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A B S T R A C T

Monochromators are essential components in electron microscopy and spectroscopy for improving spatial and 
energy resolution. Their use in scanning electron microscopes (SEMs), however, remains limited due to high cost 
and operational complexity. Using a thin-deflector analysis of a homogeneous electrostatic deflector, we show 
that conventional monochromators exhibit extreme sensitivity to power-supply drift and mechanical imperfec
tions. Meeting these stringent tolerances typically requires additional correction elements, which further increase 
system complexity and cost.

We demonstrate that fringe-field deflectors are inherently less sensitive to these limitations. Based on this 
insight, we propose a simple and cost-effective monochromator architecture relying solely on fringe fields. The 
design achieves optimal energy resolution by incorporating short-range deceleration lenses surrounding the main 
deflector, eliminating the need for auxiliary correction elements. Such a fully electrostatic configuration is 
compatible with MEMS fabrication, offering a compact, robust, and accessible pathway for high-performance 
energy filtering in SEMs.

1. Introduction

In recent years, there has been growing interest in Low-Voltage 
Electron Microscopy (LVEM), particularly Low-Voltage Scanning Elec
tron Microscopy (LVSEM), for applications such as imaging the surface 
of charging sample [1,2]. However, as the beam energy decreases, 
chromatic aberration blur significantly degrades the resolution, espe
cially at extremely low landing energies, in the range of only a few 
hundred electron-volts (eV). Reducing the energy spread of the electron 
source greatly mitigates this issue, as illustrated in Fig. 1a. The figure 
shows the variation of the axial FW50 probe diameter, dp, which con
tains 50 % of the total probe current as a function of the beam opening 
angle, α. To calculate dp different contributions are added according to 
[3]: 

dp =

( [

d1.3
geo +

(
d4

λ + d4
s

)1.3
4
] 2

1.3
+ d2

c

)
1
2

(1) 

where dgeo = 2
π

̅̅̅̅̅̅̅
I

Brϕ

√
1
α is the FW50 size of the geometric source image, dc 

= 0.6Cc
dE
E α is the FW50 size of the chromatic aberration blur, ds =

0.18Csα3 is the FW50 size of the spherical aberration blur and dλ =

0.54 λ
α is the FW50 size of the diffraction blur. In these expressions, Br is 

the reduced brightness of the electron source, ϕ is the acceleration po
tential (E = eϕ= acceleration energy), dE is the (FW50) energy spread of 
the electron source, λ is the wavelength of the electrons, Cs and Cc are 
the spherical and chromatic aberration coefficients of the objective lens, 
respectively.

As demonstrated in Fig. 1a, reducing the energy spread dE, for 
example, by incorporating a monochromator, improves the spatial res
olution of LVSEM’s. Monochromators are widely used in High- 
Resolution-Electron-Energy-Loss-Spectroscopy (EELS) to enhance en
ergy resolution and in (Scanning) Transmission Electron Microscope ((S) 
TEM) to improve spatial resolution [4]. However, this is not particularly 
the case for SEM’s, mainly due to the higher cost and complexity of 
current monochromator designs.

Several monochromator concepts exist for (S)TEM and EELS, such as 
the Alpha-, Omega-, and Wien-type monochromators [4,5]. Their un
derlying electron-optics working principles are schematically illustrated 
in Fig. 2. At the core of all these designs lies a “uniform” magnetostatic 
field or electrostatic field, or a combination of both, which produces 
angular dispersion of the beam.
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The performance of a monochromator is typically evaluated by its 
theoretical energy resolution. Although this seems a natural metric, 
relying on this number alone is misleading. One should also consider the 
cost and operational complexity of the system. In practice, mono
chromators are far more complicated than the simple dispersive ele
ments shown schematically. The grey-dotted regions in Fig. 2 represent 
additional correction elements, usually multipoles, required to 
compensate for mechanical imperfections and to correct geometric ab
errations. Almost all high-performance monochromators include such 
complex and expensive correction modules. Consequently, the cost and 
complexity of current monochromators largely depend on the level of 
correction optics added to the original theoretical design.

Because of these factors, monochromators are rarely used in SEM 
columns. To the best of our knowledge, only one commercially available 
monochromator concept exists for SEMs, the UC gun [6]. Unlike the 
previously mentioned designs, the UC concept relies on a relatively 
simple modification of the electron gun and achieves an energy reso
lution of ~150 meV. For LVSEM applications, a monochromator offering 
a better energy resolution together with reduced cost and complexity is 
therefore highly desirable.

The aim of this paper is to explore why and how current mono
chromators are so expensive and complex. In Sections 2 and 3, the main 
parameters influencing the dispersion resolution of the dispersive 
element, assumed here, for simplicity and without loss of generality, to 
be a simple electrostatic deflector, are analysed and their boundaries are 
discussed. In Section 4, a basic layout for a simple monochromator, free 
from these limitations and specifically designed for LVSEM, is proposed.

2. Requirements for an electrostatic-deflector-based 
monochromator

In a simplified monochromator based on a single dispersion element, 
here, an electrostatic deflector, a (semi-)collimated beam traversing 
through the system experiences angular dispersion. This dispersion is 
then imaged onto a selection aperture or slit plane. The corresponding 
schematic layout is shown in Fig. 3. Although the figure depicts a 
straight- axis deflector, the results are, to some extent, also applicable to 
other geometries, such as a curved-axis deflector schematically shown in 
Fig. 2.

In a deflector, the deflection angle θ is a function of acceleration 
potential ϕ. A kinetic energy spread dE, Expressed here in terms of dϕ =

dE
e (with elementary charge e), causes a spread in the deflection angle, dθ 
due to transverse chromatic aberration. A linear expansion of the 
transverse electrostatic deflection angle around ϕ yields: 

dϕ
ϕ

= −
dθ
θ

(2) 

This angular spread of electrons with different energies passing 
through a deflector is the key characteristic of deflector-based mono
chromators. To select a specific energy window, a lens positioned at the 
exit plane of the deflector converts this angular dispersion into spatial 
dispersion.

In the dispersion plane, a slit selects the desired energy window and 
blocks the remainder of the energy spectrum.

An ideal monochromator should provide a large dispersion to enable 
selection of a narrow energy window. To optimize the energy resolution, 
the slit size is chosen to match the size of the focused probe of electrons 
with nominal beam energy. Ideally, the probe size at the slit plane 
should be equal to the geometric image of the source at that plane. 
However, this is not generally the case. The probe is typically larger than 
the geometric image of the source due to additional contributions, 
thereby degrading the energy resolution of the monochromator. Here, 
we investigate the main parameters that affect the energy resolution of a 
monochromator. Specifically, we focus on the performance-limiting 
parameters of the main dispersive element, the deflector. Further
more, we restrict our analysis to the uncompensated case, where no 
additional correction is applied for the inherent limitations of deflector- 
based monochromators as considered here. To isolate the contributions 
of the main deflector alone, we study the impact of various parameters 
that influence the smallest discernible angle, dθ, at the deflector exit 
plane.

An analytical description of thin deflectors and the geometric aber
ration contribution to the smallest discernible angle is presented in 
subSection 2.1. These results are then used to derive the effect of electric 
potential instabilities in subSection 2.2. In SubSection 2.3, we discuss 
the contributions from mechanical misalignments and finally, the effect 
of Coulomb interaction is analysed in SubSection 2.4.

Fig. 1. (a) FW50 probe size for different dE (red for 1000 meV and blue for 50 meV) due to a combination of geometric spot size (decreasing dotted-red and -blue 
curves) and chromatic aberration (increasing dashed-red and -blue curves), diffraction (decreasing dotted black curve) and spherical aberration (increasing dashed 
black curve) leading to a combined total spot size indicated by the unbroken red and blue lines. Here we take Cs = Cc = 5 mm, (fixed) probe current of 0.5 nA and an 
acceleration energy, E = 100 eV. (b) Schematic illustration of a monochromated SEM column. The source (depicted as a broken light bulb) emits an unfiltered 
electron beam and in a first crossover the spot is blurred due to the chromatic aberration of the first illustrated lens. A (schematically illustrated) black box 
monochromator removes the electrons with higher (blue) and lower (red) kinetic energies than the nominal (green) electron beam energy. The filtered beam is then 
focused onto a sample plane.
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2.1. Geometric aberrations

The deflection of a collimated electron beam in a thin deflector is 
schematically illustrated in Fig. 3. The collimated beam enters and exits 
a deflector at an angle θ/2, maintaining a constant x-coordinate 
throughout the deflection region.1 The internal beam angle, α, is defined 
as the ratio between the effective focal length of the collimating lens and 
the (virtual) source radius, rs. The beam radius, r, is assumed to remain 
constant throughout the deflector.

The deflection region is modelled as a homogeneous deflection field 
with a sharp cutoff. This assumption implies that electrons are acceler
ated in the z-direction only upon entering and leaving the deflector. The 
fringe-field effect in the x-direction is negligible compared to the main 
deflection caused by the homogeneous field, provided the deflector is 
narrow and weakly excited.

Therefore, the effect of the fringe-field shape of on the mono
chromator resolution is neglected. The change in the (non-relativistic) 
momentum, v→, of an electron with velocity v→ due to the Lorentz force, 
is given by 

1
m

d p→

dt
=

d v→

ds
v =

e
m
∇
→

ϕ, (3) 

where ϕ is the electrostatic potential, e the elementary charge, m the 
electron (rest-)mass, and ds an infinitesimal path element along the 
electron trajectory. Fixing the ground potential as eϕ = 1

2 mv2, and 

Fig. 2. Schematic illustration of the electron optics working principle of current monochromator layouts. (a) Alpha type, (b) Omega type, and (c) Wien type 
monochromators. The Alpha and Omega designs can be implemented using either magnetostatic or electrostatic fields. In the magnetostatic configuration, the red 
and blue arrows indicate the direction of the currents in the surrounding coils or conductors, which generate the magnetic field responsible for beam curvature. In the 
electrostatic implementation, an applied voltage difference produces an equivalent deflection. In the Wien type monochromator, crossed magnetostatic and elec
trostatic fields create energy dispersion, where electrons with the nominal beam energy remain undeflected.

Fig. 3. Schematic representation of the thin-deflector approximation. The 
beam enters at an angle; the transverse x-position of electron is assumed to 
remain constant throughout the deflector, and electron leaves the deflector with 
the same initial angle but in the opposite direction. The lenses are includede to 
illustrate positional dispersion. In practice, They also introduce chromatic 
defocus, shown here as different focal planes for the red and blue rays. The 
dashed green line indicates that the beam angle α is equal to the ratio between 
the (virtual) source radius and the effective focal length r_s/f, respectively. The 
effect of this angle is exagerrated for clarity in the schematic. The radius of the 
collimated beam is r.

1 Typically, the constant ϕ before the deflector is equal to the constant ϕ after 
the deflector. Integration over a straight axis x = x0 always yields Δvz = 0 for 
systems with middle symmetry. This makes vx,0 = − vx,1 (before and after 
deflector). This, in turn, implies that a blurred focused spot behind the deflector 
is caused by an equally blurred incoming beam before the deflector. This is a 
valid assumption as long as the size of the blurred spot is smaller than the 
collimated beam radius.
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integrating over a known trajectory s, yields 

Δ v→= η
∫

∇
→ϕ

1
2ds (5) 

2with η =
̅̅̅̅
2e
m

√
.

For a homogeneous-field deflector, the exact trajectory s is a 
parabola, and we can expand around the initial coordinates to obtain the 
aberrations, as done previously [7]. In this formulation, any assumed 
(trial) trajectory, including a parabolic one, can be substituted to obtain 
an approximate result.

To keep this approach simple for generalized forms of ϕ, we 
approximate ds ≈ dz, assuming that the electron travels at a constant 
x-position (the thin-deflector approximation) through the deflector. The 
trajectory is schematically illustrated in Fig. 3.

Dividing Δvx by the velocity far from the deflector, v0 = η
̅̅̅̅̅̅
ϕ0

√
, 

where the potential is constant (ϕ0), yields the deflection angle θ ≈

2sin
(

θ
2

)

= Δvx
v0 

(small-angle approximation), thus 

θ =
1̅̅
̅̅̅̅

ϕ0
√

∫ ∂
∂x

ϕ
1
2dz. (6) 

This then allows a Taylor expansions of x-component of the inte
grand with respect to x as  

In this expansion, the first term
(
x0) represents the deflection effect of 

the deflector. The second term 
(
x1) corresponds to the astigmatic 

focusing effect, and the third term
(
x2) represents the second-order ab

erration, which is a comatic term.3 This comatic aberration distorts the 
spot shape into a comet-like and trefoil blur, thereby limiting the 
smallest discernible angle. For a homogeneous deflection field, as 
considered here, only the ϕʹ(0)3 term contributes to the x2 aberration, 
while the effects of other terms vanish. However, this is not necessarily 
the case for other monochromator designs. For instance, in the UC, 
where the beam traverses off-axis through a lens with spherical aber
rations, ϕʹ́ʹ(0) ∕= 0. A recent approach to mitigate this issue involves 
using an off-axis microlens [8].

The potential of a homogenous deflector can be written as: 

ϕ = ϕ0 +
Δϕ
D

x (8) 

Where Δϕ is the potential difference across an ideal deflector with an 
electrode separation D. Substituting Eq. (8) into Eq. (7)and integrating 
over the deflector length L yields: 

θ =
LΔϕ
2Dϕ0

−
xL

4D2

(
Δϕ
ϕ0

)2

+
x2L
D3

(
3Δϕ3

16ϕ3
0

)

(9) 

= θ0 −
(x

L

)
θ2

0 +
3
2

(x
L

)2
θ3

0 (10) 

where θ0 =
LΔϕ
2Dϕ0

. Similar to how ds degrades the smallest discernible 
probe size dp in a focussed probe (see Eq. (1)), the angular comatic term 
here causes a deterioration of the angular resolution, dαCo, given by 

dαCo ≈
3
2

(r
L

)2
θ3

0, (11) 

where, r is the beam radius.

2.2. Power supply instability

The inverse time-of-flight of electrons in a monochromator is much 
higher than the bandwidth of any electrostatic power supply connected 
to the electrodes. For instance, even in an LVSEM operating at ϕ0 ≤ 1 
kV, electrons traverse the column at 2 × 107m/s. This means that, for a 
column length of one meter, any interference slower than 2 × 107 Hz 
can be considered a static drift. Although small drifts can cause the 
dispersed beam to shift relative to the energy-selection slit, the instan
taneous energy resolution for any electron wave packet entering the 
monochromator is not affected by temporal fluctuations in the electric 
field. However, such drifts do cause the nominal pass energy of the 

monochromator to vary over time. In EELS, the issue is less pronounced, 
since the deflector supplies of both the monochromator and analyser can 
be synchronously linked to compensate symmetrically for the nominal 
energy drift [9].

For LVSEM imaging, however, the time-averaged energy resolution, 
integrated over the acquisition time per image, serves as a measure of 
the practical energy resolution. Monochromators typically achieve en
ergy resolutions close to their theoretical specifications only for milli
seconds or less, relying on power supplies with relative accuracies on the 
order of a few parts per billion [10]. The sensitivity monochromator 
deflectors to voltage fluctuations, which affect the deflection angle θ, 
can be found by expanding around Δϕ, yielding the angular spread due 
to voltage fluctuations, dαs, as 

dαs =
L

2Dϕ0
δϕ = θ0

δϕ
Δϕ

(12) 

From this intermediate result, we can already conclude that, for dϕ to 
be minimally dependent on Δϕ (i.e. for a small dαs), Δϕ should be made 
as large as possible to minimize drifts in the deflection angle. This can be 
achieved by reducing the ratio L/D as much as possible.

2.3. Misalignments

Misalignments of the deflector electrodes result in parasitic aberra
tions that degrade the energy resolution in the absence of additional 
correction elements. Here, we present the effect of an antiparallel 
rotation of the two deflector plates relative to each other around their 
midpoints in the rotational z-direction, as illustrated in Fig. 4. If the 
deflector plates are rotated by an angle φ/2 in opposite directions about 
their midpoint at y = 0, the resulting distance D between the 

θ =
1̅̅
̅̅̅̅

ϕ0
√

∫

dz
[

O
(
x3)+

ϕʹ(0)

2ϕ(0)
1
2
+ x

2ϕ(0)ϕ(0) − ϕʹ(0)2

4ϕ(0)
3
2

+ x24ϕ(0)2ϕʹ́ʹ(0) + 3ϕʹ(0)3
− 6ϕ(0)ϕʹ(0)ϕʹ́ (0)

16ϕ(0)
5
2

]

(7) 

2 Equation 5 resembles the fundamental theorem of calculus in 3 dimensions: 

Δ v→=
∫
∇
→vds = η

∫
∇
→

ϕ
1
2ds whereas, a conventional line integral is valid for any 

trajectory, this integral is only an approximation when ds does not follow the 
actual trajectory of the particle.

3 One can correct higher order aberrations, leaving no intrinsic resolution 
limit due to geometric aberrations. However, a finite number of correctors will 
lead to a finite termination of this series expansion.
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electrodes is: 

D(y) = D0 − 2ytan
φ
2
≈ D0

(

1 −
y

D0
φ
)

(13) 

Substituting this linear approximation into our expression for θ0 

yields a contribution αφ: 

dαφ := θ0
y

D0
φ ≈ θ0

r
D0

φ (14) 

The loss of angular resolution arises from rays traversing the 
deflector near the edge, where y ≈ r. The linear defects dominate 
initially (since φ can be made arbitrarily small to ensure this), while 
higher-order aberrations require more complex correction elements 
than the linear terms. Therefore, the mechanical tolerances for a given 
energy resolution are based solely on this linear effect.

2.4. Coulomb interactions

From Eq. (2), one might infer that ϕ can be arbitrarily lowered to 
improve the energy resolution. Although this is geometrically valid, 
other effects then become dominant. Assuming pencil-beam energy 
broadening, the Boersch effect directly adds to the energy spread of the 
beam as [11]: 

dϕB = K
m

ϵ0e2
I2L
ϕ0

. (15) 

where ε0 is the vacuum permittivity, and K = 0.642 is a dimensionless 
constant that depends on the initial statistical distributions and cutoff 
criteria. Including the Boersch effect, which scales as an inverse power 

ϕ0

(

i.e., 1
ϕn

0

)

, leads to an optimal ϕ0 and thus a theoretical limit for the 

best achievable energy resolution from first principles. However, the 
broadening described by Eq. (15) represents an approximation valid 
primarily for cylindrically symmetric optics. In a monochromator, the 
statistical energy broadening that occurs before the deflection fields, 
which disperse electrons according to their energies, is irrelevant to the 
overall energy resolution of the system. Therefore, the relationship in 
Eq. (15) should be treated with caution when applied to mono
chromators. The topic is rich in detail for dispersive optics, and some 

configurations are even reported to exhibit an ”inverse Boersch effect” 
[12], which reduces dϕ. Hence, further modelling of different dispersive 
configurations is required to accurately quantify the Boersch broadening 
in specific monochromator designs. Nevertheless, Eq. (15) provides a 
useful indication of the magnitude and scaling of statistical broadening 
when lowering ϕ0 to improve dϕ and is therefore used here. Unlike 
angular resolution losses, this effect contributes directly to the energy 
resolution loss in a monochromator. In addition, statistical Coulomb 
interactions within a monochromator can cause trajectory displace
ments. In the pencil-beam regime, the corresponding angular resolution 
loss is given by [11]: 

dαT =
Cp m

3
2

ϵ0e
7
2

I3Lr

ϕ
5
2

(16) 

where Cp = 8.31 × 10− 4. Again, there is an inverse dependence on ϕ.

3. Practical energy resolution

In the previous section, the effect of the various contributions to the 
angular dispersion of an electrostatic deflector were analysed. The 
smallest discernible angle, αtot, results from the linear combination4

αtot = α + dαCo + dαs + dαφ + dαT (17) 

which includes all sources of angular broadening. Here, α represents the 
current-carrying angle, whereas the other terms contribute only to the 
blurring of this angle. By equating αtot to dθ in Eq. (2), the corresponding 
dϕ can be obtained. Furthermore, by including the Boersch effect in dϕ, 
the total energy spread, dϕtot, is given as: 

dϕtot = dϕα + dϕCo + dϕs + dϕφ + dϕT + dϕB (18) 

=
ϕ
θ

α +
3
2

I
Brπ2

(
θ

αL

)2

+
ϕ

Δϕ
δϕ +

̅̅̅̅̅̅̅̅̅̅
Iϕ

Brπ2

√
φ

Dα +
Cp m

3
2

ϵ0e
7
2π

I
7
2L

θϕ2B
1
2
r α

+
Km
ϵ0e2

I2L
ϕ

(19) 

Here, the radius of a round beam is replaced by r =
̅̅̅̅̅̅̅̅̅̅̅̅

I
Brπ2α2ϕ

√
, where I 

is the unfiltered current and Br the reduced brightness of the electron 
source. The indices of θ0, ϕ0 and D0, as well as the negative sign of dϕ 
have been omitted for simplicity. By differentiating this equation w.r.t α, 
an optimum beam angle can be found.

The Eq. (19) alone does not necessarily provide deeper insight into 
different individual contributions unless they are compared separately. 
First, we assume that the energy resolution is dominated by the geo
metric angle and the contribution from coma. The optimum beam angle 
is obtained by equating ϕCo = dϕα, yielding 

α =

(
3I

2Brπ2ϕL2

)1
3
θ. (20) 

Substituting this value of α into dϕα gives the optimum energy res
olution in the presence of geometric and coma contributions. 

dϕα, Co := 2dϕCo = 2dϕα =

(
12Iϕ2

Brπ2L2

)1
3

(21) 

Solving dϕα, Co = dϕB,p yields the optimum potential 

Fig. 4. The deflector plates (red and blue) are rotated antiparallel by a small 
angle φ

2≪1. This results in an inhomogeneous deflection force experienced by 
different parts of the beam (indicated by electrons e0 and e1).

4 Whether a linear, RMS or another form of addition is used depends on the 
statistical assumptions being made. Although these methods result in different 
numerical values, they are mathematically equivalent in the sense that each 
corresponds to a specific underlying statistical distributions, information we 
generally do not have. Therefore, for simplicity and clarity, we adopt linear 
addition here.
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ϕ = IL
(

Brπ2

12

)1
5
(

Km
ϵ0e2

)3
5

(22) 

Substituting Eqs. (20) and (22) into Eq. (21) gives a new expression 
for dϕtot as 

dϕtot = dϕα,Co,B + dϕs + dϕφ + dϕT (23) 

= 2I
[(

Km
ϵ0e2

)2( 12
Brπ2

)]1
5
+

ϕ
Δϕ

δϕ +
φL

3
2I

Dθ3
1
2

(
Km
ϵ0e2

)1
2
+

2Cp m
1
2I

3
2

πB
3
6
r e

3
2Kθ2

(24) 

The first term in this equation, 

dϕα,Co,B = 2I
[(

Km
ϵ0e2

)2( 12
Brπ2

)]1
5

(25) 

Is a combined effect from dϕα, dϕCo and dϕB. This equation represents 
the intrinsic energy resolution of an ideal monochromator, free from 
engineering imperfections such as mechanical misalignments and 
power-supply instabilities. The only parameters influencing this equa
tion are those fundamentally imposed by nature. Although trajectory 
displacement is also an intrinsic effect, it is excluded from this expres
sion, since, as will be shown, its contribution can be kept negligibly 
small.

It should be noted that, in the calculation of dϕα,Co,B, it is assumed 
that 

dϕCo = dϕα =
dϕB

2 

This assumption gives a better energy resolution, but at the expense 
of a considerable practical brightness loss due to the larger contribution 
from coma.

For a diffraction-limited beam, the current I is replaced by the 
coherent current of the source, I = 10− 18Br [13], showing that the op
timum energy resolution depends only on the reduced brightness of the 
source. For example, for a Schottky source with Br =

108Am− 2V− 1sr− 1, hence a coherent current of 100 pA, the diffraction 
limited resolution is 0.1 mV. For LVSEM applications, where higher 
beam current (e.g., I = 10 nA) is typically preferred, this leads to 
dϕα,Co,Bp = 12 mV.

In practice, however, this level of energy resolution is not easily 
achievable. This limitation arises from the three remaining terms in Eq. 
(24), from which a requirement can be derived for each contribution. 
First, the trajectory displacement is considered. By setting 
dϕT≪ dϕα,Co,B, and rearranging the terms, we obtain 

θ≫

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Cp m
1
10I

1
2ϵ

2
5
0

12
1
5π

3
5B

3
10
r e

7
10K

7
5

√
√
√
√
√ = I

1
4

(
C10

p mϵ4
0

B3
r 122π6e7K14

) 1
20

≈ 16
I
1
4

B
3
20
r

(26) 

Here, the fundamental physical and statistical constants can be 
approximated by a numerical value of 16 in standard units. For I = 10 
nA, Br = 108 Am− 2rad− 2V− 1, we obtain θ≫10 mrad. In the diffraction 

limit, using I = 10− 18Br, θ≫5 × 10− 4B
1
10
r = 3 mrad.

Moreover, for Br = 108Am− 2rad− 2V− 1, we find B
3
20
r = 16. Assuming 

that reduced brightness of modern SEM sources varies within a factor of 

10 of this value, the result for B
3
20
r will differ by no more than a factor of 

10
3
20 ≈1.4, which can be considered negligible for typical scaling pur

poses. Therefore, one may generally assume the requirement θ≫I
1
4 in 

standard units, using the pencil-beam approximation. Although θ≫10 
mrad may pose engineering challenges, it does not represent an intrinsic 
limitation of monochromator design.

To explore what really limits the practical performance of a mono

chromator, we now examine the tolerances. We begin with the deflec
tion potential tolerances. The relative tolerance of the power supply can 
be obtained by requiring that dϕs≪dϕα,Co,B.

As an example, assuming L = 0.02m,5 this yields 

δϕ
Δϕ

≪2I
ϕ

[(
Km
ϵ0e2

)2( 12
Brπ2

)]1
5
=

2
L

(
12

Brπ2

)2
5
(

ϵ0e2

Km

)1
5
≈ 6 × 10− 6. (27) 

This tolerance is still achievable for LVSEM equipped with a stable 
power supply (i.e., resolution significantly better than17.4 bits). For 
TEM, however, δϕ is superimposed on the main acceleration potential. 
For example, for D = 1 mm and θ = 0.1 rad, δϕ becomes: 

δϕ≪Δϕ
ϕ

dϕα,Co,B =
4IθD

L

[(
Km
ϵ0e2

)2( 12
Brπ2

)]1
5
≈ 8 × 10− 5 V. (28) 

Although maintaining this level of accuracy is possible in principle, 
stacking the deflection voltage supply on top of an acceleration potential 
of 100 kV requires a relative stability of ≪8 × 10− 10. This imposes a 
significant engineering challenge and explains the limited temporal 
stability, typically in the millisecond range [9,14].

To determine the mechanical alignment tolerances, we require 
dϕφ≪dϕα,Co,B which yields 

φ≪
Dθ

L
3
2

[
127ϵ0e2

B2
r π4Km

] 1
10

≈ 3 × 10− 5 rad (29) 

for the same illustrative values, this extremely low tolerance implies the 
need for additional stigmators and other correction elements to 
compensate for aberrations induced by misalignments. Therefore, in 
designing a new type of monochromator, the tolerances of both the 
electronics and mechanical components should be a primary focus.

4. Simple electrostatic monochromator approach

Monochromators such as those described in Section 1 inherently 
suffer from the limitation discussed in Section 2 and 3. To circumvent 
these issues, conventional monochromators rely on additional complex 
correction elements and supporting electronics. In this section, we pre
sent a new approach for a simplified monochromator design. Compared 
with conventional high- performance monochromators, the complexity 
is significantly reduced, while the performance remains unaffected.

4.1. Electrostatic fringe field deflectors

Eqs. (12) and (14) show that the electro-mechanical tolerances scale 
inversely with D. This parameter can therefore be tuned to achieve an 
improved design. For an electrostatic deflector, if D ≈ L, the fringe field 
becomes important and needs to be included in the calculation of θ. 
When D≫L, the fringe field contributions dominate the shape of the 
potential, hence the name “fringe-field deflector”. To model the fringe- 
field effect, the potential is approximated by two line charges, adapted 
from [15]: 

5 The validity of these numbers is discussed in Appendix 1. In practice, the 
deflection angles and the deflector length can be larger, but this requires de
viation from a straight path through a homogenous deflection field. Although 
the terms that are analysed here still contribute under such circumstances, 
higher order terms start to become more important, and should be considered 
as part of a detailed particular design. We aim to limit ourselves to the inherent 
effects of an uncorrected ideal deflector here. However, as can be seen in 
equation 29, increasing θ beyond the point where the thin, homogeneous 
deflector model works well to completely describe the optics, should increase 
the alignment tolerances.
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ϕ = ϕ0 +
Δϕ
4

ln

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

x + D
2

)2

+ z2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

x − D
2

)2

+ z2

√ (30) 

= ϕ0 +
Δϕ
8

ln

(

x + D
2

)2

+ z2

(

x − D
2

)2

+ z2

, (31) 

Here, Δϕ and D are chosen such that the electric field strength at the 
centre of the deflector is the same6 as that of a homogeneous deflector. 
Applying the same mathematical procedure as described in subSection 
2.1 now requires calculating the higher-order derivatives around ϕ(x =

0). Taking these higher-order derivatives of Eq. (30) with respect to x 
and evaluating them at x = 0 results: 

ϕ(0) = ϕ0 (32) 

ϕʹ(0) = Δϕ
D

D2 + 4z2 (33) 

ϕʹ́ (0) = 0 (34) 

ϕʹ́ʹ(0) = Δϕ
8D
(
D2 − 12z2

)

(
D2 + 4z2

)3 (35) 

Substituting these derivatives in Eq. (7) and integrating over z from 
− ∞ to ∞ yields 

θf = θf ,0 −
x
D

θ2
f ,0

π +
(x

D

)29θ3
f ,0

4π2 (36) 

Here, the nominal deflection angle θf ,0 = πΔϕ
4ϕ0

, which is no longer 
dependent on D, thereby eliminating the first-order misalignment effects 
that contribute to dϕφ.

The contribution dϕs in Eq. (24) remains unchanged when tran
sitioning from homogeneous to fringe-field deflection. However, for 
homogeneous deflection fields dϕs = ϕ

Δϕ δϕ = L
2Dθ δϕ, whereas for fringe- 

fields dϕs = π
4θ δϕ. This indicates a difference in sensitivity to δϕ, with a 

ratio of 2L
πD. Therefore, a deflector dominated by a homogeneous field, 

particularly when the deflector length L is much greater than the gap D, 
is more sensitive to δϕ, which is generally undesirable.

In contrast, fringe-field-dominated configurations can ideally ach
ieve dϕs ≈ δϕ, resulting in minimal sensitivity to angular deviations. 
This configuration is preferable, provided that the required energy 
dispersion Δϕ can still be achieved without triggering a electrical 
breakdown. Although further improvements may be possible, in practice 
the drift of the acceleration potential in a TEM becomes the dominant 
source of error, since it typically scales as dϕs ≈ δϕ. In the case of 
LVSEM, however, this particular limitation may not apply. Nevertheless, 
in practical implementations, there is often a residual contribution to 
dϕs, that scales as dϕs ≥ δϕ.

For the potential described in [15] for finite cylinders, the parameter 
D
2 in Eq. (36) is replaced by 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
d2 − a2

√
, where d is half the distance be

tween the centres of the cylinders, and a is the radius of the cylinders. 
This substitution does not alter any of the conclusions previously drawn 
for the line-charges model. However, the factor Δϕ/4 is replaced by 
1
2 Δϕg, where 

g :=
1

ln
(

d̂ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d̂
2
− 1

√ ) (37) 

and d̂ := d/a. This introduces a new sensitivity to rotational mis
alignments in the final result. To analyse the relative sensitivity of g, we 
compute 

∂g
∂d̂

d̂
g
=

d̂
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d̂
2
− 1

√

ln
(

d̂ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d̂
2
− 1

√ ) (38) 

Although this yields a finite tilt sensitivity, it converges to zero for 
d̂≫1, where the line-charge approximation is recovered.

4.2. Beam energy variation

As discussed in subsection 0, dϕφ can be neglected for fringe-field 
configurations. We assume Δϕ ≈ ϕ0 to minimize dϕs, which gives a 
larger deflection angle θf ,0 ≈ π

4, leading to dϕs ≈ δϕ. Finally, for typical 

probe currents applicable in an SEM, θf ,0 ≈ π
4≫I

1
4 implies that trajectory 

displacement can be neglected. the remaining contributions are there
fore 

dϕtot = dϕα,Co,B + dϕs (39) 

= 2I
[(

Km
ϵ0e2

)2( 12
Brπ2

)]1
5
+ δϕ (40) 

The value of dϕα,Co,B is retained from the homogeneous-field case. 
Although the results for dϕCo differ by a factor 3/2

9/4π2 between the fringe- 
field and homogeneous-field configuration when D = L, only the scaling 
behaviour of the final result is considered. The numerical prefactor of 
dϕCo appears with a power 1

5 in the final expression and is therefore 
relatively insignificant. The goal here is not to obtain an exact numerical 
constant, but rather to establish a general scaling law. To arrive at this 
conclusion, we assume L ≈ D, which determines ϕ according to Eq. 
(22). Assuming a practical configuration with D = L = 2 mm limited by 
both the vacuum pump budget and the difficulty of controlling elec
trostatic fields near the vacuum chamber walls for larger geometries, the 
optimal potential is ϕ = 85 V, which is much lower than any typical 
voltages used in the electron gun region. Moreover, increasing the size 
or beam energy would raise the deflection voltages, which become 
difficult to place it into the microscope once they exceed ≈ 1 kV, as this 
risks electrical discharges. It is important to note that this value repre
sents the optimal beam energy within the deflection space only. To 
minimize Boersch broadening, this low beam energy should also be 
restricted to the deflection region itself.7 Although this is technically 
feasible, it implies that the entry and exit regions of the deflection space 
effectively act as lenses with short focal lengths. To minimize the geo
metric aberrations of these deceleration and acceleration lenses, they 
should be designed to have comparable physical dimensions. If made too 
small, the spherical aberrations of these lenses will dominate the energy 
resolution; if made too large, the deflectors fields will strongly influence 
the deceleration and acceleration lens fields, introducing large astig
matism that would require additional correction elements. An optimal 
balance among all factors contributing to dϕ can therefore be achieved 
by designing a monochromator entirely based on fringe fields, in which 

6 Any other amplitude results in a different θf ,0, but the scaling as a function 
of θf ,0 remains the same.

7 This approach is partially realized in [16], where the beam is decelerated 
before deflection. However, this configuration can be improved since the beam 
drifts at the same energy before reaching the selection aperture, creating un
necessary drift space at low beam energy, adding susceptibility to Boersch 
broadening and stray field interference.
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the fields of the dispersive deflector (s) and the transfer lenses overlap. 
Such a configuration can be realized by stacking small, precisely aligned 
electrodes fabricated using Micro-fabrication (MEMS) techniques. In 
this design, the fringe fields of the deflector electrodes, deceleration and 
acceleration lenses have comparable spatial dimensions and should 
therefore be modelled collectively, taking their mutual interactions into 
account. Due to the typical voltages and electric fields achievable in such 
a MEMS-based monochromator, the deflection field should be posi
tioned before the main acceleration potential in systems such as (S) 
TEM’s.

5. Conclusion

Electrostatic or magnetostatic deflection fields serve as the main 
dispersion elements in current monochromator designs. Using a thin- 
deflector model, we have shown that the intrinsic energy resolution of 
a monochromator is fundamentally independent of its geometric di
mensions, provided that the beam parameters are properly scaled. In the 
diffraction limit, this yields an achievable energy resolution on the order 
of 0.1 meV.

For homogeneous deflection fields, however, the required mechan
ical alignment tolerances are extremely stringent (≪3 ×10− 5 rad), 
exceeding what is reliably achievable with current fabrication technol
ogies. To suppress parasitic aberrations, modern monochromators 
therefore rely on additional multipole-based correction elements. These 
elements demand precise tuning of multiple power supplies, which in
creases system complexity, reduces practical energy resolution, and 
raises cost. We show that these tight mechanical-tolerance constraints 
can be greatly relaxed by adopting a fringe-field-dominated deflector 
design, which simultaneously reduces sensitivity to power-supply in
stabilities. The optimum beam energy resolution is obtained when the 

beam is decelerated locally immediately before the dispersion deflector, 
minimizing Boersch broadening. The compact geometry of a fringe-field 
deflector, combined with the short-range decelerating and accelerating 
fields that surround it, makes MEMS-based fabrication particularly 
attractive. To the best of our knowledge, a fully electrostatic MEMS 
monochromator of this type has not yet been realized. We acknowledge 
that industrial groups may have developed internal scaling laws similar 
to those presented here, or tailored to specific designs. However, we are 
unaware of any publicly available general design criteria of the form 
derived in this work.
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Appendix

Parabolic trajectory and dimensions of a homogeneous deflector
For a homogeneous deflection field, instead of assuming any trajectory for the electron in a deflector, since 

ϕ = ϕ0 +
Δϕ
D

x (41) 

we have dvz,1
dt = 0 inside the deflection field. However, it is different from vz,0 outside the deflector because of the acceleration at the boundaries of the 

deflector. Assuming a sharp cut-off between the ϕ = ϕ0 outside the deflector and inside (Eq. (41)) the deflector, the electron experiences an 
instantaneous acceleration in the z-direction such that by conservation of energy, the z-velocity inside the deflector vz,1 (through conservation of 
energy) is given by 

1
2

mv2
1 =

1
2

m
(

v2
z,1 + vx,1

2
)
= eϕ (42) 

vz,1 =

̅̅̅̅
2
m

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

eϕ0 +
eΔϕ
D

x −
1
2

mv2
x,1

√

(43) 

Assuming symmetric deflection, the x-velocity before and immediately after entering the deflector respectively vx,0 = vx,1 = 1
2 Δvx. Then, a constant 

electrostatic force in the x-direction over a time interval Δt = L
vz,1

with substitution of Eq. (43) yields 

Δvx =
eΔϕ
mD

L
vz,1

=
eΔϕL
mD

1
̅̅̅
2
m

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

eϕ0 +
eΔϕ
D x − 1

8 mΔv2
x

√ (44) 

Then, by dividing by v0 to get θ̃ := Δvx
v0

= 2sin θ
2, where v0 =

̅̅̅̅̅̅̅
2eϕ0

m

√

this simplifies to 

θ̃ =
θ0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + 2θ0x − 1
4θ̃

2
√ , (45) 

where x := x
L and again θ0 :=

LΔϕ
2Dϕ0

. Squaring both sides and solving for θ̃
2 

we get 
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θ̃
2
= 2(1+2θ0x) ± 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1 + 2θ0x)2
− θ2

0

√

, (46) 

where subtraction of the two terms represent the physical result since then θ̃(θ0 = 0) = 0.
Then, taking the square root and of this result we get 

θ̃ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2(1 + 2θ0x) − 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1 + 2θ0x)2
− θ2

0

√√

, (47) 

where we can finally retrieve θ as 

θ = 2arcsin
1
2

θ̃ = 2 arcsin

(
1
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2(1 + 2θ0x) − 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1 + 2θ0x)2
− θ2

0

√√ )

(48) 

And then expanding the lowest order terms around θ0 = 0, x = 0 we retrieve 

θ ≈ θ0 − xθ2
0 +

3
2
x2θ3

0, (49) 

which is exactly the same as Eq. (10). From this we can deduce that setting ds = dz results in the correct small angle deflection.
One might wonder what still counts as a “small” angle here. In this paper we care about the general scaling of the problem, instead of retrieving a 

result that is exact within a small percentage. Therefore, as long as the result so as long as the result does not diverge or more than double in magnitude 
past some point, it is considered accurate in scaling.

This can be tested by considering the expression θ around x = 0. In this case, Eq. (48) collapses to θ = arcsinθ0 (this can be derived by temporary 
substitution θ0 = cosψ, allowing the expression to collapse). Though this result for θ does not diverge to multiple times θ0 within its entire range of 
definition, there is still a problem. In Eq. (2), the fraction dθ

θ is implicitly approximated as dθ 0
θ 0 which results in the expression given. In this 

approximation, a derivative dθ
dθ0 

is implied to be neglected. The derivative dθ
dθ0

= 1̅̅̅̅̅̅̅̅
1− θ2

0

√ does actually diverge at θ0 = 1. Thus there is a largest angle at 

which the approximation of θ ≈ θ0 and thus 

(

dθ
dθ0

)

dθ

θ ≈ dθ0
θ0 

no longer holds. Assuming we want the result to be accurate within a factor 2, we can 
calculate the ratio a between the full result and the numerical approximation as 

⎛

⎜
⎜
⎜
⎜
⎝

⎡

⎢
⎣ 1̅̅̅̅̅̅̅

1− θ2
0

√

⎤

⎥
⎦

arcsinθ0

⎞

⎟
⎟
⎟
⎟
⎠

(
1
θ0

) =
θ0

arcsinθ0

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − θ2
0

√ = a (50) 

Assuming we want the chromatic expression to be accurate within a factor of a < 2, this inequality can be numerically solved to yield a maximum 
θ0 = 0.92. As long as this is the case, the deflector is considered “thin” for the approximations in this paper to be considered valid.

Of course, this assumes that the beam actually fits through the width of the deflector at this angle. To make sure how much the beam curves 
throughout the deflector, we integrate the force in the x direction: 

m
d2x
dt2 = e

dϕ
dx

= e
Δϕ
D

(51) 

leading the width of the trajectory in the x-direction Δx throughout the deflector 

m
e

Δx =
1
2

Δϕ
D

(Δt/2)2
, (52) 

where Δt = L
vz,1 

is again the time it takes to traverse the whole deflector. Since the trajectory is assumed symmetrically through the deflector, the beam 

bends back after half the length of the deflector, hence a time Δt
2 until halfway the deflector. Though the rays generally accelerate or decelerate in the 

z-direction when passing the edges of the delfection field, the central ray (which enters at x = 0) does not. This means that for the central ray 

component, around x(t = 0) = 0, the velocity component vz,1 = v0cos θ
2 =

̅̅̅̅̅̅̅̅
2eϕ0

m

√

cos θ
2 throughout the deflector. Therefore, substituting Δt and then vz,1 

yields 

Δx =
1
16

ΔϕL2

Dϕ0

1
cos2 θ

2
. (53) 

Though there is a cos θ
2 dependency, for small angles (even at θ = arcsin0.919, the difference is “only” 43 %), this can be neglected. Furthermore, 

recognising once more the contribution θ0 := LΔϕ
2Dϕ0 

yields 

Δx =
1
8

θ0L . (54) 

It should be noted that though this is the trajectory for the central ray only, it gives an estimate of the maximum offset of a ray passing through the 
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centre of the deflector, thus D should be at least twice this amount in case the beam passes through the centre of the deflector. In order to allow the 
beam to enter and exit at the center of a deflector, the width should thus be 

D > 2Δx =
1
4

θ0L. (55) 

In practice, depending on the more detailed design, the beam would not necessarily have to enter through the geometric centre of the deflector, 
since it just makes the symmetry of the calculation simpler.

Another reason that the beam might through the deflector is the radius of the beam itself.

The beam radius through the deflector can be computed from the brightness with r =
̅̅̅̅̅̅̅̅̅̅̅̅̅

I
Brπ2α2ϕ

√
, where substitution of Eqs. (20) and then 22 yield 

r =

⎛

⎜
⎝

(
2
3

)2
3
I
1
3

B
1
3
r π

2
3ϕ

1
3θ2

⎞

⎟
⎠

1
2

=
2

2
5L

1
2

3
3
10π

2
5B

1
5
r

(
Km

ϵ0e2

) 1
10

θ

. (56) 

Since width of the beam is twice equal to the radius, the total width of the deflector should be D > 2r+ 2Δx. With the example of L = 0.02 m and θ 
= 0.1 rad as mentioned in the text, 2Δx ≈ 0.1 mm and 2r ≈ 0.2 mm. Therefore, D = 1 mm is wide enough to allow the beam to pass.

Data availability

Data will be made available on request.
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