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A B S T R A C T

In scanning transmission electron microscopy (STEM), spatial resolution is primarily influenced by the projected 
size of the electron probe within the specimen. In thin samples, a large semi-convergence angle enables a tightly 
focused beam and sub-nanometer resolution. However, in thick specimens, resolution is fundamentally limited 
by transverse beam broadening from multiple large-angle scattering events—for example, a probe with 10 mrad 
angular divergence can broaden by ~100 nm over a 10 μm path. Since this broadening scales inversely with 
beam energy, MeV-STEM offers a promising route for high-resolution imaging in thick materials. To quantita
tively assess this effect, we performed high-precision measurements at UCLA’s PEGASUS beamline, character
izing beam divergence and intensity profiles for 3–8 MeV electrons transmitted through a wedged-silicon sample 
of varying thickness. Our results reconcile discrepancies among analytical models and validate Monte Carlo 
simulations. We find that increasing beam energy from 3.0 to 5.8 MeV reduces angular broadening by a factor of 
2.6, with diminishing returns observed at 7.6 MeV. These findings provide a quantitative framework for opti
mizing MeV-STEM parameters in high-resolution imaging of thick biological and microelectronic specimens, and 
for guiding beam energy selection in other advanced imaging modes beyond STEM.

1. Introduction

High-resolution imaging of thick biological specimens in their native 
states, such as the densely packed networks of DNA, RNA, and proteins 
within the cell nucleus, remains a fundamental challenge in electron 
microscopy due to strong multiple scattering and the limited penetration 
of conventional low-energy electron beams [1]. Mega-Electron-Volt 
Scanning Transmission Electron Microscope (MeV-STEM) has recently 
emerged as a promising solution, enabling imaging of specimens several 
micrometers thick [2]. By utilizing high-energy electrons (≥3 MeV), 
MeV-STEM offers increased penetration depth, enhanced amplitude 
contrast, reduced radiolysis damage in biological specimens, and mini
mal sample preparation artifacts [3–6], although knock-on displacement 
and sputtering may arise in crystalline or inorganic systems. These ca
pabilities enable nondestructive, high-throughput imaging across a 
broad range of materials, with biological tissues and microelectronic 
devices being particularly relevant examples. Recent advances in 
photocathode design and superconducting RF acceleration technologies 

have been key to realizing this progress [2,7–13].
Despite these advantages, spatial resolution in thick samples remains 

constrained by transverse beam broadening due to multiple large-angle 
scattering events [2,7,8,14]. This broadening increases with sample 
thickness and decreases with beam energy, creating a performance 
tradeoff that limits achievable resolution. A quantitative understanding 
of energy-dependent angular scattering is thus essential for optimizing 
MeV-STEM imaging in thick, scattering-dominated media.

In this work, we present a combined experimental and computa
tional investigation of angular broadening across the 3–8 MeV energy 
range. Using quantitative measurements at the PEGASUS beamline 
(UCLA), we characterize beam divergence through silicon up to 20 μm 
thick. Experiments with wedged silicon samples validate analytical and 
numerical models. We find that angular broadening decreases signifi
cantly with increasing beam energy (from 3.0 to 5.8 MeV), while further 
increases within the range we tested yield diminishing returns. These 
findings establish a quantitative basis for optimizing MeV-STEM and 
guide energy selection across imaging modes beyond STEM for high- 
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resolution imaging of thick materials, including but not limited to bio
logical and microelectronic specimens.

2. Results

To quantitatively characterize MeV-electron interactions with solid 
samples, we developed a systematic framework integrating sample 
preparation, accelerator tuning, beam diagnostics, and data analysis. 
The procedure comprises five key stages: (1) sample fabrication, (2) 
accelerator configuration, (3) beam divergence measurement, (4) data 
processing and interpretation, and (5) standardization of procedures for 
quantifying beam–sample interactions. This reproducible methodology 
addresses a critical gap in the empirical validation of analytical scat
tering models and Monte Carlo (MC) simulations. Analytical models 
provide compact scaling laws based on approximate scattering cross- 
sections, enabling rapid estimates across energies and materials. In 
contrast, MC simulations stochastically sample individual scattering 
events from evaluated cross-sections, capturing full angular distribu
tions with higher fidelity. Together, these complementary approaches 
provide a robust foundation for benchmarking scattering models and 
optimizing nondestructive MeV-STEM imaging of thick biological and 
functional materials.

2.1. Sample fabrication and characterization

To enable controlled investigation of MeV-electron scattering, we 
fabricated a wedge-shaped silicon sample with a precisely defined 
thickness gradient [18]. A 30 mm × 15 mm × 20 μm silicon wafer, 
representative of microelectronic and advanced material systems, 
served as the substrate. The wedge geometry, ranging continuously from 
0.2 μm to 20.0 μm, was formed using the Ion Beam Figuring (IBF) 
method [18–20], yielding a reproducible, linear thickness gradient (see 
Supplementary Information for additional sample fabrication details).

Thickness mapping by interferometry [21,22] revealed a uniform 
gradient of 2 μm/mm across the 7.5 mm horizontal scan range used in 
measurements (Fig. 1). This well-defined geometry provided a 
high-fidelity reference for systematic scattering studies at the PEGASUS 
beamline, enabling rigorous validation of models and optimization of 
MeV-STEM imaging for thick specimens.

2.2. Accelerator configuration

Experiments were performed at the Pegasus electron accelerator fa
cility at UCLA [15–17], which provides a tunable beam energy from 3 
MeV to 8 MeV, well-suited for studying energy-dependent angular 
broadening in MeV electron–matter interactions. A detector configura
tion, guided by prior simulations [18], was implemented to measure 
beam intensity and divergence with high spatial and angular resolution.

To accurately resolve the angular spread, 20 μm-thick YAG scintil
lators with high spatial resolution [23] were strategically positioned at 
multiple downstream locations (Table 1). Detector locations were opti
mized to ensure the full beam profile remained within the active area of 
each screen, minimizing clipping and measurement artifacts. At the 
lowest beam energy (3 MeV), where divergence is greatest, Screen 1a 
was repositioned upstream to preserve angular resolution and prevent 
beam overspill. This experimental configuration enabled accurate, 
angle-resolved measurements of beam divergence as a function of en
ergy and sample thickness, supplying essential benchmarks for testing 
scattering models. A schematic of the PEGASUS beamline is shown in 
Fig. 2.

2.3. Theoretical and analytical framework

This study aims to validate both analytical [8,24,25] and Monte 
Carlo simulation models [18,26] by comparing their predictions with 
experimental data obtained from the PEGASUS beamline. Although 
PEGASUS does not provide energy-resolved detection, inelastic scat
tering can be reasonably neglected when modeling angular broadening 
of MeV electrons in light to medium-Z̃ materials, as its contribution to 
angular deflection is negligible compared to elastic scattering. This 
assumption is further supported by the use of a silicon sample, where the 
characteristic angle from elastic interactions is approximately 200 times 
larger than that from inelastic processes (see Table 2), effectively 
isolating the elastic contribution.

To quantify elastic scattering, we employ two established analytical 
models for the differential cross-section: (1) the Wentzel formalism 
(based on the screened Rutherford potential under the first-Born 
approximation) [8]; and (2) the classical Rutherford-Mott model [24], 
which incorporates relativistic corrections via the Mott factor. These 
formalisms yield energy-dependent characteristic scattering angles, 
defined as the polar angles encompassing 50 % of elastically scattered 
electrons. The Wentzel model provides more accurate predictions for 
screened interactions in the MeV regime, while the Rutherford-Mott 
model serves as a classical reference baseline. The predicted elastic 
scattering angles from both models, along with the inelastic angle 
derived from the Bethe formalism, are summarized in Table 2.

To connect these models with experimental observables, we define 
the increase in angular divergence relative to the thinnest region as 

f(Δt) = Θ(t) − Θ(tmin), (1) 

where Θ(t) denotes the angular divergence (equivalent to σθ(t)), f cor
responds to the increment Δσθ, Δt = t − tmin, and tmin ≈ 0.2 μm.

For a screen at distance Z from the sample, the beam size is 

σx(t) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σx(tmin)
2
+ (f(Δt)⋅Z)2

√

, (2a) 

which can be rearranged as 

Fig. 1. Thickness profile of the wedge-shaped silicon sample: simulated 
gradient from the IBF process (red line) and interferometric measurements 
(blue circles). The fitted slope (black line) confirms a uniform 2 µm/ 
mm gradient.

Table 1 
Scintillator screen configurations for beam divergence measurements. Screens 1, 
1a, and 1b were positioned downstream of the silicon sample at distances Z 
(sample exit to detector surface). Calibration values are in μm/pixel. Collection 
angle indicates the maximum detectable beam divergence relative to the optical 
axis. 20 μm-thick YAG screen offers ~2 μm spatial resolution [23]. Screens 1 was 
used at 5.8 and 7.6 MeV; screens 1a and 1b at 3.0 MeV.

Screen Z 
(mm)

Calibration 
(μm/pixel)

Collection 
angle 
(mrad)

Type Used by

1 210 10 6 YAG E = 5.8, 
7.6 MeV

1a 90 11.11 14 YAG E = 3.0 
MeV

1b 194 10 > 14 fluorescence E = 3.0 
MeV
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σx(t)2
− σx(tmin)

2
≈ f(Δt)2⋅Z2 = p1⋅Δt2 + p2⋅Δt + p3, (2b) 

where p1, p2, and p3 are the second-, first- and zeroth-order polynomial 
coefficients, respectively, as shown in the Fig. 4a caption; by construc
tion, p3 = 0 at t = tmin. Although these coefficients are not themselves of 
physical interest, the quadratic form provides a convenient way to 
extract the angular broadening rate: 

dΘ
dt

(t) =
df(Δt)

dΔt
=

d
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σx(t)2
− σx(tmin)

2
√

Z dt
=

1
Z

p1Δt + p2/2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
p1Δt2 + p2Δt

√ (3) 

To quantify multiple elastic scattering, we apply the Highland for
mula [25] for the RMS scattering angle of an electron with momentum p 
and normalized velocity β = v

c after traversing thickness t: 

Θ(t) ≈
13.6 MeV

β⋅p⋅c
⋅

̅̅̅̅̅̅
t

X0

√

⋅
[

1+0.038⋅ln
(

t
X0

)]

, (4) 

with the radiation length X0=9.36 cm for silicon [26]. The constant 13.6 
MeV arises from a fit to Molière’s multiple scattering theory and is 
documented by the Particle Data Group [27].

Differentiating Eq. (4) with respect to t and neglecting higher order 
terms in t/X0yields the angular broadening rate per unit thickness: 

dΘ
/

dt ≈
13.6 MeV

β⋅p⋅c
⋅
1.076 + 0.038⋅ln(t/X0)

2
̅̅̅̅̅̅̅̅̅̅̅̅
(t⋅X0)

√ . (5) 

For comparison with the experiment, analytical predictions are based on 
these scaling laws (Eqs. (4) and 5), whereas MC simulations provide 
higher-fidelity angular distributions by stochastically sampling indi
vidual scattering events. A general discussion of the advantages of each 
approach is provided in Section 2.

2.4. Experimental measurements

Building on the theoretical framework described in Section 2.3, we 
performed systematic measurements of beam divergence at electron 
energies (kinetic) of 3.0, 5.8, and 7.6 MeV using precision-fabricated 
silicon wedge samples. A low-divergence beam (~3 mrad semi- 
convergence) was produced by focusing downstream of the sample, 

minimizing initial angular spread and improving measurement accu
racy. Although the broadening is largely unaffected by variations in 
incident angle within the experimental range (Section 2.6.1), this 
configuration ensured consistent and reliable data. The root mean 
square (RMS) beam size was much smaller than the active area of both 
Screen 1 and Screen 1a, with the entire beam profile confined within the 
YAG scintillator. On-sample beam size remained below 1 mm, allowing 
accurate positioning within the 5 mm uniformly thick sample region.

The experimental procedure began with horizontal motorized scan
ning to concurrently minimize the beam size and maximize its intensity 
on Screen 1 or 1a, followed by vertical alignment based on the same 
criteria. Once optimized, the vertical position was fixed for the 
remainder of the experiment. Scanning proceeded from the thick end of 
the wedge toward the thinnest point (tmin ≈ 0.2 μm), defined by inter
ferometric mapping and set as the origin (X = 0), and then into the 
positive gradient direction. As expected, the beam size reached a mini
mum at tmin and increased with s thickness thereafter (Fig. 3a).

Beam conditions were carefully stabilized throughout the scans: the 
energy spread was minimized (σE

E ≤ 10− 3) by tuning of the drive laser 
intensity and the RF phases of the accelerating cavities; the beam charge 
was maintained near 1 pC to ensure sufficient image intensity; and 
trajectory steering ensured beam passage through the centers of all 
measurement screens. The horizontal scan range was chosen to maintain 
the integrated beam intensity above 90 % of peak (Fig. 3b). Each scan 
consisted of 150 steps over a 7.5 mm range with a 50 μm step size; motor 
repeatability was within 1 μm. At each step, ten images were recorded 
for statistical averaging. A full scan took approximately 25 min, during 
which no measurable drift in beam parameters was observed. Mea
surements were performed using 20 μm-thick YAG:Ce scintillators, and 
images showing partial beam clipping were excluded from analysis.

Fig. 3 summarizes the raw measurements. The motor position X =
0 was defined by interferometric mapping prior to measurement and 
corresponds to the scan position of minimum beam size. Negative po
sitions appear because the IBF-processed region extended beyond the [0, 
15] mm mapping span; however, this side was not intentionally fabri
cated and is less well controlled, which explains the small asymmetries 
visible in Fig. 3b For this reason, quantitative analysis is restricted to the 
positive side. The horizontal coordinate Δt denotes the thickness 
increment relative to the thinnest point, and dual horizontal axes (motor 
position and thickness) are provided for clarity.

Fig. 3a shows the horizontal beam size σx for each energy, with the 
top axis denoting thickness and the bottom axis motor position. Distinct 
markers denote the different energies: red stars for 3.0 MeV at Screen 1a, 
magenta squares for 5.8 MeV at Screen 1, and blue circles for 7.6 MeV at 
Screen 1. Solid lines indicate the averaged trends, while the spread in σx 
reflects statistical uncertainty from ten repeated measurements per 
point. Beam sizes measured at Screen 1b were scaled by the geometric 
factor Zs1a/Zs1b, where Zs1a and Zs1b denote the distances from the 
sample exit to Screen 1a and 1b, respectively, as listed in Table 1 and 
projected onto the Screen 1a plane; since the results agreed well and 
added no further insight, they are omitted from Fig. 3a for clarity.

Fig. 3b shows normalized transmitted intensity, which remained 

Fig. 2. Schematic of the PEGASUS beamline for angular broadening measure
ments. The silicon wedge sample is mounted in the sample chamber. Mea
surement screens 1a, 1b, and 1 are shown (see Table 1 for details).

Table 2 
Critical scattering angles and angular broadening rates for electrons in silicon at 3.0–7.6 MeV. θel and θinel are the critical elastic and inelastic scattering angles 
estimated via the Wentzel and Bethe models, respectively. θel,R is the elastic angle from the classical Rutherford model [24]. Broadening rates dΘmeas/dt and dΘmodel/dt 
are from experiment and analytical estimates (Highland formula [25]), evaluated at t = 1 μm and averaged over the range t = 1 − 6 μm.

Electron 
Energy 
E

Elastic 
critical angle 
θel

Inelastic 
critical angle 
θinel

Rutherford modeled 
critical angle 
θel,R

Measured 
broadening rate 
dΘmeas/dt

Highland Modeled 
broadening rate 
dΘmodel/dt

(MeV) (mrad) (mrad) (mrad) (mrad/µm) (mrad/µm)

t = 1 μm Mean(1 to 6 µm) t = 1 μm Mean(1 to 6 µm)

3.0 2.588 0.011 0.436 4.758 2.780 4.145 2.647
5.8 1.429 0.006 0.226 1.818 1.045 2.258 1.443
7.6 1.110 0.005 0.170 1.217 0.838 1.766 1.130
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above 90 % within the analysis window (tmin to tmin + 6 µm). Within this 
range, σx increases smoothly with thickness while the transmitted in
tensity remains stable. These measurements provide the experimental 
input for applying the framework of Section 2.3 to extract divergence 
rates and benchmark them against analytical and simulation models in 
Section 2.5.

2.5. Comparison and analysis

Using the framework of Section 2.3, the experimental beam-size data 
from Section 2.4 were analyzed to extract angular broadening rates and 
compared with theoretical predictions.

Fig. 4a shows quadratic fits of Eq. (2b) applied to the measured 
beam-size data for 3.0, 5.8, and 7.6 MeV. The fitted curves reproduce the 
measurements with R² values exceeding 0.98, providing a smooth rep
resentation of σx(t)2

− σx(tmin)
2 as a function of thickness. Although the 

polynomial coefficients (p1, p2) have no independent physical meaning, 
they enable evaluation of the angular divergence rate via Eq. (3).

Fig. 4b presents the extracted divergence rates (dΘ /dt) as a function 
of Δt for all three energies, compared with predictions from the High
land model (Eq. (5)). At 3.0 MeV, MC simulation results are also 

included [28,29]. Experimental values (symbols with error bars) 
represent mean values with combined statistical and systematic un
certainties (see Section 2.6.1), while MC error bars reflect statistical 
fluctuations only. Solid curves show the Highland predictions. The data 
confirm the expected reduction in angular broadening with increasing 
beam energy, while also revealing systematic offsets: the Highland 

Fig. 3. Beam size and divergence measurements across the wedge-shaped sil
icon sample. The bottom and top x-axes represent motor position (X) and 
corresponding sample thickness (Δt = t − tmin), with the thinnest point defined 
as tmin = 0.2 μm and set to X = 0 by interferometry. Negative positions appear 
because the IBF-processed region extended beyond the [0, 15] mm mapping 
span; however, this side was not intentionally fabricated and is less well 
controlled, so quantitative analysis is restricted to the positive side. The 
thickness increment Δt is used throughout. (a) Horizontal beam size σx(t) for 
three beam energies: 3.0 MeV (red stars, Screen 1a), 5.8 MeV (magenta squares, 
Screen 1), and 7.6 MeV (blue circles, Screen 1). Solid lines show average trends; 
spread reflects statistical uncertainty from ten repeated measurements. (b) 
Normalized transmitted intensity, defined as the integrated beam intensity 
transmitted through the sample, normalized to the incident electron beam in
tensity measured without the sample at the same energy.

Fig. 4. Extraction and comparison of angular broadening rates. (a) Quadratic 
fits of Eq. (2b) to beam size data at 3.0, 5.8, and 7.6 MeV. Fitted second-, first- 
and zeroth-order polynomial coefficients (p1, p2, and p3) are (2.81×10⁴, 
1.55×10⁵, 0.00) for 3.0 MeV, (2.02×10⁴, 1.26×10⁵, 0.00) for 5.8 MeV, and 
(2.31×10⁴, 4.22×10⁴, 0.00) for 7.6 MeV. Corresponding R2 values that quantify 
the proportion of the variance in the observed data explained by the fitted 
model are 0.983, 0.998 and 0.996. (b) Extracted divergence rates dΘ

dt versus 
thickness increment Δt, compared with Highland predictions (solid curves) and 
MC at 3.0 MeV (green stars). Symbols with error bars show experiment. (c) 
Average divergence rate 〈dΘ/dt〉 over Δt = 1–6 µm. Symbols: red stars 
(experiment), magenta squares (Highland), green star (MC at 3.0 MeV). Error 
bars denote spread within the averaging window.

X. Yang et al.                                                                                                                                                                                                                                    Ultramicroscopy 279 (2026) 114260 

4 



model underestimates at 3.0 MeV and overestimates at 5.8 and 7.6 MeV, 
whereas MC overestimates at 3.0 MeV. Because the scattering angle 
scales as 

̅̅̅̅
t

√
(Eq. (4)), even small uncertainties in thickness calibration 

or wedge gradient can affect accuracy. Additional contributions may 
arise from beam alignment, finite probe size, detector resolution, or 
local variations in wedge flatness. Averaging over Δt = 1–6 µm mitigates 
the effect of such short-range fluctuations.

Fig. 4c summarizes this energy dependence by showing divergence 
rates averaged over Δt = 1–6 µm, the range where transmission remains 
above 90 % and the data are most reliable. Averaging reduces local 
fluctuations and yields a single representative value per energy. These 
results show that while the Highland formula captures the general en
ergy scaling of multiple scattering, its predictive accuracy depends on 
both beam energy and material properties. Accordingly, the model is 
more reliable for identifying a practical energy window than for defining 
a precise optimum value.

Across all energies, both experimental and theory show that angular 
broadening decreases with increasing beam energy and begins to 
plateau above ~4 µm thickness. In this regime, raising the beam energy 
beyond 5.8 MeV provides only modest improvements in spatial resolu
tion, although higher energies extend sample penetration while 
increasing the likelihood of knock-on displacement damage in crystal
line and inorganic materials. These findings emphasize the trade-offs 
between resolution, penetration, and radiation damage, with the 
optimal energy window determined by both specimen thickness and 
composition.

2.6. Derivative-based framework for beam divergence analysis

The agreement between experimental data, analytical models, and 
MC-simulations (Fig. 4) supports a derivative-based approach: analyzing 
the rate of change in beam divergence with respect to sample thickness, 
rather than relying on absolute divergence values. This method offers a 
key advantage — it reduces sensitivity to variations in initial beam 
conditions, such as size, divergence, and alignment offsets — making the 
analysis more robust across different systems and operating conditions.

For the wedged silicon sample, the beam size observed at Screen 1a 
(for a 3.0 MeV beam) reflects both electron-sample interactions and the 
initial beam parameters [7,18]. Small trajectory shifts at the sample can 
displace the apparent position of minimum beam size along the scan 
axis, complicating interpretation. Aligning the experimental profile such 
that the minimum beam size corresponds to the thinnest region of the 
wedge is essential for accurately quantifying scattering-induced broad
ening. The derivative-based method mitigates sensitivity to such align
ment errors, improving both reproducibility and accuracy.

2.6.1. Robustness to initial beam divergence
The detector signal is effectively a convolution of the Gaussian probe 

with the sample’s transmission profile. In samples with smooth, mono
tonic gradients (e.g., silicon wedges), this convolution averages over 
local thickness variations, particularly when the probe spans a wide 
thickness range. Differentiating the signal transforms the problem into a 
convolution with the derivative of the transmission profile, which sup
presses smoothing and enhances sensitivity to local slopes. This restores 
sensitivity to gradual thickness changes, even with large probes.

In practice, fluctuations in emittance— driven by changes in bunch 
charge, focusing optics, and energy or phase jitter—lead to variability in 
beam size and divergence. Emittance values can range from a few pic
ometers in proposed MeV-STEM systems [2] to 10–100 nm in low cur
rent operation at existing facilities such as PEGASUS, contributing to 
uncertainty in the absolute beam divergence. However, analyzing the 
divergence rate as a function of sample thickness largely suppresses this 
sensitivity. MC simulations confirm this: increasing the 
semi-convergence angle from σinc = 1 mrad to 6 mrad (spanning the 
PEGASUS operating range) alters the divergence rate by less than 11 %. 

This weak dependence is reflected in the systematic uncertainty shown 
in Fig. 4, underscoring the method’s applicability across varied beam 
conditions.

2.6.2. Energy dependence of projected column size in MeV-stem
In STEM, spatial resolution is closely tied to the probe’s projected 

size as it traverses the sample. For thin specimens, the resolution is 
primarily limited by the focused beam size, which can reach sub- 
nanometer scales with large convergence angles. In thicker specimens 
(on the order of several micrometers), however, beam broadening from 
multiple scattering becomes the dominant factor.

The ultimate resolution can be described as the quadrature sum of 
three contributions: angular broadening (AB) from convergence angle 
and sample thickness, emittance and aberration contributions (EC) to 
the focused probe size, and scattering broadening (SB) from scattering 
events [7]: 

σtot =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σAB

2 + σEC
2 + σSB

2
√

. (6) 

With the probe focused at the specimen entrance (tf = 0) within a 
specimen of thickness T, the angular broadening is σAB(t) = t⋅tan(α) ≅

t⋅α, 0 ≤ t ≤ T, where α is the semi-convergence angle. The focused beam 
size at the waist, dominated by emittance and aberrations, is typically on 
the order of 1 nm for state-of-the-art electron sources [2].

The scattering broadening term is given by 

σSB(t) = a⋅e
b⋅

(
t

MFP

)

+ c, (7) 

where t is the local thickness in micrometers, MFP is the mean free path, 
and a, b, and c are fitting parameters determined from benchmarking [7] 
(a ≈ σinc , the incident beam size in nm; b ≅ 103⋅θel(E), the elastic 
scattering angle in radians; and c ≅ 0). This compact formulation relies 
only on physically meaningful inputs — θel and MFP — both directly 
calibrated from experimental data (dΘ

dt ≈
b

MFP). Thus, the predictions 
shown in Fig. 5 are not generic Highland approximations but empirically 
grounded projections by both simulation and experiment.

At 6 µm thickness, increasing the beam energy from 3.0 MeV (red 
curve) to 5.8 MeV (blue curve) reduces the projected probe size by 
almost an order of magnitude, whereas a further increase to 7.6 MeV 
(black curve) provides only marginal improvement. This saturation re
flects the physics of multiple scattering: the characteristic angle scales as 
(β⋅p)− 1, so above ~6 MeV the reduction in angular divergence becomes 
gradual compared to the pronounced improvement between 3 and 5 
MeV. In a MeV-STEM system designed with 2 pm emittance, spatial 
resolution is therefore limited primarily by scattering-induced broad
ening. Although higher beam energies can suppress divergence and 
modestly improve resolution, they also increase system complexity, 
shielding requirements, and the risk of beam-induced damage.

To highlight this threshold-like behavior, Fig. 5b shows the projected 
probe size as a continuous function of beam energy at fixed thickness 
values (2, 4, and 6 µm). These results confirm that while higher energies 
improve sample penetration and reduce beam spreading, resolution 
gains become increasingly modest above ~6 MeV. Accordingly, the 
optimal operating point for MeV-STEM must balance resolution goals 
against practical design constraints, including accelerator complexity, 
shielding, and radiation damage.

All predictions in Fig. 5 are for silicon, consistent with the experi
mental wedge sample used in this study. While the qualitative saturation 
behavior is general, the quantitative values depend on both the initial 
beam emittance and the material scattering properties (e.g., radiation 
length, atomic number). The framework can therefore be readily 
extended to other materials by incorporating the corresponding scat
tering parameters.
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3. Conclusion

We developed a standardized experimental platform to quantify 
energy-dependent electron–sample interactions in thick specimens, 
using precision-fabricated silicon wedge samples and validated mea
surements at the PEGASUS beamline. Our results reveal a 2.6-fold 
reduction in angular broadening between 3.0 and 5.8 MeV, with 
diminishing improvements above ~6 MeV. This saturation reflects the 
weak (β⋅p)− 1 scaling of multiple scattering and defines a practical energy 
window: increasing energy to ~6 MeV substantially improves resolu
tion, while further increases primarily enhance sample penetration at 
the cost of greater knock-on damage.

These insights have direct implications for MeV-STEM design and 
applications. In biology, they enable nondestructive imaging of thick 
tissues such as neuronal circuits or subcellular architectures in their 
native state, without extensive sectioning. In microelectronics, they 
support cross-sectional analysis of multilayer integrated circuits and 3D 
packaging structures, where minimizing preparation artifacts is critical. 
By clarifying the limits of theoretical models and quantifying energy- 
dependent trade-offs, this work establishes a benchmark for selecting 
beam energies in MeV-STEM and provides design guidance for next- 
generation instruments. Future studies will extend this framework to 
biological specimens, incorporate radiation-damage considerations, and 
refine optimal operating regimes for practical applications.
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