 ps spatial-temporal resolution.
In principle, arbitrarily high energy pulses could be used to reduce blur indefinitely, but this is

practically limited by the strength of electron lenses.

To achieve high resolution, it is also necessary to reduce the average current density. One way to
accomplish this is annular dark field imaging (ADF). In ADF, the image is formed by scattered
electrons, as shown in Fig. 1. Light regions in the image correspond to regions of strong scattering
in the sample [32]. ADF is advantageous because it removes electrons that would only contribute to
a bright background without carrying image information about the sample. Also, by only accepting
electrons that are scattered to large angles, the average current density in the optical system can be
significantly reduced. Finally, since only scattered electrons form the image in ADF, the total

image contrast is 100%, which decreases the minimum required fluence from the Rose criterion.

To demonstrate the feasibility of high spatio-temporal electron imaging, we modeled an imaging
system with a 5 MeV illumination electron pulse focused to a 1 micron diameter spot on a copper
sample with sufficiently small divergence for unscattered electrons to be blocked after the sample,
allowing scattered electrons to continue through the imaging system (as shown in Fig. 1). We used
electron differential scattering cross sections calculated by the ELSEPA computer program [33]
assuming a Fermi-Thomas model of the nucleus for a solid copper sample. The simulated electron
optical system consists of thin lenses with focal lengths of 1.0 cm (objective), 0.74 cm (1%
intermediate), and 1.6 cm (2™ intermediate), with magnifications of 6.3x, 47x, and 18x,
respectively, for a total magnification of ~5300x. The dynamics of the electron pulse were solved

by computation of Coulomb forces without approximation and propagation of point particles via a



symplectic leap frog algorithm, typically performed on between 10-40 nodes of a Unix cluster at
LLNL for 2 x 10* electrons at a density consistent with 10° electrons in a 10 ps duration pulse.
There was not a strong dependence on the number of electrons at the same density for > 2 x 10°
electrons, indicating that edge effects are negligible in this model. The stochastic blur was
calculated for three stages of magnification since blur did not increase significantly thereafter,
where the current density is smaller and blur is less significant on the scale of the magnified image.
The blur profile of this imaging system with a Gaussian profile fit is shown in Fig. 2. As illustrated
in the figure, these simulations indicate it is possible to obtain less than 10 nm of stochastic blur
with a 10 ps duration pulse, assuming 10° electrons scattered to greater than 5 mrad half angle.
Assuming single electron sensitive detection and 10° image forming electrons, the illumination
pulse need not have more than a few pC of charge to obtain 10 nm spatial resolution with a pulse
that is short enough to obtain 10 ps time resolution. A more intuitive illustration of the spatial
resolution is shown in Fig. 3, which shows a CdTe tetrapod, CdTe nanoparticle and gold
nanoparticle imaged using high angle ADF imaging [32] (figure 3a) and a simulation of this image
assuming the blur and noise limitations of the model (figure 3b). The object image was used as
presented in ref. 32. Figure 3b was constructed by assuming a random, spatially uniform
distribution of electrons are scattered in proportion to the image intensity of figure 3a, with a
scattered, detected fluence sufficient to satisfy the Rose criterion (10° e/um?) where the intensity of
figure 3a is 100%. To generate figure 3b, these “scattered” electrons are then binned into 5x5 nm’
pixels (on the scale of figure 3a) after randomly smearing their positions using the distribution of
figure 2 to account for stochastic scattering. Fine structure at the 10 nm scale (such as the boundary
of the gold nanoparticle) is captured in this image, demonstrating the possibility of high resolution

imaging using an ultrashort pulse of electrons. Without relativistic electrons and ADF imaging with



10° scattered electrons, stochastic scattering would randomly distribute these image electrons over
a region that is larger than the field of view, completely washing out image information on the scale

of fig. 3a.

Given the feasibility of this method in principle, two technologies require further development to
realize such an instrument in practice: high beam quality short-pulse electron guns and powerful
magnetic lenses systems capable of operating in the several-MeV range. To obtain a sufficiently
small illumination area and beam divergence, the transverse geometric beam emittance must be on
the order of some nm. Furthermore, standard transmission electron microscopy is limited by
chromatic aberration, which constrains the variation in electron energy to less than 10° for
Angstrom scale resolution. Although typical radio frequency (RF) accelerators can achieve
transverse normalized emittance around 1 pm with 0.1-1.0% energy variation, more work is
required to achieve the generation of high quality ultrashort electron beams [21, 34, 35].
Furthermore, we have found that stochastic blur is mitigated by reducing the distance to achieve
high magnification, which implies very strong lenses with focal lengths of order 1 cm or less for 5
MeV electrons. Such short focal lengths at MeV energy will require powerful, possibly

superconducting lenses [36, 37].

In conclusion, the optimum resolution in electron imaging is constrained at low current density by
signal to noise requirements and at high density by stochastic scattering of electrons. Simulations of
stochastic scattering in a model electron imaging system indicate that it is possible to obtain 10 nm
spatial and 10 ps temporal resolution by imaging with 5 MeV electrons and the use of annular dark

field imaging. Such an imaging system would require improvements in the beam quality available



from short-pulse MeV electron sources and the development of high power electron lenses, and

would open a horizon in the study of ultrafast material dynamics.
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Figure captions

Figure 1: Schematic of annular dark field (ADF) imaging. Scattered “dark field” electrons are collected to form
the image. An image may be formed with “bright field” electrons, but this image includes unscattered

background electrons which increase the current density without carrying image information.

Figure 2: Blur profile for the modeled optical system with 20k electrons at the equivalent density of 10° electrons

in 10 ps, fit to a Gaussian profile. The FWHM is 6.6 nm, which is within the resolution limit given by shot noise.

Figure 3: (a) ADF image of a CdTe nanoparticle, tetrapod, and gold nanoparticle [32] and (b) a simulation of
the same image assuming a scattered, detected fluence sufficient to satisfy the Rose criterion, and spatial
smearing corresponding to the distribution shown in Figure 2. The image would be washed out on the scale of fig.

3(a) without ADF and relativistic electrons.
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Figure 1: Schematic of annular dark field (ADF) imaging.
Scattered “dark field” electrons are collected to form the
image. An image may be formed with “bright field” electrons,
but this image includes unscattered background electrons
which increase the current density without carrying image
information.
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Figure 2: Blur profile for the modeled optical system with 20k electrons at the equivalent
density of 10° electrons in 10 ps, fit to a Gaussian profile. The FWHM is 6.6 nm, which is
within the resolution limit given by shot noise.
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Figure 3: (a) ADF image of a CdTe nanoparticle, tetrapod, and
gold nanoparticle [32] and (b) a simulation of the same image
assuming a scattered, detected fluence sufficient to satisfy the
Rose criterion, and spatial smearing corresponding to the
distribution shown in Figure 2. The image would be washed out
on the scale of fig. 3(a) without ADF and relativistic electrons.
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