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Abstrakt
Současný vývoj v oblasti nízkovoltové elektronové mikrokospie vede ke zlepšování pros-
torového rozlišení cestou korekce elektronově-optických vad. V posledních letech se im-
plementace korektorů u konvenčních elektronových mikroskopů (50-200 kV) stává stan-
dardem. Nicméně zabudování korektoru do malého stolního prozařovacího mikroskopu
pracujícího s nízkým urychlovacím napětím je stále výzva.

Velmi vhodným řešením korekce otvorové vady u takovýchto přístrojů se zdá být
koncept hexapólového korektoru založeného na bázi permantních magnetů umožňující
zachovat minimální rozměry stolního transmísního mikroskopu.

Přednosti a potenciál Roseho hexapólového korektoru vzhledem k použití v nízko-
voltových systémech jsou předmětem kritické analýzy obsažené v této práci, včetně zásad-
ního příspěvku tohoto korektoru k celkové chromatické vadě přístroje.

Chromatická vada zůstává, navzdory veškeré snaze o její minimalizaci, zcela zásadním
aspektem při návrhu korektoru.

Koncept představený v rámci této dizertační práce je určen především pro prozařovací
transmisní elektronový mód z důvodu omezení nárůstu chromatické vady způsobeného
průchodem elektronového svazku preparátem. V práci lze také nalézt podrobný popis
navržených kompenzačních systémů korektoru určených k precisnímu seřízení optické
soustavy.

Summary
Current development of low voltage electron microscopy has led to an aberration correc-
tion of the instrument in order to improve its spatial resolution. In recent years, aberration
correction has slowly become standard in high-end conventional transmission electron mi-
croscopy (50-200kV). However, the integration of a corrector to a desktop transmission
electron microscope with exclusively low-voltage design seems to be a challenging task.

The hexapole corrector based on permanent magnet technology seems to be a promis-
ing solution for the correction of the primary spherical aberration, especially if the compact
dimensions and low complexity are to be preserved.

The benefits and potential of the Rose hexapole corrector implemented to such low-
voltage systems are critically considered in this thesis. The feasibility of a miniaturized
corrector suitable for desktop LVEM is thoroughly discussed, including the aspect of
corrector contribution to chromatic aberration that appears to be crucial.

However, despite the effort to minimize the effect of chromatic aberration, its high
importance with respect to the microscope resolution still remains a serious obstacle. It
must be taken into account when the design is made.

The presented concept is intended exclusively for STEM mode to avoid additional
chromatic deterioration caused by electron passage through the specimen. The design of
the key segment (transfer lens doublet) is discussed in detail, including its compensation
system, which guarantees proper alignment.

Optimal corrector parameters and theoretical resolution limits of such a system are
proposed.
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INTRODUCTION
The human desire to explore nature in all possible scales undoubtedly lags behind the

technological progress of scientific instrumentation. From its origin, mankind has been
attracted to the investigation of the universe from the biggest structures to the tiniest
known objects.

Scientific and technological evolution driven by the ambition to see more, further
and deeper has already allowed us to observe incredible things, proving the astonishing
diversity of nature. Although it might seem that smaller and smaller objects can be
examined with better and better microscopes, nature provides only a limited set of objects
or, said differently, natural samples. The current microscopes, in fact, have revealed
specimen details of all scales all the way down to the atomic structure. However, the
difficulties to reach such a high resolution are currently enormous and the most advanced
and expensive high-voltage electron optical devices are required. Moreover, technology
has to be supported by immnese effort, perfect sample preparation and an experienced
operator.

It should also be emphasized that extreme atomic resolution is practically in vain
or even redundant for most of the applications. Thus, the effort for further magnifying
beyond such dimensions seems to be a marginal issue, due to the fact that there are no
other natural structures accessible by electrons.

On the other hand, there is still plenty of room for improvement. In contrast to ad-
vanced light-optical microscopy techniques capable of resolution beyond the diffraction
limit, which is considered the physical limit for classical microscopy, electron microscopy
has not yet approached this physical limitation. Uncorrected conventional electron mi-
croscopy limited mainly by chromatic and spherical aberration is not able to achieve
spatial resolution better than 50λ [1].

There are two approaches which have to be inevitably combined to resolve smaller
objects with the help of electrons: reduction of the De Broglie wavelength and correction
of aberrations. Although λ itself is small enough even for low accelerating voltage, its
reduction has a significant influence on system aberrations. On the contrary, increasing
accelerating voltage, as well as the dimensions of the main microscope column and sample
stability against radiation damage have high requirements for technical parameters of
electronics. The appropriate way to exploit the physical potential of the instruments is
to correct the most serious aberrations.

Basic principles of aberration correction have been known for 70 years [2], but practical
implementation has been complicated by technological limitations for a very long time.
The first generation of correctors called ”proof of principle” confirmed the possibility to use
rotationally asymmetric multipole electronoptical components for aberration correction.
However, their own imperfections severely deteriorated image resolution.

The rapid development of accuracy of mechanical manifacturing and stability of elec-
tronics over the past decades has enabled the practical use of correctors in the most
advanced electron microscopes [3].

The current commercially available corrected transmission electron microscopes work
with an accelerating voltage in the range of 100−200kV, but corrected systems with lower
energy are still under development.

Low-voltage transmission electron microscopy (LVEM) uses an electron beam with
an energy of 5 − 30 kV, corresponding to the wavelength interval of 17.3 − 7.1 pm.
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The reduction of radiation damage of the sample and contrast enhancement necessary for
investigation of sensitive samples containing light atoms and weak bonds can be considered
as the main advantage of such systems. Certain technical aspects, discussed later, also
allow the LVEMs to be constructed in a desktop design, in contrast to the bigger common
dimensions of conventional TEM/STEM devices.

The main goal of this thesis is to propose a technical solution of a corrector exclusively
tailored to the needs of low-voltage electron microscopes.
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1. METHODS OF ABERRATION
CORRECTION

The aforementioned Scherzer theorem is valid for systems with rotationally symmetri-
cal lenses, electrostatic or magnetic fields and zero space charge. Violation of any of these
parameters common to uncorrected electron optics can create an element with a negative
spherical or chromatic aberration coefficient that is potentially usable as a corrector.

Otto Scherzer himself proposed several ways to perform correction of these unavoidable
aberrations of rotationally symmetric electron lenses.

To this day, the most successful and basically only commercially widely used correction
systems are based on multipoles i.e. elements without rotational symmetry, whose aber-
ration coefficients may be negative values, and thus serve to compensate the aberrations
of other necessary rotationally symmetric electron lenses of the microscope.

A very detailed information about the relevant correction techniques are summarized
in [8].
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2. BENEFIT ANALYSIS OF THE
ABERRATION CORRECTION

In the very beginning the most important questions about the level of potential ben-
efits or on the other hand inefficiency of aberration correction had to be answered. The
following part is intended to be the feasibility study of aberration correction for the desk-
top low voltage systems. The conclusions arising from the arguments set out in this
section played a key role in the decision-making of which concept of low voltage corrected
transmission electron microscope is beneficial. This section is based on article ’Aberra-
tion correction for low voltage optimized transmission electron microscopy’ published in
MethodsX, 2018 [10].

2.1. Estimated resolution of corrected LVEM
The total resolution is determined by the combination of all aberrations, but it is necessary
to use only the most important ones to arrive at a relevant estimate.

The contributions of the partial aberration discs ds (primary spherical aberration), dc
(chromatic aberration) and dd (diffraction limit) can be summarized to a total aberration
disc d:

d =
√
d2s + d2c + d2d. (2.1.1)

It can be specified in more detail:

d =

√
(k1Csα3

i )
2
+

(
k2

∆E

E0

Ccαi

)2

+

(
0.61

λ

αi

)2

. (2.1.2)

where standard notation is used [4][5].
From equation (2.1.1) it is obvious that the optimal solution of a corrected system

should not be significantly limited by one major contribution, but all primary contri-
butions should be comparable. The degree of importance of each aberration has been
thoroughly studied in various system conditions to determine which aberration is limiting
and thus should be corrected.

The most manifesting aberrations of common electron optical devices are the chro-
matic and the geometric (especially the primary third-order spherical aberration) ones,
their influences on the size of the paraxial space (determined by aperture angle) are com-
peting with the influence of the diffraction limit. An optimal aperture angle therefore
exists. The correct choice of the aperture angle is necessary to maintain the best possible
resolution.

Optimal aperture angles αoptim have been calculated in the range of LVEM accelerating
voltage.

The results for all above mentioned modes of interest with a typical energy spread ∆E
of Schottky and CFE cathodes and relevant aberration coefficients [6][7] are presented in
table 2.1. The change of the optimal aperture angle for typical energy spreads of Schottky
and CFE cathodes is 0.2− 1.5 mrad.
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Table 2.1: Optimal setting of aperture angles obtained by minimisation of the integral
aberration disc.

∆E[eV ] LVEM 5 LVEM 25 LVEM 25 LVEM 25
5 keV 10 keV 15 keV 25 keV

0.6 (Schottky) 9.5 [mrad] 10.2 [mrad] 9.4 [mrad] 8.3 [mrad]
0.3 (CFE) 11.0 [mrad] 10.6 [mrad] 9.6 [mrad] 8.5 [mrad]

The change between Schottky and CFE is significantly bigger considering the lower
electron energy, all because of higher importance of the chromatic aberration.

The integral aberration discs were calculated with αoptim according to equation (2.1.2).
It can be considered to be the resolution limit of an uncorrected system. The calculations
were done for a Gaussian image plane (i.e. k1 = 1, k2 = 1), where the screen is placed
approximately. (tab. 2.2)

Table 2.2: Integral aberration discs for αoptim in the Gaussian imaging plane. ∆E = 0.6 eV

LVEM 5 LVEM 25 LVEM 25 LVEM 25
5 keV 10 keV 15 keV 25 keV

d [nm] 1.5 0.92 0.79 0.67

A closer look at the partial aberration discs is helpful in order to understand the be-
havior of the resolution limit. The data prove that the decrease in the accelerating voltage
makes the chromatic aberration more severe. The diameter of the integral aberration disc
for the 5kV LVEM is reduced by CFE to app. 80% when using Schottky cathode. In the
case of 25kV using CFE cathode the radius of the integral aberration disc became smaller
by only 4% (tab.2.3).

Table 2.3: The aberration discs for energy spread typical for Schottky and CFE cathods
(0.6 eV, 0.3 eV). Aberration coefficients were used from LVEM5 and LVEM25. [6][7]

5 keV 25 keV
∆E0 0.6 eV 0.3 eV 0.6 eV 0.3 eV

ds [nm] 0.27 0.43 0.30 0.31
dc [nm] 1.01 0.59 0.21 0.10
dd [nm] 1.11 0.95 0.56 0.55
d [nm] 1.52 1.20 0.67 0.64

An interesting question would certainly be how crucial is the correction of individual
aberrations. The primary spherical and chromatic aberration were considered to evaluate
the profit resulting from their full correction. Aberration correction in calculations is
realized by nullifying an adequate aberration coefficient. Results are clearly summarized
in the following tables (2.4), (2.5).
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The separate correction of spherical aberration is not beneficial at all in case of very
low beam energy 5keV. On the contrary, undesirable defects introduced by corrector
itself would cause deterioration of resolution. Certain resolution improvement should be
achieved by dealing with chromatic aberration, but incorporation of necessary equipment
able to do so would turn over the whole concept of desktop LVEM5 microscope.

However, very similar results, as the separate correction of chromatic aberration would
provide, are expected in case of combination of spherical aberration correction together
with reduced energy spread by using of cold field emission electron source.

The impact of chromatic aberration weakens with increasing accelerating voltage as
mentioned above, thus the situation reverses, tab.(2.5). Separate correction of chromatic
aberration is almost pointless and dominant effect is taken over by spherical aberration.
Accelerating voltage 25kV is already mainly sensitive to spherical aberration correction
with expected resolution improvement about 28%. The combination of spherical aberra-
tion elimination with reduced energy spread by CFE to one-half brings a very promising
outcome, when resolution can be reduced by 43%. Such a potential for resolution im-
provement is already worth the effort to deal with development troubles caused by the
incorporation of a corrector to the optical column. It is important to emphasize that the
chromatic contribution of the sample is not considered.

In addition, separate correction of spherical aberration can be made by less compli-
cated and more compact hexapole type corrector.

Table 2.4: Tabulated efficiency analysis of particular aberration correction types for an
accelerating voltages 5kV.Type of correction ∆E [eV] αoptim [rad] Tot. aber. disc d [nm] Percentage dec.

Uncorrected 0.6 0.0096 1.53 -
Corrected for CC 0.6 0.012 1.04 32%
Corrected for CS 0.6 0.010 1.50 2%
Corrected for CS 0.3 0.014 1.06 31%

Table 2.5: Tabulated efficiency analysis of particular aberration correction types for an
accelerating voltages 25kV.Type of correction ∆E [eV] αoptim [rad] Tot. aber. disc d [nm] Percentage dec.

Uncorrected 0.6 0.008 0.67 -
Corrected for CC 0.6 0.008 0.63 6%
Corrected for CS 0.6 0.014 0.48 28%
Corrected for CS 0.3 0.019 0.38 43%

The decision about the prospective corrector development direction has been made,
based on this analysis. Because of the results presented in this chapter and also reasons
later discussed in detail in the section 4, the goal was set to built a hexapole corrector
exclusively designed for low voltage electron microscope similar to LVEM25 concept.
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2.2. Wave aberration theory
The aberrations can be also treated through the wave aberration function χ(α). This con-
cept is based on the idea that every object point sends out spherical wave with concentric
wavefronts with equal phase.

Real lenses introduce aberrations and thus they modify the shape of the wavefront [5].
A phase shift can be expressed in the form related to aperture angle α, thus the

aforementioned formula can be modified to:

χ(α) =
2π

λ

(
−1

2
∆fα2 +

1

4
C3α

4 +
1

6
C5α

6 +
1

8
C7α

8 + . . .

)
. (2.2.1)

It is also important to stress that only spherical aberration is included in this wave aber-
ration analysis. The influence of chromatic aberration is neglected for this section.

To achieve the best possible resolution, it is necessary to find a compromise between
the geometrical aberrations and the diffraction limit.

A quantitative evaluation of the image quality was done by Strehl ratio:

S = e−(2πRMS)2 , (2.2.2)

where RMS Root-Mean-Square, a parametre which describes the wavefront, is defined:

RMS =
P-V
4.5

. (2.2.3)

Although the definition of the spatial resolution itself is a tricky task and different
approaches are described in literature and used by different manufacturers, the generally
accepted value of Strehl ratio to maintain reasonable image quality is S ≥ 0.8 [11][12].
For the purpose of this study the value is set to S = 0.88.

Formulas for the most appropriate spherical aberration coefficients C3 and C5, defocus,
the corresponding resolution and the aperture angle in different conditions were derived
analytically by Intaraprasonk et al. [13] and Chang et al. [14]. It should be emphasized
that it is not optimal to set coefficients to zero, because the aberrations of a lower order
are capable of reducing the influence of the higher order aberrations.

Optimal aperture angles of all LVEM5 and LVEM25 imaging modes were calculated for
a system limited by the 3rd and the 5th order spherical aberration. (tab. 2.6) The aperture
angles would clearly enlarge due to the correction. The aperture angles of an uncorrected
microscopes are 0.01 rad [6] [7]. A correction of the primary spherical aberration promises
to improve this value by at least three times and with the correction of the 5th order
spherical aberration, it would be possible to use an aperture angle approximately eight
times higher as compared with the current systems.

Table 2.6: Optimal aperture angles of the corrected system: correction up to the 3rd
order α3 (C5 = 100 mm), correction up to the 5th order α5 (C7 = 1000 mm). S = 0.88.

5 keV 10 keV 15 keV 25 keV
α3 [rad] 0.040 0.038 0.037 0.035
α5 [rad] 0.083 0.079 0.077 0.075
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These results are relevant especially in the case of the instruments with eliminated
deterioration caused by chromatic aberration. Systems with unsolved chromatic defect
have to be designed with smaller aperture angles according to the table (2.1).

The resolution of the spherical aberration corrected system was calculated with the
aperture angles from the table above (tab. 2.6). The results are shown in the following
table (2.7).

Table 2.7: The resolution of the system with a correction of the 3rd order d3 (C5 = 100
mm) and the 5th order spherical aberration d5 (C7 = 1000 mm) neglecting the influence
of the chromatic aberration and other geometrical aberrations. S = 0.88.

5 keV 10 keV 15 keV 25 keV
d3 [nm] 0.26 0.20 0.17 0.13
d5 [nm] 0.13 0.09 0.08 0.06

Due to the unconsidered effect of chromatic and other geometrical aberrations except
spherical aberrations, the aforementioned calculated resolution d3 and d5 can be undestood
rather as the residual aberration discs of the higher order spherical aberration.

Because of significant enlargement of the optimal aperture angle, the chromatic aber-
ration disc is also bigger. To maintain the diameter of the chromatic aberration disc
comparable with the spherical one and therefore take full advantage of the correction
potential of the spherical aberration, it is necessary to increase the degree of monochro-
matisation. Using a new aperture angle and keeping the energy spread without any
reduction leads to crucial enlargement of the chromatic aberration disc to dc5 = 8.8 nm in
case of LVEM5 with correction of the 5th order spherical aberration. It has been proved
that, in order to achieve some meaningful values of dc comparable with ds (particularly
d3 and d5), it is necessary to reduce the energy spread to ∆E = 0.08 eV for LVEM 25
and ∆E = 0.04 eV for LVEM 5 (correction of the 3rd order spherical aberration). The
energy spread requirements for the 5th order correction are even higher. In this case, it
should not exceed the value ∆E = 0.02 eV.

The available technology of monochromators is currently capable of fulfilling these
conditions in a very limited way, because the energy spread below ∆E = 0.1 eV with
reasonable signal-to-noise ratio is very difficult to achieve [15]. The chromatic aberration
thus still poses a very serious problem.

The estimated resolution of the Cs (C3) corrected systems with a monochromator and
a CFE gun is shown in the table (2.8).

Table 2.8: Computed resolution for systems with reduced energy spread and accordingly
optimized aperture angles. The typical energy spread of ∆E = 0.1 eV is used in case of
monochromated system (dmonochrom) and ∆E = 0.3 for cold-field emission gun dCFE.

5 keV 10 keV 15 keV 25 keV
dCFE [nm] 1.06 0.56 0.45 0.34

dmonochrom [nm] 0.61 0.32 0.26 0.20
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3. ENHANCEMENT OF
CHROMATIC ABERRATION
BY A HEXAPOLE
CORRECTOR

Rotationally symmetric elements, which are part and parcel of a hexapole corrector,
add their own contributions to the chromatic aberration of the whole electron-optical
system [16][17]. The minimum configuration of the sextupole corrector consists of a
telescopic round lens doublet (transfer lens) and two sextupoles placed in front of and
behind the doublet, according to the Rose arrangement [18].

The contribution to the total chromatic aberration depending on the focal length of
a single transfer lens is shown in figure (3.1). The electrostatic lenses turned out to be
inappropriate (fig. 3.1), because they deteriorate the chromatic aberration much more
than the magnetic ones. This critical deterioration by electrostatic doublets can be proved
by comparison with results of Cc calculation for a magnetic doublet with the same focal
length. This behaviour is demonstrated on the example of a two-doublets configuration
with a 10mm focal length, which leads to an increase of the Cc of 288% in the electrostatic
case and only 166% in the magnetic case.

Figure 3.1: The Percentage increase of the chromatic aberration of the hexapole corrector
relative to uncorrected system. The computer simulation of the magnetic transfer lenses in
two-doublets configuration is denoted by red crosses (permanent magnet transfer lenses),
green dot represents electrostatic case and blue curve is an analytical dependence.

The consequences for the concept of a desktop corrected LVEM are very fundamental.
The size of the corrector body with the appropriate weak transfer lenses would be com-
parable to the main body of the microscope column. It undoubtedly increases mechanical
vibrations and thus increases requirements for vibration damping.

It should be emphasized that the chromatic aberration will still be a limiting fac-
tor despite the correction of the spherical aberration. A hexapole corrector is therefore
suitable mostly for a low-voltage STEM application, in contrast to the TEM, where the
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energy spread is additionaly broadened by the passage of the beam through the sample
[25]. It should be noted that to guarantee all of the presented results the transfer lenses
has to be optimized for the given focal length, in the sense of the bore diameter and the
gap dimension.

The combination of a hexapole corrector with the proper monochromator could be
the solution, with obvious advantages for spectroscopy. Because of the available degree
of monochromatisation and the size of the instrument, it would be suitable only for
LVEM25. The size of the column would be extended by approximately 100mm by the
monochromator, so the monochromator size is comparable with the LVEM5 column.
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4. OUTLINE OF THE
CORRECTOR

The following section is dedicated to the description of the design of the corrector
exclusively developed for the needs of low voltage transmission electron microscopes. The
detailed layout of the corrector with its built-in compensation elements will be introduced
and the basics of the employed technology of permanent magnet lenses will be presented.
Sections 4, 5, 6 are based on the slightly modified and extended text of the article [26],
which thoroughly presented results of this research in Ultramicroscopy in 2020.

An extended hexapole field with negative spherical aberration can not be used advan-
tageously in a single setup, because other hexapole field aberrations have to be eliminated
and the sufficient flexibility of the adjustment has to be guaranteed. Especially threefold
astigmatism, which is primary aberration induced by hexapole field, would significantly
deteriorate the image, although it is unnecessary for the hexapole correction action. Fur-
thermore, second-order hexapole field aberration (fourth-order three-lobe aberration) has
to be canceled out by proper corrector setup.

The simplest design of a corrector, which provides the above-mentioned characteristics,
consists of two hexapole elements separated by a round-lens doublet. This configuration
has been chosen for the intended LVEM corrector. The reason for such a choice was to
maintain all the benefits of a low voltage system. Low complexity is especially important
for miniaturization, which is essential for integration to a desktop LVEM systems.

The incorporated hexapoles are electrostatic, due to the low-voltage character of pro-
posed corrected system.

Because low voltage electron microscopy is limited mainly by chromatic aberration,
we decided to propose a corrector only for STEM mode, which is not affected by broad-
ening of energy spread by a sample. In spite of the fact that the contribution of spherical
and chromatic aberration are comparable in size, the use of hexapole corrector (capa-
ble of spherical aberration correction only) is still beneficial. Because of all mentioned
weaknesses, it is intended to be the first developing step leading to a combination of the
hexapole corrector with CFE cathode or monochromator.

The considered corrector setup contains two electrostatic hexapoles separated by a
magnetic round-lens doublet. The design of these two transfer lenses is critical for the
correct function of the system. The configuration based on one set of permanent magnets
(2 or more pieces of permanent magnets) with magnetization direction perpendicular to
the optical axis has been proposed to ensure the maximum possible symmetry.

Utilized kind of a magnetic lenses with magnetisation of permanent magnets perpen-
dicular to the optical axis is described in detail in [19]. This lens technology follows the
philosophical concept of low voltage microscopes manufactured by Delong Instruments
company.

The most convenient arrangement of the transfer lens doublet contains 4 permanent
magnets stuck on the walls of the inner cuboid-shaped polepiece. Both pole pieces are
made of a soft iron with high magnetic conductivity. It guarantees a rotationally sym-
metric axial field of the permanent magnet lenses. The positioning of the permanent
magnets between the inner and outer polepiece is shown in the figure (4.1). The number
of magnets can vary without any significant influence on the axial field quality. It was
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decided for four-fold symmetry due to the fact that a high number of magnets causes
demagnetization of separate magnetic elements. The higher Fourier components of the
magnetic field depend only on the deviation of the rotational symmetry of the bore, not
on the spatial distribution of the magnetic charge.

Figure 4.1: The case of 4 permanent magnets (M) arrangement, where magnets fill the
space between the inner (I) and outer (O) polepieces.

Electrostatic and conventional magnetic lenses were also considered for the purpose of
the transfer lenses [20]. An electrostatic solution has proved to be unacceptable because
of a crucial increase in chromatic aberration, much higher than in the case of magnetic
lenses.

Conventional magnetic lenses were excluded due to the strictly limited space require-
ments. The basic configuration of the LVEM produced by Delong Instruments is based
on the desktop concept, therefore it was highly desirable to maintain approximate dimen-
sions of the original microscope. The coils of conventional magnetic lenses would be too
massive [21].

This main idea of permanent magnet concept is derived from well-proven LVEM5 and
LVEM25 technology developed by Delong Instruments [6][7].

If we use the same permanent magnet concept, we can design a compact corrector that
fits the microscope column. This technical solution allows to avoid a huge electromagnetic
windings, which can be substituted by small permanent magnets supported by weak
electromagnetic windings situated directly in gap regions of lens doublet. The total size
of the corrector column is dependent mainly on the focal length of the transfer lens.
However, the shortening of their focal length leads to an increase in the undesirable effect
of the chromatic aberration [9]. Therefore, the overall dimension of the corrector is a
compromise between mechanical requirements and the focal length of the transfer lenses.
A focal length of a transfer lens approximately 30 mm seems to be an acceptable choice
between chromatic deterioration and column extension. Such a focal length of a single
transfer lens leads to the total length of the corrector to be about 150 mm and radius
17 mm, not including vacuum chamber.

The basic concept is shown in figure (4.2). It consists of outer and inner pole pieces,
permanent magnets with magnetization perpendicular to the optical axes and two hexapoles.
The described rotationally symmetrical magnetic lenses using permanent magnets always
creates an inseparable couple with a common magnetic circuit. The transfer doublet of the
corrector benefits from the above-mentioned physically inevitable coupling of the lenses.
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Both lenses of the doublet have a common source of magnetic fields, therefore identical
fields excitation, and consequently maximal symmetry, is theoretically guaranteed.

Parallel beam leaving the corrector is ideal entrance for following condensor-objective
double-lens. Due to the fact, that permanent magnets can not be switched off, corrected
STEM mode with uncorrected TEM mode was proposed to alternate, where chromatic
aberration of illumination beam added by transfer lens doublet is not important.

Figure 4.2: The basic concept of the developed hexapole corrector consists of inner (1)
and outer (2) shared pole-pieces of the transfer lenses, permanent magnets (3) and two
hexapoles (4) (5).

Due to the location of the magnets in the central part of the doublet, the magnetic
field of a single lens isn’t perfectly shaped. There is, however, excellent symmetry with
respect to the center of the doublet.

The above-described corrector is encapsulated in the main vacuum chamber of the
microscope. The positioning and mechanical stability of permanent magnets is ensured
by magnetic forces of the magnets themselves and additionally secured by non-magnetic
fixation cage. Such magnet fixation guarantees a sufficient precision because the position
of the magnets is not a very critical parameter.
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5. ADJUSTMENT OF THE
CORRECTOR

The transfer lens doublet needs to be adjusted very precisely, otherwise there is a
severe deterioration of the correcting action [22]. Above all, the arrangement of the
individual optical elements with respect to each other must be strictly kept. Despite
accurate manufacturing, the presence of compensation coils will be necessary, mainly due
to manufacturing and material limitations of the permanent magnets. Three adjusting
systems were used in our proposal: Compensation coils able to set a focusing power of the
transfer lenses, asymmetry elimination coils solving the problem of precise specification of
the symmetry center and output beam parallelism, a solenoid capable of counter-rotating
the residual beam rotation.

5.1. Compensation coils
The windings of the two independent asymmetry elimination coils and two compensation
coils in series are situated in the gap region of each lens of the doublet, and/or around
the inner shared pole-piece. According to our calculations, their position is not a critical
parameter, therefore one particular solution can be chosen based on technical and design
requirements.

Figure 5.1: The corrector draught with the highlighted two possible positions of the
compensation coils (denoted by red color).

Although both concepts are capable of sufficient compensation, we prefer the solution
denoted (a) because the crosstalk between the fields created by individual coils is minimal
and therefore the asymmetry elimination effect is higher, comparing with design (b). Thus
the action of individual coils is more independent, making a doublet alignment easier. The
crosstalk of the coil magnetic fields for both designs is shown in Fig. 5.2. It is clearly
visible that a crosstalk is much smaller in the case of spatially separated coils.
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Figure 5.2: A comparison of the coils interaction with themselves. Only the left coil of
both concepts (figure 5.1 (a) and (b)) is excited. The left figure corresponds to the design
(a) with more spatially separated compensation coils and thus the minimized crosstalk.
The right figure illustrates significant field crosstalk in case of design (b).

Both designs still provide enough space to add other correcting octupoles to the un-
occupied gap region, if needed. The prefered concept with more spatially separated com-
pensation coils is detailed in the picture bellow (5.3).

Figure 5.3: The design of the transfer lens doublet. Individual parts are marked with
colors: Compensation coils - yellow, asymmentry elimination coils - red and green, per-
manent magnets - black, rotation correction (solenoid) - blue.

5.2. Required manufacturing accuracy
The major violation of the symmetry of the transfer lens doublet is caused by the imperfect
amount of a permanent magnet’s mass. Despite the high manufacturing accuracy, it is
still a very critical parameter, especially because it is an untunable parameter. Therefore,
the above-mentioned additional correction elements are necessary.

The adjustability of the transfer lens doublet had to be proved for the range of perma-
nent magnet dimensions according to reasonable tolerances. Verification has been done
for magnet thickness ±0.03 mm from an ideal dimension, which corresponds to a ±4.2%
change in volume of the magnets. Such a manufacturing accuracy is commonly achievable.

Three basic parameters have been studied: Residual beam rotation behind the mag-
netic field of the second transfer lens, position of the middle crossover between the transfer
lenses and parallelism of the beam after passing the corrector.

Residual beam rotation caused by the inaccuracy of magnet thickness has appeared
to be completely negligible because doublet design is rotation-free, in principle. It is
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also proved by calculation, the results of which are shown in figure (5.4). The above-
mentioned rotation is several orders of magnitude smaller in value than the effect of the
rotation correcting solenoid.

The position of the central crossover seems to be a more crucial parameter. Con-
sidering the above-mentioned manufacturing accuracy of ±0.03 mm of the magnets, the
crossover can move approximately ±0.02 mm along the z-axis from an ideal central po-
sition in the middle of the transfer doublet. Naturally, it severely damages the essential
symmetry of the corrector.

Figure 5.4: Magnet resizing effect on residual beam rotation and position of the middle
crossover between transfer lenses. The spread of rotation values is caused by calculation
error. Magnet size change ±0.03 mm.

Symmetry disruption leads to a fatal effect on the objective focus beam size. The
above-mentioned tolerance of the permanent magnet mass can cause an enlargement of
the focus beam diametre 5 times in the worst case, even for the best-found hexapole
excitation.

5.2.1. Correction for the amount of magnetic charge
The transfer lens doublet is designed for one particular electron energy, but it is not
feasible to guarantee proper doublet adjustment just by the manufacturing process for
several reasons.

An inaccurate amount of the permanent magnet mass causes a shift of the middle
crossover between transfer lenses. The precise amount of magnetic charge is unknown
not only because of manufacturing imperfections, but also because we don’t know the
exact material properties of the magnets which are used. So even in case of perfect man-
ufacturing and magnetic field measurement during the manufacturing process, it would
not be possible to achieve optimal magnet assembly for the correct doublet adjustements.
In addition, the compensation system is able to optimize the doublet for precise beam
energy, which can be slightly modified by the user for focusing. The compensation system
is therefore a necessity.
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Transfer lens doublet
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too high magnetic charge
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optimal amount of magnetic charge

Figure 5.5: Ray diagram of transfer lens doublet with too low and too high amount
of magnetic charge. The resultant change of the optical powers of the lenses caused a
nonparallel output beam, creating inappropriate input for the second hexapole.

The compensation of this mid-plane symmetry disruption is based on appropriate
excitation of compensation coils, where coils have to be excited to the same level, but in
the opposite manner. This is the first step of transfer lens doublet alignment. The identical
excitation of the individual compensation coils guarantees the same gain or damping for
both transfer lenses simultaneously. Both compensation coils have to be connected in
series to a single electric current power supply to eliminate mutual instability of multiple
separate power supplies.

The simulated range of the center shift is chosen with respect to the expected asym-
metry caused by manufacturing inaccuracy. The consequences of the technical tolerances
have been already discussed in detail. The excitation of the compensation coils necessary
to fix a particular magnet size deviation is shown in the figure 5.6.

Figure 5.6: Necessary compensation coils excitation able to compensate a manufacturing
size deviation of the magnets. The coils are excited in the opposite sense of electric
current.

The limits of excitation in the graph consider the cross-sectional area of these coils to
prevent heating caused by electric current in wires of the coils. Otherwise, the thermal
stability of the system, and hence the remanence of the permanent magnets, may be
affected. It could cause a change in the focal length of the lenses and therefore influence
the adjustment of the doublet.

In the previous section, the monochromatic invariable electron energy has been con-
sidered, but for practical usage of the corrected microscope, high voltage will need to be
changed within the range close to the ideal operational high voltage. It will also require
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reconfiguration of transfer lens optical power by compensation coils to guarantee proper
doublet function for particular electron energy.

5.2.2. Balancing of doublet asymmetry
Despite the compensation of the primary imperfection of the transfer lenses optical power
described in the previous section, it may be necessary to use other auxiliary windings sep-
arately in an unbalanced regime to solve doublet asymmetry. These additional asymmetry
elimination coils will be incorporated to the main compensation coils to have another free
parameter to control for ideal beam parallelity behind the transfer lens doublet. Exci-
tation of such a single-coil affects almost exclusively one transfer lens with very limited
crosstalk to the other side of the doublet, Fig. (5.2).

According to the specific needs of the particular regime, asymmetry elimination coils
can be used independently with different excitation of each coil. The position of middle
crossover is affected almost exclusively by excitation of the first asymmetry elimination
coil, located in the gap region of the first transfer lens. The second asymmetry elimination
coil in the gap of the second transfer lens has the main task of fixing the output beam
parallelism. Its effect on the middle crossover position is minimal, although it is non-zero
due to the limited crosstalk of the fields.

Figure 5.7: The comparison of crossover shift effect caused by doublet alignment elements.
The undesirable crossover shift effect of the solenoid is almost negligible and easily repara-
ble by compensation coils. The final seting is obtained by interation method solving the
problem of field crosstalks.

Doublet asymmetry is caused mainly by mechanical manufacturing, material inho-
mogeneities or magnetic defects. Another effect needs to be investigated is also optical
power of solenoid lens, because there is a minor effect of auxiliary solenoid creating optical
asymmetry. However its optical power is almost negligible and this source of asymmetry
can be easily reduced by asymmetry elimination coils.

5.3. Residual beam rotation caused by compensation
and asymmetry elimination coils

Although beam rotation should be zero in an ideal case, because of doublet symmetry,
the residual beam rotation that needs to be dealt with is still present. This rotation exists
primarily due to the activation of the compensation and asymmetry elimination coils. But
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rotation correction is also necessary due to the precise orientation of the hexapoles, which
can not be mechanically oriented with sufficient precision. In fact, identical orientation of
the beam in front of and behind the doublet is required only due to the dependent action
of hexapoles. Other parts of the imaging microscopy system are not sensitive to beam
rotation.

It was necessary to integrate a component with minimum influence on adjustment of
the doublet symmetry but with high rotation effect. The correction of the beam rotation
is realized by a long solenoid placed in the bore region of the inner pole piece, blue color
in figure 5.3. Such a correcting element has almost negligible influence on the position
of the middle cross-section between transfer lenses. However, it is able to sufficiently
eliminate residual rotation. The rotational ability of the solenoid is compared with the
rotational side effect of the coils in the figure 5.8. The limits of excitation are also chosen
with respect to the cross-sectional area of the solenoid winding and expected working
conditions of the compensation coils.

Figure 5.8: The comparison of the beam rotation caused by compensation coils versus
rotation effect of the solenoid. Although solenoid rotates the beam less than compensation
or correction coils for the same excitation, according to the figure 5.7, the solenoid can
be excited to a sufficient level with minimal consequences for the doublet symmetry.

The rotation effect of the compensation coils is stronger than the rotation effect of the
solenoid for the same excitation. However, solenoid still can be excited to a sufficient level
to compensate residual rotation without the destruction of symmetry set by compensation
and asymmetry elimination coils. It should be emphasized that the optical power of the
solenoid is weaker than the optical power of common coil.

The comparison of graphs 5.8 and 5.6 proves adjustability of such a system. The whole
corrector is a highly interacting unit, where the change of one subunit might alter the
properties of the others, but important issue is that crosstalk is always weaker than the
main correcting signal. This fact enables to iterate step-by-step up to the ideal setting.
Because of the linear behavior of particular correction systems (particular magnetic fields
are added or subtracted to each other), the optimal coil settings should be easily findable.

5.4. Parameters of Extended Hexapoles
The proper choice of mechanical dimensions of the particular segments of the corrector
has a significant effect on the corrector properties and especially operating values.

The important parameters of the corrector design are without any doubt a length
and bore diameter of the hexapole units. Theoretical interpretation of a hexapole length
impact on a correcting power can be found in the section ??.
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Therefore, in these calculations we defined goal to find the optimal hexapole param-
eters in terms of dimensions and thus keep the necessary voltage of the hexapoles at a
reasonable level. Due to these reasons, the calculations with a different hexapole length
and bore diameter has been performed.

For these simulations, we used model of ordinary electromagnetic objective lens with
the gap of 5mm and the bore radius of 2mm, together with the electron beam confined
by a circular aperture with radius of 0.025mm.

The default dimensions have been derived in accordance with the current, practically
proven, design of LVEM25. The results of the calculations found clear support for the
hexapole dimensions of the presented concept.

The optimal configuration seems to be the hexapole with its bore diameter of 4mm and
20mm in length. In this case, the required voltage of 298V was found, which is acceptable
from technical point of view. To get an idea about behaviour of hexapole parameters, it
can be mentioned that the elongation to 26mm causes a decrease of neccesary voltage to
90V. On the contrary, shortening to 14mm is responsible for increase of required voltage
to 490V, while maintaining the other parameters.

The comparison of different hexapole bore diameter revealed that optimum is 4mm.
Slightly bigger diameter (i.e. 6mm) results in a significant increase of the necessary high
tension applied on the hexapoles (950V).

Precise values of required voltage are, indeed, highly dependant on the lens, which
should be corrected, but all investigated models, corresponding to assumed parameters
of corrected LVEM25 objective, would require a technically acceptable hexapole voltage
lower than 500V.

The found range of required hexapole voltage is in a good agreement with previous
studies and designs wherein multipoles of the similar construction have been used.
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6. CORRECTION OF THE
HEXAPOLE CORRECTOR

In order to perform the simulation of particle tracing and to calculate the aberration
coefficient EOD software was used [23]. The above-described corrector is intended for
STEM mode, therefore the success of the correction has been evaluated according to the
radius of a disc of least confusion. The value was deducted from the trajectory diagram
in fig. 6.1. The optical model used for computational testing of the correction ability
consisted of a hexapole corrector and a simple magnetic objective lens with a long focal
length of 9mm, and thus a high spherical aberration Cs = 32mm (the value calculated
by EOD).

The radius of a disc of least confusion for the uncorrected (hexapoles turned off) and
corrected setup (with the best-found hexapole excitation) has been calculated. The disc
of least confusion of the magnetic lens in the above-mentioned assembly has a radius of
approximately 100 nm with turned-off hexapoles. An extremely wide initial beam with a
0.4mm diameter was used. Considering the above-mentioned focal length of the magnetic
lens, the aperture angle is α = 22mrad. Such an unrealistic extreme example of poor
quality lens has been chosen as a model because of a strong manifestation of the primary
spherical aberration.

Optimal hexapole excitation was found for a perfectly symmetrical corrector without
the necessity of additional correction by compensation coils. The radius of the disc of least
confusion was at least 20 times smaller. The radius deducted from the trajectory diagram
was 5 nm in this case. The residual dimension of the disc of least confusion was not the
result of the remaining primary spherical aberration, but rather associated with numerical
noise. Further refining of the calculation made no sense in this basic case of a low-quality
lens. The comparison of the trajectory diagrams of the crossover area of corrected and
uncorrected mode is shown in figure 6.1. All calculations were done for electron energy
25keV, considering a major influence of spherical aberration and minor effects of other
axial geometrical aberrations. The limiting effect of diffraction and chromatic aberration
is not considered in all mentioned electron tracing simulations. Their influence on low
voltage electron microscopy was discussed in detail in [10].
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(a) (b)
Figure 6.1: The details of the area near the focus of the rays behind a simple magnetic lens.
The axis denoted r represents the distance from the optical axis. Figure (a) shows the
situation with hexapoles turned off. The activation of hexapoles with proper excitation is
responsible for aberration correction. The correcting ability is clearly visible by the size
of the intersection, figure (b).

Small deviations from an ideal situation were also calculated. The permanent magnet
volume was changed according to the tolerance defined in section ”Required manufactur-
ing accuracy” and optimal hexapoles excitations have been found through this interval.
The radius of the disc of least confusion for a maximal investigated magnet thickness
deviation of 0.03 mm is reduced only 10 times from the uncorrected state.

The attainable radius of the disc of least confusion for different precision of the doublet
center positioning with an optimal correction voltage on hexapoles is presented in figure
6.2.

The optimal hexapoles excitation of approximately 107 V has been found for the con-
sidered examples. The precise values of optimal excitation have to be fine-tuned for every
particular situation. Particularly the length of the hexapoles and doublet center setting
are determining parameters for the required voltage on the hexapoles. However, adjuste-
ments are not unfeasibly sensitive as it is clear from the simulations. Our corrector design
takes account of hexapoles with a length of 20 mm. The sufficient length is an impor-
tant parameter of hexapoles used in correctors because too short hexapoles induced only
threefold astigmatism and their third-order effect can not be fully developed. However,
the length of 20 mm seems to be long enough to have a sufficient correcting effect on the
hexapoles.

The optimal hexapole excitation values are characteristics of the particular system.
But it can be assumed that required voltages are in reasonable range with consideration
of technical design conditions.
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Figure 6.2: The optimal hexapole excitation necessary for the best possible correction
is changing with precision of corrector adjustment. The highest excitation is expected
to be needed for ideal alignment and it decreases with the higher level of misalignment.
The correlation with the attainable radius of the disc of least confusion is also clear from
the graph. However, the importance of the deterioration is significant, especially for very
high misalignment. The expected precision of the corrector adjustments should guarantee
minimal influence of the central crossover position.

The correction power of the hexapole corrector also has been investigated for energy
spread ±1 eV. The disc of least confusion has enlarged approximately twice in size in com-
parison with a perfect beam conditions reached by 25 keV electrons. Thus the correction
power has been preserved but its efficiency is significantly lower.

Although the mechanical assembling can be done very precisely, it is still a limiting
factor. Due to such a high demands on required manufacturing mechanical accuracy, it
is very important create a sufficiently adjustable system.Therefore dodecapoles are likely
to be used instead of a simple hexapoles in terms of providing extra opportunities and
flexibility to proper adjustment and alignment of the corrector.

The twelvepole element is naturally able to excite the hexapole field just like hexapoles
themselves. Except for this hexapole component, essential for spherical aberration correc-
tion, it can excite additional dipole and/or general quadrupole fields available for lateral
positioning and correction of astigmatism.

All of these alignment capabilities are necessary because manufacturing imperfections
and unavoidable material inhomogeneities do not allow us to create the ideal hexapole field
by a simple sixpole element. Also due to assembling accuracy limitations, the symmetry
axis of the multipoles does not generally coincide with the optical axis of the rest of the
device. Undesirable combination of a resulting weak parasitic quadrupole misalignment
field with a strong main hexapole field of the corrector can result in axial coma, star
aberration and three-fold astigmatism.

To guarantee all the above-mentioned conditions we decided to incorporate rather
dodecapoles, that are able to center the hexapole component of the multipole field about
the common optical axis.

To verify the ability to correct the spherical aberration of the objective lens of the
electron microscope with parameters of LVEM25 the appropriate model of the optical
arrangement has been proposed. A simple magnetic lens with adequate geometry to
achieve 1 nm resolution or better and also in general agreement with LVEM has been
used. The objective model lens has a 5 mm gap and a bore diameter of 4 mm. The design
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together with the result of the magnetic field simulation of this lens is shown in the figure
(6.3).

Figure 6.3: Model of the objective lens with desired optical properties. This model lens
has been created to simulate properties of LVEM25 objective by lens with conventional
design. Gap 5 mm, bore-diameter 4 mm.

The above-mentioned model objective lens capable of high-resolution imaging was
combined with the same transfer lens doublet fig. 5.3 with focal lengths 30mm of each
transfer lens. The permanent magnets placed on the inner pole piece are able to create an
appropriate magnetic field fig. 6.5, which is easily adjustable by a compensation system
for precise doublet setting, fig. 6.4.
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Figure 6.4: Magnetic field isolines and axial magnetic field of the transfer lens doublet
(red line). Compensation system - red hatched array, permanent magnets - full black
array, rotation correction (solenoid) - blue.

Figure 6.5: Axial magnetic field of the transfer lens doublet based on permanent magnet
technology calculated for the design shown in the previous picture (6.4).

The form of zoomed crossover area in figure 6.6 with no visible manifestation of pri-
mary spherical aberration proves the correcting ability of the presented hexapole corrector
even for system with high-resolution potential. The dimension of the above-mentioned
crossover area (shown in the figure 6.6 is determined especially by numerical noise of cho-
sen calculation accuracy. The real spatial resolution of such a system would be limited
mainly by chromatic aberration. The effect of chromatic aberration and diffraction on
aperture severely increases the dimension of the total disc of least confusion. In such a
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case more close to reality, considering Schotky cathode with energy spread of 0.6eV, lens
with Cc = 1mm and optimal aperture angle (14mrad), the expected spatial resolution of
described system corrected for spherical aberration would be approximately 0.47nm.

The calculation was done for electron energy 25 keV. The required voltage on hexapoles
in the presented setup is 493 V. The optimal voltage is in a reasonable and feasible range.

Figure 6.6: Picture shows corrected crossover area. Objective lens parameter of the
presented model: gap 5 mm, bore-diameter 4 mm. Hexapole length 20 mm. The optimal
hexapole voltage 493 V has been applied.
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7. CONCLUSIONS AND FUTURE
DIRECTIONS

The presented thesis deals with the issue of aberration correction in case of low-voltage
electron microscopes. The aberration corrected LVEM is very promising technology, suit-
able for imaging of sensitive samples. In contrast to the conventional TEMs, it provides
more enhanced contrast, especially when observing samples containing light atoms, where
achieving sufficient contrast is often challenging. The current development of these devices
focuses on integration of the aberration corrector optimized for low-voltage systems.

In the beginning, the logically raised question, whether this principle can be advanta-
geously applied also to the special case of low-voltage instruments, had to be answered.
Thus, the initial analysis of feasibility and consideration of the potential benefits has been
done. Overall, the presented findings about aberration effects confirm the indisputable
improvement of the spatial resolution where aberration correction of low-voltage electron
microscopes is concerned, compared to uncorrected systems. However, there are still
plenty of factors to be considered.

A new solution of a hexapole corrector tailored to the needs of STEM mode of desktop
low-voltage transmission electron microscopy has been presented. Attention has been
paid to low complexity and the possibility of miniaturization, which are the key aspects
to integrate it to the desktop low voltage microscope column.

The next subject of discussion was the issue of chromatic aberration contribution.
According to our findings, consistent with theoretical research, the influence of chromatic
aberration appears to be crucial. In addition, the unavoidable transfer lenses of a hexapole
corrector itself increase the total chromatic aberration of the whole system. Magnetic
lenses need to be used for this purpose due to their lower deterioration of chromatic
aberration, as opposed to using electrostatic ones, which deteriorate chromatic aberration
severely. Our calculations indicate that the contribution of an electrostatic doublet to
the chromatic aberration is almost 3 times higher. Due to this dramatic deterioration,
we concentrated on magnetic doublets, more specifically those designed with permanent
magnets because of the dimension parameters of the desktop LVEM.

The contribution of transfer lenses to the total chromatic aberration is more significant
for lenses with a short focal length. A compromise between an acceptable size of the
corrector and the influence of chromatic aberration was set at 15 − 30 mm as the focal
length of a single transfer lens. According to all of these conditions, the main column of
the corrector should be less than an acceptable 150 mm in length.

Magnetic lenses used for this purpose would require a special design based on the
permanent magnets, because conventional magnetic lenses (even weak enough) that are
suitable in terms of chromatic aberration, would be too massive and therefore they are
not dimensionally compatible with the corrector for the desktop LVEM.

An additional unwanted contribution of the unnecessary transfer lens doublet to the
chromatic aberration can be only reduced by the above-mentioned proper system design.
In principal it can not, however, be corrected by a hexapole corrector. To deal with the
deterioration caused by the chromatic aberration, the energy spread has to be eliminated.
To keep the influence of the chromatic aberration below or at least comparable with
the spherical aberration, it is necessary to reduce all possible unwanted contributions to
chromatic aberration. The reported maximum value of the energy spread is at the limit
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of attainability by current monochromatisation [15] [24]. For these reasons it is more
convenient to use the corrector for STEM application, because there is no additional
broadening of the energy spread caused by an interaction with a sample.

The concept based on high-quality permanent magnet lens doublet has been supple-
mented with correction elements suitable for proper alignment. A significant part of the
text is devoted to the validation of the functionality of the adjusting system, which was
carefully designed for the specific needs of a miniaturized hexapole corrector.

The primary doublet adjustment is realized by equally excited compensation coils. It
deals with the issue of permanent magnet manufacturing imperfections, which leads to an
inappropriate focusing power of the doublet lenses. The second stage of alignment corrects
doublet asymmetry. It is done by additional windings called asymmetry elimination coils,
which are incorporated into the compensation coils. Their excitations can be chosen
according to the specific needs of a particular system to guarantee the position of the
doublet center and beam parallelism behind the second transfer lens. The requirements
for power supply stability and mechanical manufacturing are feasible with the current
technology.

The contribution of aberration correction has been investigated for different condi-
tions and level of adjustment. The model optical systems, consisting of the corrector
and magnetic objective lens are sensitive for any considered parameter. However, our
results provide evidence for sufficient efficiency of the correction elements to solve all
manufacturing imperfections.

The aforementioned thesis casts a new light on the possibility to realize an aberration-
corrected LVEM with compact dimensions. We expect that the described corrector in-
corporated to LVEM25 will improve the resolution by 20%. The reported aberration-
corrected LV-STEM will provide substantially enhanced contrast for light element samples
making it convenient for biological sciences with no need for additional contrast-enhancing
staining. The key application areas considered for this instrument are in virology, pathol-
ogy and drug delivery research.

Based on the presented research, two articles were published. The first one: Aberration
correction for low voltage optimized transmission electron microscopy [10]; published in
MethodsX in 2018, can be considered as a feasibility study of using corrector with LVEMs.
The second article: Hexapole corrector for LVEM [26]; introduced in Ultramicroscopy in
2020, presented the novel concept of the hexapole corrector in detail.

The unique features of the corrector concept were included in the Czech patent as-
signed a number 308174:
Korektor sférické vady v zařízení se svazkem nabitých částic a způsob korigování sférické
vady další čočky, typicky objektivové čočky, tímto korektorem
EN: A spherical defect corrector in a charged particle beam device and a method for cor-
recting the spherical defect of another lens, typically an objective lens, by this corrector.
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8. List of abbreviations
CFE Cold field emission

EDM Electric discharge machining

FFT Fast Fourier transform

HAADF High-angle annular dark-field imaging

LVEM Low voltage electron microscopy

TEM Transmission electron microscopy

LEEM Low energy electron microscopy

PEEM Photo electron emission microscopy

P-V Peak to valley

RMS Root-Mean-Square

SEM Scanning electron microscopy

STEM Scanning transmission electron microscopy

YAG Yttrium aluminium garnet
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