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Multimodal scanning transmission electron microscopy on vitrified frozen-hydrated
specimens promises exceptional spatial resolution into the molecular mechanisms
underlying the formation of organic crystals in both health and disease. Detection of
crystalline volumes is essential for tracking and mapping nucleation and growth. We
provide an analytical description of the low-dose detection limit in diffraction for a thin
crystal embedded in a thick matrix, focusing on organic crystals and embedding
matrices of low-Z elements such as vitrified ice. Numerical calculations refine our
description by accounting for the effects of multiple scattering. Often underestimated,
wide-angle tails associated with inelastic scattering play a crucial role for the detection
of crystalline reflections in a thick ice matrix, common for cryo-electron microscopy.
We show that guanine crystals as thin as a few nanometers can be detected with
a fluence of just a few thousand electrons if the ice thickness is below one mean free
path for inelastic scattering. The required fluence increases non-linearly with the
embedding ice thickness, with a pronounced top—bottom effect regarding the location
of the crystal in the sample. Energy-filtered recording significantly reduces the fluence
needed for thicker samples. The low-dose simulations implemented here validate the
analytical description while acknowledging its limitations due to abstraction from
multiple scattering and beam spreading.

Introduction

Biocrystallization and biomineralization, influenced by biological environments,
play crucial roles in life, from mechanical support,*™ to light manipulation,®” to
storage.®** These processes allow organisms to precisely control crystal forma-
tion, tailoring material properties to specific functional needs. By controlling
nucleation and growth, organisms direct the formation of distinct polymorphs,
morphologies, and spatial distributions, achieving remarkable structural
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precision.>*** Understanding the intricate molecular mechanisms and design
strategies utilized by biological systems can inspire innovative biomimetic and
bioenabled methods for producing functional materials under mild reaction
conditions that avoid extreme temperatures and pressures or harsh chemicals,
thus enhancing both safety and sustainability or biocompatibility. Part of this
complexity arises from how organisms manipulate their local environments and
compositions to create a diverse array of crystalline aggregates, both morpho-
logically and functionally, through variations in local chemistry and different
shaping techniques. The challenges posed by these processes under mild reaction
conditions necessitate a multidisciplinary approach, utilizing experimental tools
from biochemistry, molecular genetics, and molecular cell biology, alongside
advanced spectrometry and microscopy methods.

Transmission electron microscopy (TEM) under cryogenic conditions has
significantly enhanced our capacity to decipher biological matter within the
context of its native cellular environment.”® Scanning transmission electron
microscopy (STEM) offers distinct advantages over conventional wide-field TEM,
particularly in terms of dose efficiency and tolerance for thicker specimens.****
Spatial information in STEM originates from the optical focusing of the electron
probe. The diameter of the probe function and the scattering in the sample define
the interaction volume, which can range from an Angstrom to tens of nanome-
ters. STEM accommodates a wide range of post-specimen detectors, which allows
for the analysis of a significant fraction of scattered electrons.'® These capabilities
are fully leveraged in materials sciences,””* and analytical STEM equipped with
energy dispersive X-ray spectroscopy (EDS), recording element-characteristic X-
rays emitted from the sample upon electron irradiation, has provided valuable
insights into the elemental distribution within entire freeze-dried cells.*® In
recent years, STEM has demonstrated the ability to image highly electron-beam-
sensitive materials with segmented detectors.**

An exciting recent development is four-dimensional STEM (4D STEM). In 4D
STEM, in each position of the rastering electron probe, a full diffraction pattern is
recorded on a fast detection camera.”* The wealth of information in real space and
diffraction space can be utilized for either phase identification, orientation
determination, or chemical information. Novel 4D-STEM phase imaging tech-
niques, such as differential phase contrast, ptychography, parallax imaging or tilt-
corrected bright-field STEM, have recently shown their potential for low-dose
imaging of vitrified frozen-hydrated biological specimens.>*>*

The application of 4D STEM to crystallization offers unparalleled sensitivity for
detecting nanometric crystalline volumes and their respective phases, all while
maintaining spatial resolution. The minimum mass detection for crystalline
volumes is boosted compared to imaging techniques by the separation of
unscattered electrons from scattered. The increase of the signal-to-background
ratio is by the concentration of scattering in Bragg spots, common also to any
dark-field detection in TEM, but in 4D STEM it occurs without apertures or
segmented detection that would mean loss of dose efficiency.

Fig. 1 illustrates an instance where we utilized multimodal STEM character-
ization with 4D STEM acquisition to investigate the microenvironmental condi-
tions that facilitate guanine accumulation and crystallization within zebrafish
iridosomes.”® Iridophores are specialized pigment cells that house reflective
guanine crystals, which play a vital role in the vibrant and dynamic coloration
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Fig. 1 Multimodal STEM characterisation of intracellular electron-dense vesicles abun-
dant in zebrafish-larva iridophores.?® (a) Incident light images of a zebrafish larva con-
taining guanine crystals in its eyes and skin. Insets show higher magnifications of the eye
and the crystals within it. (b) 4D STEM nanobeam diffraction and EDS data of guanine
crystals and electron-dense intracellular organelles from isolated iridophores. Left: virtual
annular dark-field image showing for each pixel the sum intensities of electrons that were
scattered out of the electron incident beam direction. Right column: background-sub-
tracted elemental EDS maps. Bottom: diffraction patterns summed in the regions marked
in the virtual dark-field image, exemplifying a guanine crystal and an amorphous irido-
phore. (c) Cryo-EELS spectra of the nitrogen K-edge collected from a guanine crystal
showing the ratio between w* pre-peaks that depend on the microenvironment's
protonation potential.

observed in various organisms, including fish, reptiles, amphibians, cephalo-
pods, and certain spiders. The application of cryo-STEM techniques allows us to
correlate morphological features with crystallographic and analytical data, as they
integrate real-space information with site-specific diffraction for each point
traversed by the beam raster. Spatially resolved composition, mapped with EDS,
and bonding information obtained through electron energy loss spectroscopy
(EELS) further complement this correlative and site-specific analysis. In the case
of the iridophores, the accumulation of nitrogen in electron-dense organelles may
indicate an increase in guanine levels. Additionally, the observed change in the
intensity ratio of the * pre-peaks to the nitrogen K absorption in high-resolution
EELS (HREELS), obtained with a monochromated electron source of 50 meV
energy spread, could suggest gradual neutralization in the acidic microenviron-
ment of the vesicle during organelle maturation and crystal formation, as seen in
X-ray absorption near edge structure (XANES).>

It has been noted that 4D-STEM offers flexible control over electron fluence
and significantly enhances the signal-to-noise ratio (SNR). This capability allows
the collection of local diffraction information from beam-sensitive and weakly
scattering materials.”” However, a comprehensive examination of the limitations
imposed by a low dose in studies focused on diffraction information has yet to be
conducted.
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In this study, we investigate the dose limitations concerning the detection
limit of a diffracting volume embedded within a matrix. Specifically, we analyze
the model case of a thin guanine crystal in an aqueous medium preserved in
a cryo-EM sample. We first provide an estimate for the resolvable thickness of the
crystalline slab with a basic analytical approach. We then verify and detail these
considerations through more precise numerical calculations of the dynamical
diffraction, inelastic scattering, and electron-counting detection, ensuring an
appropriate understanding of the low-dose constraints.

Analytical formalism for the low-dose detection
limit for Bragg reflections

The dose-limited detectable size of a diffracting crystal embedded within an
isotropic scattering matrix, such as vitrified ice in a cryo-specimen, is determined
by the statistics of electron collection. We consider the case of a thin crystalline
platelet of thickness t within a matrix of thickness ¢. The SNR can be expressed as

N
hicl =k (1)

v/ Niki + Nyg -

assuming Poissonian counting statistics. Here, the signal counts are formed by the
fraction of quasi-elastically scattered electrons Ny contributing to a Bragg peak
(hkl) with a reciprocal lattice vector gyi; contrasting with the background. The
background counts Ny, are formed by electrons scattered in the matrix into the
solid-angle segment surrounding gz;. The inequality relationship indicates that the
SNR must exceed a certain threshold «, which typically ranges between 2 and 5.

Electron scattering has to be treated as dynamical diffraction in general.?® Due
to diffraction from the periodical arrangements of atoms in crystalline materials,
the intensity of the transmitted electron beam and any diffracted beam oscillates
with depth with a periodicity that is known as the extinction distance.”® We focus
on the case of thin organic crystals with a thickness below the extinction distance
for the reflection under consideration. We also assume a vanishing excitation
error, i.e., no deviation of the diffraction condition from the perfect Laue condi-
tion, to cover the case of a strong reflection. The excitation amplitude of the (hkl)
reflection is then given by

2 2

m
—F

Ny = NoDQEayy,t° with apy = —
)
Vie™ Imo

(2)

where N, is the number of incident electrons in the beam profile, 4 is the electron
wavelength, Fy, the structure amplitude for the crystal reflection (kkl), m and m,
are the relativistic electron mass and rest mass, V. is the unit cell volume of the
crystal, and ¢ is an exponent that is 1 for kinematical scattering and that takes the
value 2 for dynamical scattering when a Bragg condition is closely fulfilled. The
counting statistics are further affected by the detective quantum efficiency (DQE)
of the sensor, which limits the fraction of the incident electrons contributing to
utilized data.

The attenuation of the unscattered beam for a slab of crystalline material
located at a depth ¢, within a matrix necessitates a correction to the number of
incident electrons N,. Any diffracted beam propagating down from thickness ¢, to
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the exit plane of the sample at thickness ¢ can be considered as a primary beam
that will experience multiple scattering as well. Therefore, for thick samples, the
primary beam intensity will be subject to a cumulative attenuation represented by
an exponential factor according to a Lambert-Beer law,* so that

Nt = NoDQEait®  exp(—pat) 3)

where ., is the attenuation factor and ¢ the sample thickness. u,. is determined
primarily by the elastic scattering. For the case of a vitreous ice matrix, we
extracted u, from the log-linear plot of the transmitted intensity versus the
incident intensity from numerical multislice calculations presented below, which
integrates up to a scattering angle of approximately 50 mrad. According to these
numerical calculations, ua = 4.6 x 107> A7, resulting in a loss on the order of
10% of electrons for an aperture of 50 mrad semi-angle.

For the matrix, we assume isotropic scattering; the intensity of the diffraction
into diffuse scattering rings related to short-range order is obtained by averaging
over all possible orientations of the short-range order motif, essentially
accounting for all possible excitation errors. The integrated intensity adopts the
kinematical form, according to Blackman;** at small thicknesses and larger
scattering angle the scattered intensity is proportional the diffracting volume. For
an amorphous matrix, we neglect short-range order to first approximation to
derive a simplified expression since experimental data for ice scattering follows
the approximation of the independent atom model well.** Seifer** found that the
differential scattering cross-section for light elements with Z > 4 at larger scat-
tering angles follows a power law o« @% @ = Ag. For elastic scattering to higher
angles, the experimental value of R = —3.7 reproduces the tabulated NIST data
well. The fraction of scattered electrons at large scattering angles is dominated by
the elastic scattering, given by a simple proportionality:

- doy
Ng, =NoDQEB*AQ(r — 1) with g = nHZOd—QI (g) (4)

el 7

do . . . . . .
where d—Q(g)oc g7 is the differential cross section for elastic scattering at

a water molecule into the scattering angle Ag, AQ is the solid angle of the
detection element for integration, and 7y o = 0.031 A~? is the number density of
water molecules.

For light elements, inelastic scattering contributes substantially to the back-
ground counts. The inelastic collisions are localized and involve a loss of energy
and change in wavelength. The effect on the diffraction focus is negligible, but the
momentum transfer to larger angles involved results in a hazy background. A
Lorentzian distribution of the angular scattering 1/(©@* + ©g®) was predicted,
where O is half the ratio between the energy loss and collision energy.** As has
been recognized and shown in our previous results on quantitative scattering
cross-section analysis via 4D STEM and EELS, the inelastic scattering in insulators
occurs with an angular distribution much wider than the characteristic angle Oy
=~ 0.1 mrad. The angular width of the plasmon scattering reflects the dielectric
response of the matrix to the fast electron based on the momentum transfer to the
longitudinal polarization wave emerging from the incoming electron. It is the
large tail of the Lorentzian distribution associated with plasmon scattering that is
often underestimated.*
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Fig. 2 displays experimental data for the diffraction of vitrified ice with
a thickness of 0.65 times the mean free path (mfp) for inelastic scattering, energy-
filtered and non-filtered. Energy-filtered diffraction removes the background
caused by the long tail of the momentum transfer in inelastic collisions. The
effect is significant for an ice sample as the background at a typical lattice spacing
of 1 nm is reduced by a factor of 10. At 10 1/nm, the background ratio between
inelastic and elastic scattering versus elastic scattering is still about a factor of 2,
which means that even for moderate ice thicknesses of one mean free path for
inelastic scattering, the inelastic background affects the signal-to-noise ratio of all
relevant Bragg reflections to 1 A lattice resolution.

The inelastic scattering in ice at lower angles to a few mrad follows a single
Lorentzian angular dependency « ® > in ref. 31, hence
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Fig. 2 Experimental scattering amplitudes of vitreous ice at various thicknesses for 200
keV electrons. (a) High-angle annular dark-field image of the sample prepared on holey
carbon. The green area marks the region for a 4D STEM data recording in a hole of the
carbon film. (b) Average of the nanobeam electron diffraction frames in the selected
region. Left half: energy-filtered diffraction; right half: non-filtered, elastic and inelastic
signal. The circle indicates 1 A resolution at 25 mrad scattering angle. (c) Radial intensity
profiles. (d) Plot of the elastic and total scattering amplitude for two sample positions, each
position with two measurements at zero tilt and tilted to a 60 degree viewing angle to
double the transmission depth. The plot shows the scattered intensity normalized to the
number of incoming electrons at a scattering angle of 20 mrad. The mean free path for
inelastic scattering is approximately 160 nm, measured from the projected view of
channels drilled with the fine electron probe under normal incidence.
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de
crossing point from inelastic dominant to elastic dominant scattering in water is
around 10 mrad for 200 kV electrons.* With eqn (3), (4), and (5), eqn (1) can be
written as

(g) is the differential cross section for water for inelastic scattering. The

aNyDQEtée
: =K (6)
V/No(8 + 67) AQIDQE

Eqn (6) has a solution for 7; the asymptotic behavior for the case of a weak
matrix and a strong matrix leads to:

2 1/¢ ]
<0W\;<TQE) (8" +B™)(t — 1) < oyt negligible matrix case

1/e

K (5e1 + ﬁiu)A.Q[
v/ NoDQE

(8" + B™)(t — 1)>ayyt  strong matrix case
)

The asymptotic case of the strong matrix deviates from the square-root
dependence of the matrix thickness and number of incident electrons familiar
from the Rose criterion,* which usually provides the appropriate formalism for
the case of Gaussian counting statistics in the presence of a substantial back-
ground.®® It shall be noted that for a crystal far from a zone-axis orientation, the
solution will adopt the dependence in the Rose criterion, since the signal will
adopt a linear dependence on 7.

For the example of an isolated B-guanine crystal in the (100) viewing direction,
|Fria| is 7.6 A for hkl = (060), arggo is roughly 1 x 1077 A~ at 200 kv and about 5000
primary electrons are required for detecting a 3 nm thick crystal free-standing
over a vacuum with a signal-to-noise ratio of 2 on an ideal detector.

Experimental data for the scattering amplitude of the ice matrix was obtained
from plunge-frozen samples using energy-filtered 4D-STEM. The thickness of the
samples was independently measured using energy-loss spectra taken at the same
location and by estimating the length of the projection of a hole prepared with
a more intense electron probe at a tilted view. Elastic data was collected using an
energy-selecting slit with a width of 15 eV, symmetrically centered around the
zero-loss peak, which excluded both the bandgap transitions and plasmons
equally. The data was recorded in electron-counting mode using a DECTRIS ELA
detector within the linear response range. From Fig. 2, it is evident that there is
a strong low-angle inelastic contribution signal below 10 mrad. Multiple inelastic
scattering for the thickest sample leads to a deviation from linearity in the total
signal, while the elastic part remains linear with thickness. The data suggests that
energy-filtering provides a contrast gain over a significantly wide range of scat-
tering angles for samples with a background contribution from materials with low
atomic numbers. It is worth noting that the energy-filtered Bragg peak loses
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contributions from inelastically scattered electrons at small-angle forward scat-
tering. Therefore, the enhancement of the signal-to-noise ratio upon energy-
filtering may not be as high as the reduction of the background between Bragg
peaks may imply. Still, since the average Z number of an organic crystal is larger
than that of the ice matrix, the overall effect will lead to an increase in contrast.

From the data in Fig. 2, we can derive a typical value for the parameter g + g
for the background scattering. For the thinnest samples, the independently
measured thickness results in an inelastic mean free path of about 1600 A. With
a detection element of 3 x 10 sr, typical values for §°' + 8™ are around 1 per A sr
at 20 mrad.

Fig. 3 shows the estimate of t for the case of a thick matrix, where the
minimum detectable size increases to about 5 nm at comparable fluence of 5000
primary electrons for 100 nm thick vitreous ice. In the case of a 10 nm thick crystal
embedded in a 200 nm thick matrix of vitreous ice, the same approximate primary
number of 5000 electrons is required with a detector with an ideal DQE equal to 1.

The spatial resolution for imaging and orientation mapping depends on the
maximum exposure available before noticeable radiation damage occurs. If D,
represents the maximum electron fluence that the specimen can tolerate before
the diffraction data experiences unacceptable degradation, then a useful spatial
resolution element—defined as a pixel with side length s and area s>—for 4D
STEM mapping can be described as follows:

100 Fig 7b i
- ¢

50
. Fig 7aii
z ,
=

10

5
100 1000 10 105 106 107 108

Ny-DQE

Fig. 3 Estimate of the detectable thickness 7 of a guanine crystal in vitreous ice of
thickness t according to eqn (7), for a primary electron energy of 200 kV as a function of
the number of incident electrons Ny and the DQE. The structure factor of the (060)
reflection in guanine was used as the Bragg reflection for detection. The scattering
amplitude of vitreous ice was derived from the experimental data shown in Fig. 2d. Three
curves are plotted for t = 1000 A (blue), t = 2500 A (green), and t = 5000 A (dark green).
Ve = 579.2 A3 for B-guanine, |Foso| = 7.6 A, apiy =1 x 1077 A%, g8+ =1 A" sr ™%,y =
46 x 107> At k =3, and AQ = 3 x 1078 sr. Circular markers represent numerical data
presented later in the manuscript.
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§ = \/Nnin(t)/D: (8)

Here, Npin(7) is the minimum number of incident electrons times the DQE to
obtain a detection of the crystal of thickness t. With a conservative D. of 10 e~ per
A% and requiring approximately 10° e~ to identify Bragg peaks, a limit of s = 10 nm
is given for the spatial sampling with an electron beam non-overlapping between
neighboring raster positions.

Numerical calculation of dynamical diffraction

Following the initial estimation of typical parameter ranges, we now proceed to
a more refined numerical analysis based on a model that accurately represents
a known ground truth. For a precise evaluation, it is crucial to dynamically treat
the Bragg diffracted intensities, incorporating the effects of multiple scattering
and inelastic scattering. Additionally, in the case of a thick matrix, angular beam
spreading will cause the Bragg diffraction peak to broaden, whether due to the
dispersion of the primary beam or the diffracted beam. The latter phenomenon
will create an asymmetry in the detection threshold, depending on the crystal’s
position within the matrix. This effect was not considered in the initial analytical
framework.

There are two prominent techniques commonly utilized for the numerical
simulation of high-energy dynamical electron diffraction: the multislice method
and Bethe’s Bloch-wave method.** Both approaches involve solving the funda-
mental Schrédinger equation for high-energy electrons traversing through
matter. For this discussion, the multislice method?*® has been selected due to its

electron probe
function
| i real space momentum space
| wavefunction wavefunction
atomistic

multisclice
iteration

far field
B diffraction
Fig. 4 Numerical simulation. A multislice iteration is used to calculate the diffraction of
fast electrons in an atomic structure. The outcome is the complex-valued wave function at
any plane within the atomic structure. The power of the wavefunction at the exit plane in
real space and its Fourier spectrum, the diffraction pattern, are obtained. Here, the
atomistic model consists of a slab of a B-guanine crystal with a thickness 7 in the (100)
viewing direction along the propagation direction, embedded in ice completing a total
thickness t.
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suitability for multi-component and arbitrarily coordinated atomistic supercells.
In the multislice approach, the specimen is segmented into a series of thin slices
along the thickness direction. The transmission and propagation of the electron
beam are then calculated for each slice until reaching the specimen’s exit surface.

The simulation of electron propagation was performed with Dr Probe.*” Fig. 4
displays a schematic description of a multislice calculation to obtain simulated
diffraction data. Inputs for the multislice iteration included a supercell composed
of phase grating slices derived from a water model and crystalline guanine.
Optimized atomic coordinates for amorphous vitrified ice were obtained through
molecular dynamics simulations.*® The multislice calculations considered the
elastic scattering of electrons, applying the frozen lattice approximation for high-
angle scattering. Atomic scattering factors were computed using the parameter-
ization by Weickenmeier and Kohl.** Stochastic sets of random atomic
displacements of thermal atom vibrations were generated for the frozen-state
variants. Approximately 100 frozen lattice configurations were averaged for each
simulation of a diffraction pattern in the detection plane. The scattering distri-
bution was calculated for a diffraction-limited nanobeam electron probe with
a semi-convergence angle of 0.4 mrad at an electron energy of 200 keV. The lateral
field of view of 22 nm x 22 nm was sampled with a 1024 x 1024 pixel grid,
resulting in a Nyquist limit of 23.27 nm™" and a simulation cutoff set at 15.5
nm .

The effect of the inelastic scattering was included in the numerical simulation
using a Monte Carlo approach Inelastic scattering was incorporated using
a heuristic plasmon scattering model, akin to the approach described in ref. 40. A
random selection of electrons undergoes an inelastic scattering event according
to an average inelastic scattering cross-section related to the mean free path, with
a random scattering angle and energy losses following a probability distribution.
The inelastically scattered electrons follow a path of elastic propagation until the
next event or their exit from the lower sample surface. Therefore, the angular
distribution of scattered electrons is built up by elastic and inelastic scattering
during the multislice iteration.

For the numerical calculation of plasmon scattering in ice, we used a mean
energy loss of 22 eV and a mean free path of 160 nm according to previous EELS
measurements.*!

In Fig. 5, the multislice simulation results for elastic versus elastic and inelastic
diffraction are summarized. The case shows results for a 6 nm thick sample of B-
guanine at the top, center, or bottom of an ice matrix with a thickness of 100 nm,
250 nm, or 500 nm, probed by electrons with 200 keV energy. We chose B-guanine
in the (100) viewing direction for this example. In the experiment, a perfect zone-
axis alignment of the crystal is a singular case. For this reason, beam precession
was used to average over multiple excitation errors of the crystal’s reciprocal
lattice points to obtain a statistically more likely result. For precession, several
hundred beam tilt sampling points were cumulated to obtain a complete
diffraction data set.

Fig. 5 shows that for thicknesses ¢ below the mean free path A for inelastic
scattering, A = 160 nm, the differences in the signal-to-noise ratio of the
diffraction peaks are subtle, becoming substantial when the sample thickness
exceeds A. For a thickness of 500 nm, the signal-to-noise ratio in the Bragg peaks
drops below the detection threshold for the total scattering signal. Remarkably,
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Fig. 5 Multislice calculation of nanobeam diffraction patterns of a 6 nm thick slab of -
guanine in an ice matrix with various thicknesses t. The simulation shows three cases of
guanine at the top, i.e. at the entrance plane of the electron beam, the center and the
bottom of the sample. The left part of each pattern shows the elastic contribution, and the
right part shows the sum of elastic and inelastic contributions. The plots display the power
of the electron wavefunction ¥, which is equivalent to the probability of electron detec-
tion. All maps are normalized to unity incident electron wave power and clipped to the
same range from 0 to 3 x 107>,

the crystal will remain detectable in the elastic signal, a clear benefit of energy-
filtered 4D STEM or diffraction tomography for cryo-EM of organic materials.
The simulation data reveals the effect on the contrast in the guanine diffrac-
tion peaks when the crystal is located further down from the beam entrance
plane, related to the angular beam spreading, elastic and inelastic. This becomes
obvious when comparing the top row simulation data in Fig. 5 with the bottom
row for the sample thickness ¢ = 500 nm. The highest contrast is obtained when
the electron probe first interacts with the crystal before passing through the
matrix. In contrast, placing the crystal at the exit plane results in lower contrast
and detectability. Weak reflections become harder to detect. The resolution in the
diffraction mode is limited by the angular broadening of the electron beam
caused by multiple inelastic scattering inside the specimen. In the simulation, the
semi-convergence angle of the incident beam of 0.4 mrad broadens to 1.1 mrad at
the exit plane of a 500 nm thick slab of ice while developing extended Lorentzian
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tails. This angular broadening reduces the signal-to-noise ratio of the diffraction
peaks of specimens located at the bottom of a thick matrix layer and weaker
reflections become difficult to detect.

The results in Fig. 5 are representations of the power of the electron wave-
function that emerges from the exit plane of the sample, normalized to the power
of the wavefunction at the entrance plane. The latter is usually set to one, making
the power spectra in Fig. 5 equivalent to probability maps for detecting an elec-
tron. With a large number of incident electrons, experiments will replicate these
probability maps.

Low dose detection

We now focus on the scenario involving a finite number of incident electrons and
the constraints imposed by exposure. Low-dose detection limits were calculated
using an algorithm based on discrete binomial statistics, which we present here.
In this algorithm, we derive the probability of detecting an electron in a specific
position within the diffraction frame from the detection-plane wave function
Y(gngy)- Its power p = Yy* represents the probability measure p to detect an
electron in a detector array element (g,g) at any given time. We further establish
that in the frame time 6, the electron source emits on average (n(6)) electrons with
a corresponding statistical variance. At moderate extraction, the emission events
can be regarded as uncorrelated, and the number (n(9)) reaching the sample and
detection plane is the parameter in a Poisson distribution. Subsequently, a deci-
sion is made by identifying which elements of the detector array will register each
electron, for each electron up to (n(6)). The decision is made using the probability
measure p. Importantly, the pixel with the highest probability p is not necessarily
the one that will detect the electron; rather, it simply has the highest likelihood of

Random process 1:  z = Rand (PoissonPDF(y)), 7 = (n(6))

Random process 2: ~ for each item in z, example for 10 detector pixels

detector pixels, numbered 1-10
1 | — | —) e .|

detector pixels, weighted by their p, Z/}, =1

i=1

uniform random distribution

0 1

Fig. 6 Schematic for the calculation of low-dose images. Two random processes are
involved. In process 1, the number of electrons detected in a single exposure frame during
its exposure time is determined from a discrete Poisson distribution. A decision on which
pixel will detect is made in random process 2, for each of the number of electrons
determined in process 1. For computational reasons, a uniformly distributed random
variable is mapped to an array with segments whose lengths are scaled according to the
probability given by the power of the electron wavefunction at the exit plane of the sample
in reciprocal space.
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doing so. Computationally and to streamline the decision-making process,
a uniform random distribution is mapped onto a linearized array of the detector
pixel elements, with the length of each pixel element adjusted according to the
probability measure p. Fig. 6 provides a brief overview of the two random
processes involved in the calculation of low-dose images.

Fig. 7 presents the results for the model of B-guanine in ice. The panel
compiles data for two ice thicknesses of 100 nm and 250 nm, considering the
position of the guanine slab at either the top or the bottom of the sample, and the
dependence on the number of electrons per diffraction frame. For clarity, a (033)
reflection is marked. According to the single scattering approximation in eqn (6),
the signal-to-noise ratio (SNR) for a reflection is proportional to a factor
/Ny -DQE/+/t. The numbers for this factor in nm~ 2 are given in red next to each
figure. It is evident that this proportionality roughly holds for the thinner sample
with a thickness of 100 nm. However, beyond the mean free path for inelastic
scattering, we observe a deviation: the SNR for the (033) reflection of guanine at
the top appears poorer for the ¢t = 250 nm pattern with 2 x 10° incident electrons

#e
ol i i R 2 t=100nm

) . T=6nm
. 4 Ll TV N 2
. . - i
f=0.95
7.76 6x10°  14.1 2x10% | 223 5x104

% t=250nm
2 T=6nm
s top

f=0.89
20.0 1x105 | 28.2 2x105 | 447 5x105

| ] ] #e ) t = 250 nm

6
, T=6nm
bottom

., f=0.89
20.0 1x105 | 28.2 2x105 | 44.7 5x105

Fig. 7 Simulated low-dose electron nanobeam diffraction patterns for a model of -
guanine in an ice matrix. The figure displays two scenarios: guanine positioned at the top (a
and b) and at the bottom (c) of the sample. t is the ice thickness and 1 the thickness of the
guanine crystal in the (100) viewing direction along the beam path. f is the fraction of
electrons that remain at the exit plane of the sample, reflecting the ‘absorption’ related to
high-angle scattering beyond the collection cut-off. From left to right, the quantity of
incident electrons multiplied by the detector DQE increases (indicated by the black
numbers). The red numbers represent the square root of the number of electrons divided
by the square root of the thickness. A (033) reflection at a scattering angle of 9.85 mrad is
highlighted as a guide for reference. The simulation parameters for the calculation of the
electron wavefunction ¢ match the parameters listed in the caption for Fig. 5.
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than for the ¢ = 100 nm pattern with 5 x 10* electrons. A rough validation of the
SNR of the (033) reflection can be used to compare the simulation data with the
analytical estimate in Fig. 3. These data points appear as circles in Fig. 3. The shift
in the numerical data for Fig. 7b part ii and 7c part iii to higher fluence compared
to the analytical estimate based on the single scattering approximation visually
represents the deviation from the expected proportionality. This result suggests
that, for moderate sample thicknesses of cryo-EM samples or cryo-EM lamellae
obtained through focused ion beam milling with a thickness comparable to
a single mean free path for inelastic scattering, it is crucial to consider the effects
of multiple inelastic scattering and angular beam spreading.

Summary and conclusions

We developed an analytical description and procedures for numerically calcu-
lating the low-dose detection limits for thin crystals embedded in a thick matrix,
particularly relevant for cryo-electron microscopy (cryo-EM) experiments. When
samples exceed the mean free path for inelastic scattering, the detection limits
worsen beyond the single scattering approximation. This is due to the broad
angular spread of the inelastic scattering distribution and the beam broadening
effect, resulting in a significant top-bottom effect on the detection limit. For
samples that are 500 nm thick or more, energy-filtered detection is necessary to
identify organic crystals smaller than 10 nm in thickness. As a general guideline,
a fluence of a few thousand electrons should be recorded to clearly identify the
Bragg peaks of organic crystals within a diffraction frame when the sample matrix
is thinner than the mean free path for inelastic scattering. For thicker samples,
the required fluence to detect the same peaks can increase by orders of
magnitude.

For detection purposes, this indicates a limitation on the speed required for
detector technology as well as on the achievable spatial resolution. The detection
limits apply to any related technique that relies on diffraction contrast. In 4D
STEM, this encompasses the contrasts observed in virtual diffraction contrast
images, the identification of zone axis patterns, orientation mapping, and, by
extension, diffraction tomography for phase identification. It is important to note
that this discussion focuses on incoherent diffractive detection or imaging;
coherent imaging will need to be addressed separately. For practical applications,
the relevant factors for estimating the detection limits can be conveniently
derived from multislice simulations as shown in this study. The formalism is
applicable not only to organic crystals and their aqueous embedding for 4D STEM
methods, but is also beneficial for the theoretical treatment of electron diffraction
tomography and for various research fields, including pharmaceutical and poly-
mer sciences.

Methods

Scanning transmission electron microscopy (STEM) images and 4D-STEM data
were acquired in a double aberration-corrected Themis-Z microscope (Thermo
Fisher Scientific Electron Microscopy Solutions, Hillsboro, USA (TFS)) at an
accelerating voltage of 200 kv. STEM images were recorded with a Fischione
Model 3000 detector. EDS data was acquired on a Super-X solid-state detector.
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Cryo-samples were loaded into a Gatan 914 cryo-transfer holder. Zero-loss filtered
4D-STEM datasets were obtained with a CEOS CEFID (CEOS GmbH, Heidelberg,
Germany) energy filter equipped with a DECTRIS ELA (DECTRIS AG, Baden,
Switzerland) hybrid-pixel array detector. An electron probe with a convergence
angle of 0.2 mrad and a real space probe diameter of several 10 nm was rastered
across the sample for nanobeam diffraction experiments. The magnification was
chosen to avoid beam overlap for neighboring sampling points. A primary beam
current between 1 and 4 pA, a typical frame size of approximately 3 x 3 um?> and
a frame time of 10 ms per raster position resulted in a total fluence of less than 2.0
e~ per A% The 4D-STEM datasets were analyzed with the CEOS PantaRhei Soft-
ware and custom-written software.

For the multislice calculation of the diffraction data we used Dr Probe.?” Phase
gratings with a size of 22 nm x 22 nm with 1024 x 1024 samples were generated
from atomistic supercell data for guanine and water. The water supercell was
optimised by molecular dynamics (MD) refinement according to ref. 38. The
Nyquist limit for the calculations was 23.27 nm ™', with a simulation cut-off of
15.5 nm™ . An electron energy of 200 kV and a probe-semi-convergence angle of
0.4 mrad were assumed for the electron probe. The probe was diffraction-limited
with zero lens aberrations. Frozen lattice simulations were carried out with 100
configurations, with a precession tilt up to 0.3 mrad in 9 tilt settings. The inelastic
plasmon scattering parameters were a maximum of two inelastic events per
incoming electron, i.e., per frozen lattice configuration. A mean free path for
inelastic scattering of 160 nm with a characteristic inelastic scattering angle of 0.1
mrad and a critical angle of 2 mrad were used.

Data availability

The supercell data for the multislice calculations for water and guanine has been
deposited at http://zenodo.org, DOI: https://doi.org/10.5281/zenodo.14749851.
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