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 A B S T R A C T

High temporal resolution dynamic transmission electron microscopy (DTEM) requires substantially higher peak 
currents than conventional TEM sources can sustain without severe brightness loss, motivating a redesign 
of the electron gun. This work targets improving the brightness in a 200 keV electrostatic electron gun 
for DTEM by mitigating aberrations through optimizing conductor geometry. The cathode–anode assembly 
is reconfigured to act simultaneously as an accelerator and condenser pre-lens, confining the beam size in 
regions of strong field curvature. A third-order off-axis transfer map with Green’s-function evaluation of image 
errors, validated against Superfish and GPT, quantifies how space-charge-driven divergence growth couples 
into spherical aberration and guides voltage/geometry choices. Along a minimum-spot operating contour, the 
spherical aberration coefficient is reduced from > 150 mm to ∼5–10 mm at 200 keV while preserving a ≤
10 μm exit-aperture spot for MTE = 0.1–1 eV and ∼1 mA peak current. The results establish geometry-driven 
gun redesign as a practical route to higher-brightness, low-aberration electron sources for next-generation 
time-resolved microscopy.
1. Introduction

Ultrafast and dynamic transmission electron microscopy (UTEM and 
DTEM) extend conventional TEM into the time domain, enabling direct 
imaging of structural dynamics on femtosecond to nanosecond scales. 
Foundational work in ultrafast electron diffraction and microscopy 
established the framework for capturing structural changes with high 
temporal resolution [1–5]. UTEM implementations typically use stro-
boscopic pump–probe schemes in which many identical pump events 
are averaged, whereas DTEM operates in a true single-shot mode using 
a single, high-charge electron pulse. By adding the temporal dimension 
to imaging with nanometer-scale spatial resolution, these instruments 
hold the potential for direct observation of transient processes such as 
phase transitions, defect motion, and nanoscale excitations.

A central requirement for DTEM is delivering sufficient electron 
dose in a single exposure, particularly when imaging irreversible or 
radiation-sensitive systems. Meeting this requirement within nanosec-
ond or shorter pulse durations requires peak currents in the milliampere 
range far beyond those attainable with thermionic or field-emission 
guns, making laser-driven photoemission the only practical route to 
reach the necessary charge per pulse. The normalized emittance of a 
uniformly illuminated photocathode remains essentially constant, if the 
emitted charge is kept below the space-charge saturation limit [6–8], 
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but the transverse angular spread increases with current. Injected into 
an electrostatic gun, these larger initial angles sample stronger on-
axis field curvature, resulting in third-order trajectory errors dominated 
by spherical aberration. The outcome is a rapid loss of usable phase 
space and brightness at the current levels required for single-shot 
imaging [9,10].

Work at multiple research facilities has validated the feasibility 
of 200 keV dynamic transmission electron microscopy as a powerful 
tool for time-resolved materials investigations [11–15]. These systems 
highlighted the fundamental trade-off between achieving milliampere 
peak currents and maintaining resolution, with spherical aberration 
coefficients typically in the tens to hundreds of millimeters.

Several approaches have been explored to mitigate this trade-off, 
including low-emittance photocathodes [16] and external multipole 
aberration correctors [17,18]. However, for high-current electrostatic 
guns, the values of the spherical aberration coefficient 𝐶𝑠 remain well 
above what is required to achieve an ultrasmall focus at the specimen 
plane. Typically, one clips the unusable portion of the source phase 
space but if the goal is to retain the full emitted current without any 
particle losses, a redesigned gun geometry might offer a more attractive 
pathway to suppress the resulting aberrations.
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Fig. 1. Cross-section of the generic electrostatic gun column. Electrons are 
accelerated from the flat cathode by the strong field of the extractor electrode 
(A1), focused with the independently biased gun lens electrode (A2), and 
stepped to 200 keV by the accelerating stack. The final aperture serves as 
the output plane for quantifying beam properties.

In this work, we pursue source-level aberration suppression by 
reconfiguring the cathode–anode region as a combined accelerator–
condenser system. This design builds on the long history of multi-
electrode electrostatic source optics in electron microscopy, including 
tetrode-type guns and shaped-electrode geometries developed to con-
trol pre-accelerator focusing, virtual source position, aperture aber-
rations, and field gradients [19–22]. Building on this approach, we 
introduce an extractor pre-lens and tune the electrode voltages to keep 
the beam envelope small in regions of strong on-axis field curvature, 
thereby reducing the third-order contribution to 𝐶𝑠.

The present work should therefore not be viewed as a new elec-
trode topology, but as a space-charge-aware reoptimization of this 
class of source optics for a different operating regime: a flat, laser-
driven photocathode emitting nanosecond pulses at milliampere peak 
current. In this regime, the dominant design challenge is the coupling 
of space-charge-driven angular expansion into source-region spherical 
aberration, rather than the low-current optimization metrics usually 
emphasized for field-emission sources. Using an off-axis transfer-map 
model with Green’s function aberration integrals, benchmarked against
Superfish field calculation and GPT space-charge simulations, we show 
that 𝐶𝑠 can be reduced from ≳ 150 mm to a few millimeters at 200 keV 
while sustaining peak currents near 1 mA. These results provide operat-
ing maps and design rules for next-generation DTEM sources optimized 
for high-brightness single-shot imaging.

2. 200 keV electrostatic DTEM source

Sharp tip field emission guns (FEGs) provide excellent beam quality 
in conventional or stroboscopic TEM modes, but they are unsuitable 
for the high peak currents required in single-shot DTEM. Tip emitters 
cannot withstand the current densities associated with nanosecond, 
milliampere pulses and would rapidly fail under such load [23]. In 
contrast, a flat photocathode in a modified FEG-type electrostatic gun 
provides robust operation at high charge, with controllable laser-driven 
photoemission and mitigation of space-charge effects with laser shap-
ing. Compared to thermionic DTEM guns, this approach supports higher 
peak current, lower transverse emittance, and improved energy spread.

Single-shot DTEM requires at least 107 electrons per pulse to form 
a complete image. At 200 keV, this corresponds to nanosecond-scale 
bunches carrying peak currents on the order of milliamperes. In this 
regime, space-charge forces are significant but still amenable to an-
alytic treatment, allowing rapid optimization of source brightness. 
2 
Mitigation strategies rely on accelerating electrons quickly to minimize 
their time at low velocity and high density, which demands large 
extraction fields across the flat cathode. A FEG-type geometry with 
dedicated extractor and gun-lens electrodes enables independent tun-
ing of these functions, allowing higher currents and improved spatial 
coherence compared to thermionic sources.

The baseline ‘‘generic gun’’ (GG) geometry used in this study is 
shown in Fig.  1. It consists of: (i) a flat photocathode with radius set 
to 150 μm biased at −200 kV, providing 200 keV kinetic energy at the 
exit; (ii) an extractor electrode (A1) held a few kilovolts above the 
cathode to establish the strong accelerating field needed to overcome 
space charge; (iii) a gun lens electrode (A2) with independent voltage 
control of 2–10 kV relative to the cathode, shaping the beam envelope 
and ideally focusing it through the final aperture; and (iv) a stack of 
anodes stepping the beam to ground potential over ∼20 cm, with the 
final aperture serving as the effective output plane. This configuration 
is representative of commercial electrostatic TEM guns, but is here 
treated generically to allow systematic exploration of operating points 
and design modifications.

In defining the GG, the A2 electrode was positioned within ∼1 cm of 
the cathode to maximize throughput, ensuring that beams over a range 
of initial angles (< 50 mrad) are accepted. In this study we keep the 
A2 position and aperture geometry fixed to represent a practical DTEM 
column, and focus our optimization on the extractor region. For each 
candidate extractor configuration we modify the conductors, regenerate 
the electrostatic field map (e.g. with Poisson), and analyze the resulting 
aberrations within the same transfer-map and GPT framework. This 
restricted design space is intentional. We do not attempt a global 
search over all diode, tetrode, shaped-electrode, or magnetic source 
configurations [24]. Instead, we consider modifications that preserve 
the basic architecture of a conventional electrostatic TEM gun column 
while adding enough freedom to decouple the cathode launch field 
from the early focusing strength. This choice allows the dominant 
physics of the DTEM regime to be isolated: the conversion of space-
charge-driven angular spread into source-region spherical aberration. 
Alternative variants could be analyzed within the same framework and 
may yield further improvements, but they are outside the scope of the 
present benchmark study. In the same way, a more global optimization 
that also varies the A2 spacing and aperture sizes is left for future 
work. To evaluate and optimize each candidate geometry, we use 
the workflow summarized in Fig.  2. For each axisymmetric electrode 
geometry, the electrostatic potential is first calculated with Superfish. 
The resulting field maps are then used in two complementary ways. 
First, the on-axis potential and its derivatives are used in the transfer-
map and Green’s-function calculation to rapidly estimate the dominant 
third-order image errors. Second, the same field maps are imported 
into GPT for particle tracking with three-dimensional space-charge 
forces. The Green’s-function model identifies the origin of the aberra-
tion and guides the voltage and geometry scans. The GPT simulations 
then provide the self-consistent benchmark for the selected operating 
points. Other charged-particle-optics methods could be used for the 
external-field aberration analysis, but the present workflow was chosen 
because it connects the conventional language of aberration coefficients 
to the high-current, flat-photocathode, space-charge-dominated source 
dynamics considered here.

Performance near the cathode is strongly influenced by the mean 
transverse energy (MTE), laser spot size, and accelerating field. For 
typical copper photocathodes with 0.1 eV < MTE < 1 eV, initiating 
photoemission with a ∼ 10 μm laser spot yields normalized emittances 
suitable for imaging applications [25,26]. In practice, the laser spot 
must also be kept tight because the cathode geometry is effectively a 
flattened tip. Increasing the illumination radius beyond ∼10 μm causes 
the beam to sample stronger fringing fields at the cathode edge, intro-
ducing additional geometric aberrations that dilute brightness. Thus, 
spot-size scaling is constrained not only by emittance considerations 
but also by electrode geometry.
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Fig. 2. Workflow for modeling and optimizing the 200 keV DTEM gun 
geometry. Analytical envelope and transfer-map models with space charge 
are benchmarked against Superfish and GPT, and used to extract aberration 
coefficients via Green’s-function integration.

Since the emission profile is a uniform disk, the cathode emittance 
is given by [27]: 

𝜖𝑛,𝑥 = 𝑅
2

√

MTE
𝑚𝑐2

, (1)

where 𝑅 is the laser spot radius.
In the long-pulse, ‘‘cigar’’ regime relevant to nanosecond DTEM, the 

maximum current that can be launched is given by 

𝐼sat =

√

2
9

𝐼𝑎

(

𝑒𝐸0𝑅
𝑚𝑐2

)3∕2
, (2)

where 𝐼𝑎 = 17 kA is the Alfvén current [7]. For example, with 𝐸0 =
10 MV/m and 𝑅 = 10 μm, the saturation current is about 7 mA. To 
remain in the regime where space-charge-induced emittance growth 
is negligible and brightness is preserved, we restrict our analysis to 
currents within a few mA so as to avoid virtual cathode instabilities. 
Explicitly, the brightness is the ratio of beam current to the product of 
the (equal in this case) normalized transverse emittances, 𝐵 = 𝐼∕𝜖2𝑛,𝑥, 
so in this case a reasonable upper bound is 𝐵 ≲ 2×1013 A∕m2 (assuming 
1 mA with 1 eV MTE).

Within this operating window, as more current is driven into the 
system, the normalized emittance of the generic gun remains essentially 
constant and equal to the thermal emittance for uniform illumination, 
while the transverse angular spread increases linearly with current. The 
latter behavior follows from the near saturating space-charge fields of 
Ref. [28], which — after scaling by 𝐼0∕𝐼sat and calculating the impulse 
on the transverse momentum (derived in Appendix  A) — predict a 
current-induced angular contribution: 

𝛥𝜎𝜃,sc ≈
𝜋

12𝛾𝛽
𝐼0
𝐼sat

√

𝑒𝐸0𝑅
𝑚𝑐2

. (3)

In this expression, 𝛾𝛽 is the axial momentum at the reference plane. For 
uniform illumination the transverse space-charge field is linear in the 
transverse coordinate, and therefore introduces no emittance growth—
only an additional correlated angular kick. This is illustrated in Fig.  3, 
wherein (a) compares the resulting theory curve with a GPT simulation 
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Fig. 3. (a) Rms angular spread and normalized emittance at a screen 1.25 mm 
from the cathode for the generic gun. The normalized emittance remains 
essentially constant, while the rms angular spread increases linearly with 
current due to collective space-charge forces. (b) A direct comparison of phase 
spaces without and with current.

of photoemission to a screen 1.25 mm downstream of the cathode. 
Fig.  3(b) shows how the space charge kick simply adds to the linear 
correlation. In other words, the phase profile in Fig.  3(b) is stretched 
linearly such that the phase space area is preserved. Injected into the 
gun lens, these larger angles sample stronger on-axis field curvature, 
producing third-order image errors dominated by spherical aberration 
and motivating the geometric modifications introduced in the next 
section.

3. Electrostatic transfer map with space charge and Green’s func-
tion

To analyze how electrode voltages and geometry shape transport 
beyond the linear regime, we extend the transfer-map approach to third 
order while including the effects of space charge. Compared to histor-
ical literature, treatments of ray transfer in electrostatic or magnetic 
optics have focused on external fields alone, but here we incorporate 
self-fields perturbatively. In particular, we retain the curvature of the 
charge density, which is usually neglected but becomes important when 
the beam envelope is tightly confined, and the profile is non-uniform. 
This contribution generates cubic correlations in the phase space that 
are effectively indistinguishable from spherical aberration, similarly to 
what happens in the propagation from the sample to the detector [29]. 
By developing the third-order ray equation in this way, the formalism 
provides a direct analytic link between electrode geometry, operat-
ing voltages, and both geometric and collective aberrations, offering 
a compact framework to complement full three-dimensional particle 
tracking.

The preceding section established the phase-space conditions at a 
screen 1.25 mm downstream of the cathode, where the dependence 
of divergence on current was quantified using GPT. That distribution 
serves as the initial condition for the present analysis: rather than 
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running full particle tracking for every voltage setting, we propagate 
this sample phase space through the column using the transfer-map 
formalism derived here. Starting from the relativistic equations of 
motion, the external potential is expanded off-axis and combined with 
the space-charge potential. Retaining terms to third order in the trans-
verse coordinates introduces field-curvature contributions along with 
additional density-curvature and axial density terms. This approach 
enables rapid exploration of operating points and geometry modifica-
tions, with attractive conditions subsequently verified through full GPT
simulations. We leave the details of the third-order derivation in the 
appendix, but will outline here the important steps that show how the 
linear transport map is obtained.

We start by expanding off axis a cylindrically symmetric externally 
applied potential as 

𝜙ext (𝑟, 𝑧) =
∞
∑

𝑛=0
(−1)𝑛

𝑉 (2𝑛)(𝑧)
(𝑛!)2

( 𝑟
2

)2𝑛
, (4)

where 𝑉 (2𝑛)(𝑧) = 𝜕2𝑛𝑟 𝜙ext (0, 𝑧) are the even on-axis radial derivatives 
and 𝑉 (0)(𝑧) = 𝑉 (𝑧) [30]. To include third-order ray effects it suffices 
to retain terms through 𝑟4.

The total potential will also include the contribution of the space 
charge i.e. 𝜙 = 𝜙ext +𝜙sc. The equations of motion depend on the space 
charge field −∇𝜙sc. For a cylindrically symmetric long beam where the 
slice dependence is negligible (an infinite beam approximation), the 
charge density can be expanded in an even-powered Maclaurin series, 

𝜌(𝑟; 𝑧) =
∞
∑

𝑛=0

𝜌(2𝑛)(𝑧)
(2𝑛)!

𝑟2𝑛, (5)

from which applying Gauss’ law we retrieve the radial field 

𝐸𝑟(𝑟; 𝑧) =
1
𝜀0𝑟∫

𝑟

0
𝜌(𝜉; 𝑧) 𝜉 𝑑𝜉 =

𝜌(0)(𝑧)
2𝜀0

𝑟 +
𝜌(2)(𝑧)
8𝜀0

𝑟3 +⋯ . (6)

For a Gaussian transverse profile, 𝜌(0) = 𝐼0∕(2𝜋𝜎2𝑥𝑐𝛽) and 𝜌(2) =
−𝐼0∕(2𝜋𝜎4𝑥𝑐𝛽) depend on the local rms envelope 𝜎𝑥(𝑧) [29] and axial 
velocity 𝛽. In this context, 𝛾 and 𝛽 refer to the design trajectory. Dif-
ferent distributions have the same dependence on 𝜎𝑥 but with different 
prefactors.

With the paraxial definition 𝑥′ = 𝛽𝑥∕𝛽𝑧 ≈ 𝛽𝑥∕𝛽, linearizing (i.e. keep-
ing only first-order terms in) the ray equation, one obtains 

𝑥′′ +
(𝛾𝛽)′

𝛾𝛽
𝑥′ = 𝑒 𝑉 ′′

2𝑚𝑐2 𝛾𝛽2
𝑥 +

𝐾(𝑧)
𝜎2𝑥

𝑥, (7)

where 𝐾(𝑧) = 𝐼0∕(𝐼𝑎𝛾3𝛽3) is the transverse perveance. Transforming to 
normalized coordinates 𝑋 = 𝑥∕

√

𝑝̃ with 𝑝̃(𝑧) ≡ 𝛾(𝑧)𝛽(𝑧) removes the 
mixed term and gives Hill’s equation 𝑋′′ + 𝜅(𝑧)𝑋 = 0 where 

𝜅(𝑧) =
𝛾2 + 2
(𝛾𝛽)4

(

𝑒𝑉 ′

2𝑚𝑐2

)2
+

𝐾(𝑧)
𝜎2𝑥(𝑧)

. (8)

The corresponding rms envelope equation which is needed to calculate 
the evolution of 𝜎𝑥 in 𝜅(𝑧) is [31] 

𝜎′′𝑥 +
(𝛾𝛽)′

𝛾𝛽
𝜎′𝑥 +

𝜀2𝑛,𝑥
(𝛾𝛽)2𝜎3𝑥

= 𝑒 𝑉 ′′

2𝑚𝑐2 𝛾𝛽2
𝜎𝑥 +

𝐾(𝑧)
𝜎𝑥

. (9)

We first solve the envelope equation, Eq. (9), to obtain 𝜎𝑥(𝑧); this is 
then used in 𝜅(𝑧) to solve the first-order ray equation, Eq. (7).

The linear transport can be expressed in terms of the two linearly 
independent solutions to Hill’s equation, denoted 𝐶𝑥 and 𝑆𝑥. These play 
the role of cosine- and sine-like functions for the focusing channel and 
allow the motion to be written in a compact matrix form. The general 
solution for initial (𝑥0, 𝑥′0) is then 
(

𝑥
𝑥′

)

𝑠
=

√

𝑝̃(𝑠0)
𝑝̃(𝑠)

⎛

⎜

⎜

⎝

1 0

−
𝑝̃′(𝑠)
𝑝̃(𝑠)

1

⎞

⎟

⎟

⎠

(

𝐶𝑥(𝑠) 𝑆𝑥(𝑠)
𝐶 ′
𝑥(𝑠) 𝑆′

𝑥(𝑠)

)

×
⎛

⎜

⎜

1 0
𝑝̃′(𝑠0) 1

⎞

⎟

⎟

(

𝑥0
𝑥′

)

=
(

𝑅11(𝑠) 𝑅12(𝑠)
𝑅21(𝑠) 𝑅22(𝑠)

)(

𝑥0
𝑥′

)

.

(10)
⎝ 𝑝̃(𝑠0) ⎠

0 0
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This matrix form shows that the transport is governed by the functions 
𝐶𝑥 and 𝑆𝑥 in the case of an evolving longitudinal momentum 𝑝(𝑠) = 𝛾𝛽, 
all of which depend explicitly on the on-axis potential 𝑉 (𝑧) [32]. In 
this way, the effect of electrode voltages enters directly through the 
potential profile, making it possible to evaluate transport properties 
without full particle tracking.

Finally, the Green’s function constructed from the fundamental 
solutions 𝐶𝑥 and 𝑆𝑥 provides a compact way to evaluate higher-order 
deviations [33]. It is written as 

G𝑥(𝑧, 𝑠) =

√

𝑝̃(𝑧)
𝑝̃(𝑠)

[

𝐶𝑥(𝑠)𝑆𝑥(𝑧) − 𝑆𝑥(𝑠)𝐶𝑥(𝑧)
]

, (11)

so that the third-order displacement at position 𝑧 is 

𝛿𝑥(𝑧) = ∫

𝑧

𝑧0
𝑓 (𝑥, 𝑦; 𝑠)G𝑥(𝑧, 𝑠) 𝑑𝑠, (12)

where 𝑓 (𝑥, 𝑦; 𝑠) represents the driving term, such as the cubic space-
charge force or the field-curvature contributions. In this form, all 
dependence on electrode settings enters through the on-axis potential 
and its derivatives, allowing efficient scans of voltages and geometries 
without rerunning full particle tracking.

This Green-function formalism is straightforward to implement in
Matlab, enabling rapid scans of operating points directly from the on-
axis potential. In the next section we use the resulting third-order 
ray equation to identify the dominant contribution to the aberra-
tion coefficient, then apply the model to scan extractor and gun-lens 
voltages for different extractor conductor configurations, optimizing 
for minimal third-order deviations. In doing so, we benchmark the 
predicted third-order trajectory deviations against full GPT particle 
tracking, confirming the accuracy of the linear model while carrying 
out the optimization.

4. Geometry-driven aberration suppression

As established in Fig.  3, below saturation the normalized emittance 
of the generic gun remains nearly constant under uniform illumination, 
while the transverse divergence grows linearly with current. When 
injected into the gun lens, these larger launch angles sample strong 
curvature of the on-axis voltage profile 𝑉 ′′(𝑧), converting divergence 
into third-order image errors. The dominant contribution, derived in 
Appendix  B, arises from the correction to the 1∕𝛾𝛽2 for off-axis rays, 
which factor into Eq. (B.7) and couples large initial angles into cubic 
deviations of the trajectory. Retaining this term leads to the spherical 
aberration integral 

𝛿𝑥(𝑧) ≃ 1
8 ∫

𝑧

𝑧0

𝛾2 + 1
(𝛾2 − 1)2

(

𝑒𝑉 ′′

𝑚𝑐2

)2
𝑥3G𝑥 𝑑𝑠, (13)

from which the spherical aberration coefficient 𝐶𝑠 can be extracted 
as 

𝐶𝑠 ≃
1

8𝑅11(𝑧) ∫

𝑧

𝑧0

𝛾2 + 1
(𝛾2 − 1)2

(

𝑒𝑉 ′′

𝑚𝑐2

)2
𝑅3
12G𝑥 𝑑𝑠. (14)

Other higher-order terms in Eq. (B.7) were found to be subdom-
inant. Thus, this contribution to spherical aberration is the principal 
bottleneck to brightness preservation in the generic gun.

The severity of this effect scales in two ways: through the curvature 
of the on-axis field and through the transverse size of the beam in re-
gions of high curvature. Large MTE or higher currents exacerbate both, 
as the beam expands more rapidly and samples stronger nonlinearities. 
Near the cathode the phase space remains nearly linear, but by the 
time the beam is focused to a waist by the A2 lens, cubic correlations 
have developed in the final phase space. These distortions trace directly 
back to spherical aberration driven by 𝐶𝑠 growth in regions of strong 
field curvature. In practice, this means that even when collective effects 
are modest, geometric aberrations seeded by divergence dominate the 
emittance growth budget.
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Fig. 4. (a) Coupled extractor-lens geometry: the added electrode enables prefocusing of the beam into the gun lens but its voltage remains tied to the extraction 
field. (b–e) Operating maps for this geometry: (b) final spot size, (c) cathode field, (d) spherical aberration 𝐶𝑠 vs. extractor and gun-lens voltages (red contour: 
near-minimum-spot condition), and (e) trade-off between 𝐶𝑠 and cathode field along that contour.
Fig. 5. Final iteration of the modified gun geometry with a high-field extractor 
electrode followed by a decoupled extractor lens. This configuration maintains 
a ∼10 MV/m cathode field while retaining the same suppression of 𝐶𝑠 by 
improving the collimation into the gun lens.

Chromatic and higher-order geometric aberrations were also esti-
mated to determine whether they become limiting after suppression of 
the dominant third-order spherical term. For the operating points con-
sidered here, the modeled energy spread remains in the few-eV range 
at 200 keV, corresponding to a relative spread of order 𝛥𝐸∕𝐸 ∼ 10−5. 
Even assuming a conservative 10 cm chromatic aberration coefficient 
𝐶𝑐 and an angular spread 𝛼 ∼ 10 mrad, the estimated chromatic 
blur 𝜎𝑐 ∼ 𝐶𝑐𝛼

𝛥𝐸
𝐸 , remains at the scale of tens of nanometers. This is 

small compared with the source-size and spherical-aberration-driven 
brightness degradation emphasized here. Similarly, the next term in 
the same expansion that produces Eq. (14) gives an estimated fifth-
order coefficient of order 𝐶5 ∼ 102 mm. The associated fifth-order blur 
scales as 𝐶5𝛼5 and remains below the nanometer scale for 𝛼 ∼ 10
mrad. These estimates indicate that, within the modeled operating 
range, chromatic blur and fifth-order geometric aberration are not 
the dominant limitations. The remaining source-level degradation is 
5 
instead governed primarily by residual third-order spherical aberration 
and nonlinear transverse space-charge effects.

We also checked whether the tighter source-region confinement 
in the modified geometry significantly increases stochastic electron–
electron energy broadening at 1 mA. Additional GPT simulations using 
the spacecharge3Dtree binary interaction model showed no ap-
preciable binary-scattering-induced broadening over the first 10 mm 
of propagation, where the beam is slowest and densest. The total 
energy spread remained in the 3–5 eV range. At higher currents, 
the more important energy-spread mechanism is expected to be the 
correlated longitudinal chirp from collective space-charge fields, rather 
than stochastic binary scattering.

We therefore focus the geometry optimization on suppressing the 
dominant third-order spherical contribution while avoiding excessive 
beam compression that would enhance nonlinear space-charge aber-
rations. To this end, we first consider a modified geometry in which 
the extractor electrode is reshaped into an extractor lens, Fig.  4(a). In 
this coupled configuration, the added electrode prefocuses the beam 
into the gun lens, confining the envelope upstream so that the region 
of large 𝑉 ′′(𝑧) is sampled less strongly and the effective spherical 
aberration is reduced. However, because the extractor lens voltage 
remains tied to the extraction field, reducing 𝐶𝑠 by stronger prefocusing 
inevitably comes at the cost of lowering the cathode field.

The parameter space of extractor-lens and gun-lens voltages was 
scanned to quantify the trade-off between 𝐶𝑠 and extraction field. Figs. 
4(b–e) show the resulting maps of exit spot size, cathode field, and 
spherical aberration. The red contour traces operating points that min-
imize the final spot size. Along this contour, 𝐶𝑠 decreases by more than 
an order of magnitude — from over 150 mm, close to the generic gun 
value, down to ∼5 mm — while the cathode field decreases in parallel, 
as shown in Fig.  4(e). The coupled extractor lens therefore reshapes, 
rather than removes, the fundamental trade-off: optimal performance 
is achieved where the cathode field remains sufficient for emission yet 
𝐶𝑠 is suppressed, but the two cannot be varied independently.

To decouple the cathode field from the focusing strength that con-
trols 𝐶𝑠, in the final design we use a high-field extractor electrode 
followed by an independent extractor lens, the geometry of which is 
shown in Fig.  5. This configuration maintains a ∼10 MV/m cathode 
field for mA-level emission while independently adjusting the prefocus-
ing into the gun lens to suppress 𝐶 . In what follows, all ‘‘optimized’’ 
𝑠
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Fig. 6. Generic vs. modified gun at 1 eV MTE and 1 mA peak current. (a) Beam envelopes show reduced beam size in the modified configuration. (b) Normalized 
emittance growth is suppressed. (c–d) Cubic deviations at the aperture: GPT results (points) and Green’s-function predictions (curves) show 𝐶𝑠 reduced from 
∼150 mm to ∼10 mm. Brightness as a function of current. (e) For MTE = 0.5 eV and (f) for MTE = 1 eV. The modified geometry improves peak brightness and 
extends the usable current range, particularly critical at higher MTE.
simulations use this decoupled-extractor configuration compared to the 
original generic gun.

Direct comparison between the generic and final modified geometry 
demonstrates the gain under matched initial conditions (10 μm cathode 
spot, MTE = 1 eV, 1 mA peak current). As shown in Fig.  6(a), the mod-
ified gun confines the beam envelope more tightly. The corresponding 
emittance evolution in Fig.  6(b) shows that this confinement suppresses 
emittance growth relative to the generic case. Figs.  6(c) and (d) show 
the cubic deviations from the linear correlation in the phase space that 
cause the emittance growth at a plane just upstream of the final aper-
ture. Panel (c) corresponds to the generic gun, while panel (d) shows 
the modified geometry, for which the cubic spherical correlations are 
reduced. In both panels, the 𝐶𝑠 predicted by Eq. (14) is overlaid on 
the deviations extracted from the GPT simulations, decreasing from 
6 
∼ 150 mm for the generic gun to ∼ 10 mm for the modified geometry, 
in good agreement with the Green’s-function model.

A key subtlety is that shrinking the envelope eventually strength-
ens collective nonlinearities. In the third-order equation of motion, 
Eq. (B.7), this appears in the term proportional to the second transverse 
derivative of the charge density, 𝜌(2). Even with a uniform emission pro-
file, the projected transverse density becomes approximately Gaussian 
through most of the column because the launch angles are Gaussian; 
thus 𝜌(2) ≠ 0 and the corresponding term’s magnitude grows with local 
compression. As the extractor and electrodes are tuned to keep the 
envelope small in regions of strong field curvature, the increased on-
axis density enhances the 𝜌(2) term, exacerbating cubic correlations. 
This space-charge contribution, discussed in Ref. [29] in the context 
of post sample optics, therefore sets a practical upper bound: beyond 
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a point, further geometric suppression of 𝐶𝑠 is offset by 𝜌(2)-driven 
aberration.

A simple estimate of this crossover is obtained by comparing the 
emittance and perveance terms in the envelope equation. For a nor-
malized emittance of 10 nm and a 1 mA beam current at 200 keV, the 
nonlinear space-charge contribution is expected to become appreciable 
when the beam size in the lens region is reduced to below 40 μm. 
The optimized cases studied here keep the beam size larger than 
this scale, so the dominant benefit remains the reduction of launch-
angle-driven spherical aberration. We therefore did not pursue stronger 
focusing, since it would increase on-axis density and eventually trade 
one aberration mechanism for another.

The improvement in usable brightness is summarized in Fig.  6(e–f). 
For a modest MTE of 0.5 eV, Fig.  6(e) shows that the modified geometry 
increases the brightness by ∼ 40% above the generic gun across the 
current range. At higher MTE (1 eV), Fig.  6(f) shows that, over the 
same range, the modified geometry sustains performance to ∼2 mA 
with a little more than a ∼ 100% increase in usable brightness. Thus, 
extractor-lens prefocusing benefits not only ideal photocathodes but 
also mitigates the cascading degradation associated with less favorable 
emission conditions.

Several practical implementation issues should be noted. The
present calculations are axisymmetric and therefore establish the on-
axis design principle rather than a full mechanical tolerance budget. 
Small transverse offsets or tilts of the extractor assembly would not 
change the cylindrically symmetric spherical aberration coefficient 𝐶𝑠
extracted from the on-axis model, but would break axial symmetry 
and introduce steering, coma-like distortions, and other higher-order 
geometric aberrations. GPT simulations indicate that transverse cen-
troid offsets of approximately 20 μm produce less than 10% emittance 
growth while retaining roughly 80–90% of the nominal brightness, 
suggesting that the envelope-confinement mechanism remains robust 
to modest transverse misalignments. Likewise, a spherical-aberration 
analysis in which relative tilts between the extractor and gun lens are 
represented as a shift in the mean emission angle suggests tolerances 
on the order of 10–20 mrad for comparable emittance growth and 
brightness degradation. Larger transverse offsets approaching the edge 
of the cathode good-field region (𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒∕2 ≈ 50 μm), or corre-
spondingly larger angular misalignments, produce substantially greater 
emittance growth and brightness degradation. A dedicated tolerance 
study including all higher-order aberrations is therefore required before 
engineering implementation.

The modified geometry also does not require unusually large
adjacent-electrode fields outside the cathode extraction region. While 
the cathode is intentionally operated at extraction fields of approxi-
mately 10 MV/m, the largest field between neighboring source elec-
trodes in the optimized configuration is produced by a potential differ-
ence of approximately 3.5 kV across a minimum gap of about 0.75 mm, 
corresponding to a macroscopic field below 5 MV/m. These field levels 
are well within the range routinely employed in conditioned ultra-high-
vacuum electron-optical systems, although local field enhancement 
from surface roughness, contamination, or sharp geometric features 
must still be controlled in a practical implementation.

5. Conclusion

We have investigated how electrostatic gun design determines the 
usable brightness of 200 keV DTEM sources at the milliampere peak-
current level. Using an off-axis transfer-map model with Green’s-
function aberration integration, benchmarked against Poisson/Super-
fish and GPT, we quantified how space-charge-induced divergence in 
conventional guns seeds strong spherical aberration. By reshaping the 
cathode–anode assembly to act simultaneously as an accelerator and 
a condenser lens, and by co-tuning the extractor-lens and gun-lens 
voltages, the spherical aberration coefficient 𝐶  is reduced from more 
𝑠

7 
than 150 mm to ∼5–10 mm while maintaining fields sufficient for mA-
level emission. This establishes geometry-driven suppression of 𝐶𝑠 as a 
viable route to brightness preservation.

An important implication is that this method is not limited to a 
single electrode modification but defines a framework for systematic 
source optimization. The transfer-map and Green’s-function formalism 
provides rapid evaluation of higher-order image errors directly from 
on-axis fields, enabling efficient exploration of geometry space. In 
principle, this approach can be wrapped into an automated loop that 
iterates over electrode positions, gaps, and apertures, with Poisson/Su-
perfish supplying the field maps and GPT validating the final transport. 
Such integration would allow convergence toward globally optimal 
designs rather than one-off improvements, bridging analytic design 
rules with full 3D particle tracking.

At the system level, lowering intrinsic 𝐶𝑠 at the source also re-
duces the post-specimen current required to achieve a given dose, 
mitigating projection-column space-charge aberrations and preserving 
image fidelity in single-shot DTEM. Along the minimum-spot operating 
contour, the present design achieves sub-10 μm waists at the exit 
aperture for MTE = 0.1–1 eV and ∼1 mA peak current, conditions that 
correspond to brightness levels suitable for next-generation ultrafast 
electron microscopy.

Although 200 keV is used here as the benchmark energy, the 
same source-region design principle should remain relevant at other 
terminal voltages, provided the electrode settings are retuned. The 
reason is that the dominant effect of the modified geometry occurs 
near the cathode, where the decoupled extractor allows the launch field 
and early focusing strength to be adjusted so as to reduce the cou-
pling of space-charge-driven angular spread into spherical aberration. 
If the near-cathode field configuration and early beam acceleration 
are kept comparable, this mechanism should persist qualitatively at 
other operating energies. The balance of limitations, however, changes 
with energy. For fixed normalized emittance, the geometric emittance 
scales as 1∕𝛽𝛾, while the generalized perveance scales approximately 
as 1∕𝛽3𝛾3. Lower-voltage operation, such as 80 keV, is therefore more 
sensitive to space charge and chromatic blur for a given current and ab-
solute energy spread while higher-voltage operation is more forgiving. 
Thus, the present geometry should be viewed as a 200 keV benchmark 
and not as a universal optimum across all DTEM operating voltages.

These results demonstrate that geometry-driven aberration suppres-
sion, combined with an iterative design framework, offers a direct and 
general pathway to high-brightness, low-aberration DTEM sources.
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Appendix A. Derivation of space-charge-induced rms angular
spread

We define the normalized longitudinal variable 𝜉 = 𝑧∕𝑅, then in the 
cathode vicinity, the space–charge field for a cigar pulse with uniformly 
illuminated transverse spot is given by [28]: 

𝐸sc
𝑧 ≈

𝐼0
𝐼sat

𝐸0
(

1 + 0.6 𝜉1∕3 + 2.5 𝜉
)2

, (A.1)

𝐸sc
𝑥 ≈

𝐼0
𝐼sat

𝐸0
3

𝑥
𝑅

𝜉
1 + 𝜉2

(A.2)

Over the short region where the transverse kick is largest, the axial 
acceleration can be taken as due to the applied field alone, so the 
nonrelativistic speed is 

𝑣(𝜉) =

√

2𝑒𝐸0𝑅𝜉
𝑚

. (A.3)

The transverse impulse is

𝛥𝑝𝑥 = ∫ 𝑒𝐸sc
𝑥 𝑑𝑡 = ∫

∞

0
𝑒𝐸sc

𝑥
𝑑𝑧
𝑣

= 𝑥0
𝐼0
𝐼sat

𝑒𝐸0
3 ∫

∞

0

𝜉
1 + 𝜉2

𝑑𝜉
𝑣(𝜉)

=
𝑥0
𝑅

𝐼0
𝐼sat

𝜋
6
√

𝑚𝑒𝐸0𝑅 . (A.4)

Hence, the angular kick (using 𝑥′ = 𝑝𝑥∕𝛾𝑚𝑐𝛽) is 

𝛥𝑥′(𝑥0) =
𝑥0
𝑅

𝜋
6 𝛾𝛽

𝐼0
𝐼sat

√

𝑒𝐸0𝑅
𝑚𝑐2

. (A.5)

For a uniform disk, the RMS beamsize is 𝜎𝑥 =
√

⟨𝑥20⟩ = 𝑅∕2, so the 
increase in RMS angular spread is 

𝛥𝜎𝜃,sc =
𝜋

12𝛾𝛽
𝐼0
𝐼sat

√

𝑒𝐸0𝑅
𝑚𝑐2

. (A.6)

We find that including 𝐸sc
𝑧  in the impulse calculation, which must be 

done numerically, is a very small, negligible correction because only the 
applied field is appreciable where the transverse impulse is localized.

Appendix B. Derivation of third-order ray equation

The equations of motion are obtained from the relativistic force 
equation 𝑑𝐩

𝑑𝑡 = −𝑒∇𝜙, where 𝑒 is the electron charge, 𝑚 its mass, and 𝐩 =
𝑚𝑐𝛾𝛽, with 𝛽 the velocity vector normalized by 𝑐 and 𝛾 = 1∕

√

1 − 𝛽2. 
The longitudinal and transverse equations of motion are given by: 

(𝛾𝛽𝑧)′ = − 𝑒
𝑚𝑐2𝛽𝑧

𝜕𝜙
𝜕𝑧

,

𝑥′′ = 𝑒
𝑚𝑐2𝛾𝛽2𝑧

(

𝜕𝜙
𝜕𝑧

𝑥′ −
𝜕𝜙
𝜕𝑥

)

,
(B.1)

where the prime indicates a derivative with respect to 𝑧.
The transverse equation can also be expressed in terms of the total 

velocity and Lorentz factor using 𝛽2 = 𝛽2𝑧 (1+𝑥
′2+𝑦′2). After substituting, 

one obtains: 

𝑥′′ = 𝑒
𝑚𝑐2𝛾𝛽2

(1 + 𝑥′2 + 𝑦′2)
(

𝜕𝜙
𝜕𝑧

𝑥′ −
𝜕𝜙
𝜕𝑥

)

. (B.2)

Energy conservation provides, at any given position, 

𝛾(𝑟, 𝑧) = 𝛾0 −
𝑒𝜙(𝑟, 𝑧)

2
. (B.3)
𝑚𝑐

8 
𝛾 and 𝛽 for the design trajectory are expressed as: 

𝛾𝑐 (𝑧) = 𝛾0 −
𝑒𝑉 (𝑧)
𝑚𝑐2

, 𝛽𝑐 =
√

1 − 1∕𝛾2𝑐 , (B.4)

Expanding the factor 1∕𝛾𝛽2 for an arbitrary ray to second order in 𝑟
about the design trajectory yields: 

1
𝛾𝛽2

= 1
𝛾𝑐𝛽2𝑐

(

1 − 𝑒
8𝑚𝑐2

𝛾2𝑐 + 1
𝛾𝑐 (𝛾2𝑐 − 1)

𝑉 ′′(𝑧)𝑟2 +⋯

)

. (B.5)

Upon substituting Eq. (B.5) into Eq. (B.2) one obtains the following:

𝑥′′ = 𝑒
𝑚𝑐2𝛾𝑐𝛽2𝑐

(

1 − 𝑒
8𝑚𝑐2

𝛾2𝑐 + 1
𝛾𝑐 (𝛾2𝑐 − 1)

(𝑥2 + 𝑦2)𝑉 ′′

)

×
(

1 + 𝑥′2 + 𝑦′2
)

(

𝜕𝜙
𝜕𝑧

𝑥′ −
𝜕𝜙
𝜕𝑥

)

. (B.6)

Including Eq. (6) with the applied potential expanded to third-order, 
we obtain the third-order ray equation:

𝑥′′ +
(𝛾𝑐𝛽𝑐 )′

𝛾𝑐𝛽𝑐
𝑥′ =

(

𝑒𝑉 ′′

2 𝑚𝑐2𝛾𝑐𝛽2𝑐
+

𝑒𝜌(0)

2𝜖0𝑚𝑐2𝛾3𝑐 𝛽2𝑐

)

𝑥

−
𝑒𝜌(2)

8𝜖0𝑚𝑐2𝛾3𝑐 𝛽2𝑐
𝑟3

−
( 𝑒
𝑚𝑐

)2
(

𝛾2𝑐 + 1
8(𝛾2𝑐 − 1)2

)

𝑟2
(

2𝑉 ′𝑉 ′′𝑥′ + (𝑉 ′′)2𝑥 +
𝑉 ′′𝜌(0)

𝜖0𝛾2𝑐
𝑥
)

.(B.7)

Data availability

Data will be made available on request.
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