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Preface 
 

This study is related to charged particle optics (CPO), which is a branch of applied physics. The CPO handles 

beam technologies of electrons, ions, and high-energy particles and provides methodology for controlling these 

trajectories through electrostatic and magnetic fields in specific distributions. The CPO has a long history and covers 

a broad range of applications; cathode ray tubes, electron microscopes (EMs), focused ion beam tools, energy or 

mass spectrometers, ion implanters, electron beam (EB) welders, 3D printers, and particle accelerators. By providing 

the scientific instruments and production equipment to various academic and industrial fields, the CPO has supported 

science and technologies and contributed to their progress. Therefore, the CPO is considered one of the most 

significant and fundamental research fields. This study is a part of the CPO, that is, the EB technology for EMs and 

spectrometers. 

The main subject of this study is development of a new monochromator (MC) for EMs. MCs are components 

of electron optics, which can generate EBs with narrowed energy spreads. There are two types of EMs; scanning 

electron microscopy (SEM) and (scanning) transmission electron microscopy ((S)TEM). Recently, both of SEM and 

TEM have adopted low energy conditions for the operation. However, this causes deterioration of the spatial 

resolution because of chromatic aberration. To solve this issue, advanced EMs adopt MCs to reduce the influence of 

the chromatic aberration. MCs are beneficial to achieve high image resolutions of the EMs at the low energy 

conditions. In addition, MCs are useful to improve energy resolutions of electron energy-loss spectroscopy (EELS). 

Therefore, MCs have been indispensable optical components for advanced EMs and contributed various research in 

the field of physics, materials science, biology, and nanoelectronics. After continuous efforts of development in two 

decades, the latest MCs achieved a very high level of the performance. However, structures for the MC became very 

complicated. Therefore, in this doctoral dissertation, the author will develop a new MC with high performance and 

simple structure. The MC adopts novel optics using offset cylindrical lenses (CLs). Considering importance of SEM 

in industry, the application of the MC to SEM will be mainly discussed. This dissertation will summarize series of 

research results on theory and design of the MC optics, estimation of SEM performance with the MC, and realization 

of a prototype and evaluations of its performance in a test bench. 

This dissertation consists of six chapters. Each chapter will be briefly summarized as follows: 
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In chapter1, the background and main subject of this study will be discussed. The recent trends of the EMs 

and adoption of the MCs will be explained. The technologies of the MC will be described through reviewing previous 

studies on the MCs. The main theme and objectives of this study will be clarified. 

 

In chapter 2, a new MC with multiple offset CLs will be theoretically constituted. Here, the first-order matrix 

expressions for the offset CL will be adopted, which are derived from ray trace simulations. For a total optical system 

of the MC, the beam profiles will be presented on the energy selection plane at the middle and the imaging plane at 

the exit. The energy resolving performance and the mechanical tolerance of the MC will be estimated. 

 

In chapter 3, aberration coefficients of the MC will be derived up to the third order by applying a regression 

analysis to trajectories. Based on the aberration coefficients, dependencies of the MC performance such as the beam 

width, energy resolution, and brightness, on the beam current will be clarified. The MC performance will be estimated 

for various source conditions, such as types of emitters, extraction voltages, and tip radiuses. These characteristics 

will be important for the MC and its application to EMs. 

 

In chapter 4, applications of the MC to a low voltage SEM will be theoretically investigated. Assuming the 

ideal SEM optics with high-performance, beam diameters will be calculated with FW50 methods. The improvement 

of SEM performance by the adoption of the MC will be estimated. Additionally, the SEM performance will be 

surveyed under various emitter conditions and the optimum current ranges will be estimated for each source. 

 

In chapter 5, the author will construct a prototype of the MC on a test bench and evaluate the performance. 

The first half optics, which mainly determines energy resolutions, will be evaluated. The optics includes an offset 

CL and a collimating transfer lens. The energy resolutions will be estimated by comparing total energy spreads of 

emitters from experiment and theory. In addition, the accuracy of a total measurement system and the lens conditions 

of the optics will be evaluated. 

 

In chapter 6, the entire MC optics will be evaluated. The test bench of the prototype of the MC includes an 

additional energy analyzer in the downside. The performance of the MC will be experimentally evaluated by 

measuring energy distributions and observing beam profiles. These results will assure that this MC has a high 
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potential for its application to EMs. Furthermore, future perspectives will be discussed. 

 

In conclusion, this study will be summarized. 

 



Chapter 1 Monochromators for EMs 

4 

 

Chapter 1 Monochromators for Electron Microscopes 
 

1-1 Introduction 

In this chapter, the background and main subject of this study will be discussed. Monochromators (MCs) are 

components of electron optics, which can generate electron beams (EBs) with reduced energy spreads. A recent trend 

of electron microscopes (EMs) and adoption of MCs will be discussed. MC technologies will be introduced through 

reviewing previous studies. The main subject and objectives of this study will be clarified. Finally, the outline of this 

dissertation will be presented. 

 

1-2 Recent trend in electron microscopy 

An EM is one of the most commonly used instruments for observation and analysis of various materials and 

devices. There are two types of EMs; scanning electron microscopy (SEM) and (scanning) transmission electron 

microscopy ((S)TEM). SEM is used for observation of surfaces of specimens in nanometer scales with relatively 

low-energy conditions of 1~30 keV [1]. (S)TEM is used for observation of specimens in atomic scales with 

transmitted electron beams at relatively high-energy conditions of 100~300 keV [2]. Recently, observation in low 

energy conditions becomes a technical trend for both SEM and TEM. 

SEM is utilized for industrial applications and academic research. Especially in the semiconductor industry, 

automated SEMs for wafers or masks, for example, critical dimension SEM, defect-review SEM, and mask SEM, 

are frequently used for the in-line process monitoring of device production. Conventional operational energy 

conditions for these SEMs are 800-1500 eV. The adoption of the conventional conditions enables to avoid charge 

accumulation on the specimens, which causes crucial damages to the devices. The applications also require 

robustness and stability of the equipment because a continuous operation with a minimum downtime is required. 

Recently, advanced devices with 5−10 nm nodes begin to require extremely low energy conditions of several 100 

eV. Figure 1-1shows results of Monte Carlo simulations by Bunday et al [3, 4]. The scattering process of EBs was 

simulated for fin-like Si structures in 10 nm pith and 30 nm height. In a conventional condition of 800 eV, EBs were 

scattered into a large range of the structures. As the beam energy decreases to 150 eV, the EBs were mainly scattered 

in the top side of the structures and the interaction volume is sufficiently reduced. This is beneficial to enhance a 

contrast of SEM images because of reduced background. Detailed simulation results confirmed the advantages of 
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150 and 300 eV beams in terms of their signal sensitivity on the top sides of the Si structures. Progress in the design 

rules of the semiconductor devices keeps the demands for improvement in SEM instruments. Therefore, operation at 

extremely low energy conditions becomes essential for the SEM. 

 

 

Fig. 1-1 Monte Carlo simulation results for Si structures in 10 nm scales [3]. 

 

In academic filed, SEMs for laboratories also began to adopt extremely low energy conditions [5-7]. In special 

cases, energy levels as low as 20 eV have been used. These extra-low energy conditions are used to reveal sub-surface 

and nanoscale information about the specimens and enhance chemical and crystalline signals because of the reduced 

interaction volumes. These SEMs offer numerous benefits for research on nanomaterials including metal-organic 

frameworks [8], chiral TiO2 nanofibres [9], and zeolite nanosheets [10]. 

For (S)TEM, observation in lower energy conditions becomes important because it prevents specimens from 

knock-on damages for light elements materials [11, 12]. Figure 1-2 shows studies by Meyer et al. [12] on knock-on-

damages to graphene. TEM images show that the number of defects on graphene that are generated by EBs with a 

high-energy condition of 100 keV increased as doses of EBs increased. The cross-section of the inelastic scattering 

for the damage decreases as energy decreases. A threshold energy of the damage exists around 80 keV, which means 

that the lower energy condition than the threshold enables to observe the graphene without the damage [12]. The 

advanced (S)TEMs have adopted energy conditions of 20-60 keV. Light elements (Low Z) and two-dimensional 

(2D) materials such as graphene or carbon nanotubes are very important for recent studies in materials and nano 
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science. Therefore, low energy observation, which is beneficial for the observation of these materials, becomes the 

important trend for (S)TEM. 

 

 

Fig. 1-2 (Left) Knock-on-damages to graphene by high energy EBs at 100 keV and (Right) measured and calculated 

cross section dependence on the beam energy [12]. 

 

1-3 Monochromators for electron microscopy 

The low energy observation is a recent technology trend for both SEM and TEM. However, there exists a 

fundamental problem: deterioration of the spatial resolution. This limitation is attributed to chromatic aberration [1, 

2], which can be described as 

 

dc = CcαδE0/E0,        (1-1) 

 

where dc is the beam diameter decided by the chromatic aberration, Cc is the chromatic aberration coefficient, α is 

the acceptance angle, δE0 is the energy spread of EBs, and E0 is the beam energy. EBs generally suffer the energy 

spreads through their emission and propagation process. For Schottky emitters (SEs) and cold field emitters (CFEs), 

typical values of δE0 are 600-800 meV and 300 meV, respectively. Figure 1-3 explains the influence of the chromatic 
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aberration to the beam diameter. Eq. (1-1) suggests that spatial resolutions of the EMs deteriorate severely at the low 

energy conditions because of its inversely proportional dependence on the energy E0. 

To solve this issue, MCs have recently been introduced into the EMs. The MCs can generate monochromatic 

beams with narrower energy spreads δEMC than native ones δE0 from emitters. Figure 1-4 illustrates the effect of the 

MC. The reduced energy spreads can improve spatial resolutions in SEM and (S)TEM especially at low energy 

conditions based on Eq. (1-1). 

 

 

Fig. 1-3 Influence of chromatic aberration.  Fig. 1-4 Effect of a monochromator. 

 

The discussion on the recent trend in EMs is summarized. For SEM, low energy conditions of several 100 eV 

are essential for observation of nano devices with reduced interaction volumes. For (S)TEM, low energy conditions 

of 20-60 keV are required for observation of low Z and 2D materials such as graphene without knock-on-damages. 

To overcome the deterioration of spatial resolutions caused by the chromatic aberration in the low energy conditions, 

MCs have been introduced into EMs. Figure 1-5 shows a schematic of an advanced EM with an MC. 
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Fig. 1-5 Advanced electron microscope with an MC. 

 

In Fig. 1-5, the advance EM additionally equips an energy analyzer (EA) for electron energy-loss spectroscopy 

(EELS). The adoption of the MCs for the EMs has opened up new research fields in EELS with improved energy 

resolutions. The MCs are effective for EELS especially in low loss energy regions because peaks and features that 

are hidden under broad energy spreads of native EBs become observable in EELS spectra. The improved EELS 

technique has contributed to new studies on the band gaps of semiconductors [13] and localized plasmons excited in 

the near-IR energy region [14]. Recently, Krivanek et al. achieved an energy resolution of 10 meV using a probe 

with a diameter of 1 nm at 60 keV with the magnetic Alfa MC [15-17]. Figure 1-6 shows obtained phonon spectra 

for h-BN with using the instrument [15]. Furthermore, a vibration spectroscopy study for biogenic guanine crystals 

was performed [18]. Fig. 1-7 shows the EELS spectrum, which revels vibration modes of C=O and hydrogen bonds, 

together with the IR spectrum for reference. The mapping of the spatial distribution of phonon signals of MgO 

nanocubes was successfully conducted [19]. These recent research results show that MCs are essential components 

in (S)TEM-EELS.  
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Fig. 1-6 Phonon spectrum of h-BN using MC with magnetic Alfa [15]. 

 

  

Fig. 1-7 Vibration spectrum of biogenic guanine crystals by EELS and IR [18]. 

 

As discussed above, the MC technology has been essential in the latest EMs. Thus far, various types of MCs 

for EMs have been studied. With historical point of view, MCs have developed together with EAs. Therefore, the 

MC and EA will be reviewed at first. Then, the MCs for (S)TEMs and for SEM will be reviewed in detail. 

 

1-4 Review of monochromators and energy analyzers 

In principle, MCs and EAs can be considered to be equivalent optical units because both have the capabilities 

of generating energy dispersions and selecting energies with the use of slits. The difference between the two units is 

mainly their location and purpose: MCs are located at the pre-stage of specimens to reduce energy spreads of EBs 

from the initial energy distributions, and EAs are located at the post-stage of the specimen to analyze the EBs from 

the specimens and generate energy spectra. 
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MCs and EAs have been commonly used in high-resolution electron energy-loss spectroscopy (HREELS) to 

obtain phonon and vibration spectra on specimen surfaces with EBs in very low energy conditions of 1–10 eV [20]. 

Propst and Piper [21] successfully obtained the vibration spectra due to the adsorption of gas species on metal surfaces. 

This study opened up the new research field of HREELS. Figure 1-8 shows their HREELS instruments, which 

adopted the identical design of the MCs and EAs. Electrostatic cylindrical deflectors with the deflection angle of 127 

degrees were utilized.  

In analysis of thin specimens by transmitted electrons with higher energies of several 10 keV, identical optics 

of MCs and EAs with Wien filters were also used to obtain electronic or vibration spectra [22, 23]. The Wien filter 

is also known as an E × B, which represents its optical geometry of orthogonal magnetic and electrostatic fields. 

Figure 1-9 shows the schematic. 

 

  

Fig. 1-8 MC and EA with cylindrical deflectors [21]. Fig. 1-9 MC and EA with Wien filters [23]. 

 

Schröder and Geiger [24] achieved energy resolutions of 4~6 meV at 25 keV and acquired phonon spectra of 

Si-O and Ge-O as shown in Figure 1-10. The authors adopted the MC in conjunction with a retarding Wien filter; By 

applying a negative high voltage to the filter to decelerate the EBs, the energy dispersion was increased and the high 

resolution was achieved. This result should be specially mentioned because it initiated and prompted subsequent 

studies on integration of the MCs into (S)TEM. 
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Fig. 1-10 Pioneering phonon study by Schröder and Geiger [24]. 

 

Various types of EAs have frequently been used in the field of surface science. For the HREELS instruments 

described above, EAs with cylindrical deflector type [20, 21] are commonly used. For surface analysis using 

photoelectrons generated by x-ray or ultraviolet (UV) sources, hemispherical energy analyzers (HSAs) with a 

deflection angle of 180 degrees are frequently adopted [25]. EAs are also used for the research on electron or ion 

emitters for measurements of total energy distributions (TEDs). In previous studies of Schottky emitters (SEs), the 

HSAs [26, 27] and retarding field energy analyzers (RFAs) [28, 29] were adopted. 

Möllenstedt [30] developed another type of EAs for TEM-EELS, which utilized an off-axis chromatic 

aberration of a highly excited cylindrical lens (CL) with rectangular openings in its electrodes (Fig 1-11). Ichinokawa 

[31] developed a similar EA with a magnetic lens (Fig 1-12). These Möllenstedt EAs were operated mainly at high-

energy conditions, which set limits on the energy resolutions of several eV [32]. 

 

   

Fig. 1-11 EA with an electrostatic CL [30]. Fig. 1-12 EA with a magnetic CL [31]. 
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1-5 Review of monochromators for (S)TEM 

Terauchi et al. [33, 34] integrated an MC with the retarding Wien filter type into a TEM and achieved several 

tens of meV at 60 keV for a spatial area of 100 nm after optimizing the configurations of the filters. However, this 

design has a technical difficulty related to high voltages to the MC, which are required to be similar levels with the 

acceleration voltage of 60 kV to generate the retarding effects.  

Later, Mook et al. [35, 36] proposed an MC with a thin Wien filter placed in the high-voltage region of an 

electron gun. This design has successfully solved the high voltage issues in the design by Terauchi. Figure 1-13 

shows a schematic and a picture of the MC. Batson [37] achieved an energy resolution of 61 meV at 100 keV in 

STEM with the MC. 

 

 

Fig. 1-13 MC with a thin Wien filter at the electron gun [36]. 

 

Similarly, various types of gun Wien filters have been proposed and commercialized, as follows: a relatively 

longer type [38], those with double stage-Wien filters [39-41], and those with quad stage-Wien filters [42]. Figure 1-

14 shows simulation results and a picture of the MC with the double stage-Wien filter. The progress related to Wien 

filters, including their application to MCs, has been reviewed and summarized [43, 44]. 
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Fig. 1-14 MC with double stage-Wien filter [41]. 

 

Rose [45] proposed an electrostatic Ω-shaped MC located in the electron gun region. This MC consists of 

quad stage toroidal deflectors. The middle plane symmetric configuration and the curvatures of toroidal electrodes 

can cancel not only the energy dispersion but also all second-order geometric aberrations at the exit plane of the MC. 

Fig. 1-15 shows a schematic and picture of the MC. An energy resolution of approximately 40 meV at 200 keV was 

confirmed by TEM with an imaging energy filter [46, 47]. Another electrostatic MC using the quad stage of HSAs 

with deflection of 180º was also investigated [48]. 

 

  

Fig. 1-15 MC with electrostatic Omega [45, 46]. 

 

Krivanek et al. [16, 17] proposed an MC with an α-shaped configuration of three magnetic sectors in the 

ground potential, where numerous multipoles among these sectors increased the energy dispersion and canceled 

second-order aberrations. Figure 1-16 shows schematics and the first order trajectories of the MC and its application 

to the STEM-EELS system. 
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Fig. 1-16 MC with magnetic Alpha [16]. 

 

1-6 Review of monochromators for SEM 

In focused electron and ion beam systems, Troyon [49] has proposed an MC in gun regions, which is a similar 

optics with the RFA, to improve the probe sizes. Assuming an ideal MC, Barth et al. [50] have estimated the probe 

sizes with a reduction of the chromatic terms and discussed their improvement in the low-energy region based on 

FW50 methods. Later, an MC with a modified gun lens was proposed and commercialized [51, 52]. The MC 

additionally equips two off-axis apertures and a deflector. Figure 1-17 shows schematics to explain the operational 

principle. Increasing the excitation of the lens enables to vary beam trajectories. By selecting an off-axial portion of 

an emitted beam with an aperture, energy dispersion occurs due to the off-axial chromatic aberration of the gun lens. 

By selecting the dispersed beam with another aperture behind the lens, energy filtering is realized. The 

monochromated beams are deflected back to the optical axis of the microscope by the deflector. The energy resolution 

of 150 meV is obtained and sub-nm SEM image resolutions are achieved in low-energy regions around 1 keV. 
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Fig. 1-17 MC with a modified gun lens for SEM [51]. 

 

For another type of surface microscopy, low-energy electron microscopy (LEEM), an MC using a combination 

of a magnetic sector and an electrostatic mirror was reported with a resolution of 100 meV [53]. Figure 1-18 shows 

a schematic and a picture of the MC. 

 

  

Fig. 1-18 MC with a sector magnet and a mirror for LEEM [53]. 

 

1-7 Main subject and outline of the study 

As shown in the reviews in the previous sections, various types of MCs have been studied. Some of MCs have 

achieved high levels of performances in energy resolutions. However, instead of that, these MCs need to adopt 

complicated designs and lose the simplicity. MCs with Wien filters [35-44] adopt multipoles with electromagnetic 

pieces, which are divided in the azimuthal direction. The precise alignment of each pole is necessary for the 

assembling process. The MC with electrostatic Omega [45-47] adopts the toroidal shape of electrodes, which takes 
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different curvatures in the horizontal and vertical directions. This requires a very high level of machining techniques 

in three dimensions. The difficulties in manufacturing increase production costs of the instruments. The MC with 

magnetic Alpha [16, 17] adopts not only main three sector magnets for defining the beam path but also a large number 

of multipoles (14 quadrupoles and 8 hexapoles) for correcting aberration. A huge number of power supplies with 

high stabilities and low noise levels are necessary to control these correctors. In addition, the sophisticated calibration 

procedures with software controls are required. These MCs with complicated designs prevent EMs from robustness 

and easy operation. Therefore, it is necessary for the development of a new MC with high performance and simple 

structure. This is the main subject of this study. Figure 1-19 presents the background and main subject of this study. 

 

 

Fig. 1-19 Background and the main subject of this study. 

 

In this study, the author will develop an MC with novel and original optics using offset cylindrical lenses 

(CLs). The adoption of the CLs enables to realize the MC with high performance and simple structure. This MC can 
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be used for both SEM and (S)TEM. Considering the importance in industrial fields such as semiconductor devices, 

SEMs will be choosen as the target application of the MC in this study. In the previous studies on MCs for surface 

microscopes such as SEM and LEEM, the energy resolutions were 150 meV [52] and 100 meV [53], respectively. 

Therefore, the target of this study is specified as an energy resolution better than 100 meV. 

The MC optics with CLs enables the simple structure. The CLs can be manufactured with easier machining 

and assembling process. The simple design will result in high robustness and stability of the instruments, which is 

important for industrial applications. Additionally, this can reduce the total cost of the instrument, which is mandatory 

for SEM because the selling price is lower than that of TEM. 

The MC in this study has another possibility in the application to various research activities. The recent 

progress in MCs for STEM-EELS has opened new research fields, for example, vibration and phonon spectroscopy 

in nanometer scales [15, 18, 19]. However, several issues remain; the signal level of the phonon spectrum in Fig. 1-

6 is too low, and the peaks related to hydrogen bonds of the vibration spectrum in Fig. 1-7 are not resolved well. It 

is because the beam energy of 60 keV is too high to acquire the vibration spectra, which cause the low signal levels 

due to small cross sections of inelastic scatterings. The studies with HREELS in the lower beam energy conditions 

of 1−10 eV revealed finer structures in the spectra with higher sensitivity [20]. Therefore, there is room for further 

development of a new MC for low energy microscopes such as SEM to observe vibration and phonon signals with 

high sensitivity. 

As a summary, in this study, the author will develop a new MC with high performance (<100 meV) and simple 

structure for SEM. The MC adopts novel and original optics with CLs. 

In the following chapters, research results on the new MC with CLs will be discussed. Figure 1-20 presents 

an outline of this dissertation. In chapter 1, the background and the purpose of this study are clarified. The chapters 

2-4 are on theoretical studies. The MC performance will be estimated theoretically through investigating its first-

order Gaussian optics in chapter 2 and higher-order aberration in chapter 3. Additionally, the contribution of the MC 

to the SEM performance at low energy conditions will be discussed in chapter 4.  

Based on the theory, a prototype of the MC optics will be designed and constructed in a test bench. Two 

chapters, chapter 5 and 6, are on experimental evaluation. In chapter 5, the first half of the MC optics, which mainly 

determines the energy resolution, will be evaluated. The electron optics includes the single offset CL and a round 

transfer lens. The energy resolving performance will be estimated by measuring the TED of the SEs. In chapter 6, 

the entire MC optics will be evaluated. The energy resolution will be estimated by measuring directly energy spread 
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of EBs with an additional EA on the downside. In conclusion, the results of this study will be summarized. 

 

 

Fig. 1-20 Outline of the dissertation. 

 

1-8 Conclusion 

In this chapter, the background and main subject of this study were described. One of the recent trends of EMs 

is the observation in low energy conditions. For SEM, low energy conditions of several 100 eV were proposed for 

inspection of semiconductor devices with reduced interaction volumes of EBs inside the specimens. For (S)TEM, 

low energy conditions of 20-60 keV become essential for observation of light elements materials such as graphene 

without know-on damages on the specimens. The trend of low energy observation prompt advanced EMs to adopt 

MCs for improvement of spatial resolutions by reducing influence of chromatic aberration. Furthermore, MCs can 

improve energy resolution in EELS and opened up new study fields. Thus, the MCs are significant optical 

components for advanced EMs. The technologies of MCs were explained through reviewing previous studies. MCs 

in previous studies achieved a high-performance level but required complicated structures. Therefore, the main theme 
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of this study is a development of a new MC with high performance and simple structure. SEM is considered as the 

application of the MC in this study because of the importance of industrial application. Considering that the energy 

resolution of MCs for SEM is 150 meV and that for LEEM is 100 meV in previous studies, the target of this study 

was specified as an energy resolution better than 100 meV. Finally, the outline of this dissertation was explained.  
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Chapter 2 First-Order Optics of the Monochromator with 

Offset Cylindrical Lenses 
 

2-1 Introduction 

In this chapter, a new MC with offset cylindrical lenses (CLs) will be constituted with a theoretical means. 

The offset CL can generate energy dispersions similarly with Möllenstedt energy analyzers [1, 2]. First, an optical 

axis and first-order matrix expressions for a single offset CL will be derived from various ray trace simulations. Next, 

a new MC with multiple offset CLs will be constituted based on the matrix expressions. Then, the performance and 

the mechanical tolerance of the MC will be discussed. 

 

2-2 Monochromator with offset cylindrical lenses 

In this study, the MC with offset CLs is developed. First, the optics of the MC is briefly described. Fig. 2-1 

presents a schematic of the MC. The MC takes the middle plane symmetry in its optical configuration at Z2. Each 

half of the MC contains a CL and a round transfer lens (TL). The CLs are in an offset layout, which means that the 

center axis of the CLs is offset to the optical axis. This enables the CL to serve as deflection units. The first CL (CL1) 

deflects electron beams (EBs) and generates energy dispersions, and the subsequent second CL (CL2) deflects the 

beam back to the original axis. As a result, main beam trajectories also take the middle plane symmetry. The first TL 

(TL1) collimates EBs from the SE at Z0, and the second TL (TL2) focuses the beams on the exit plane at Z4. An 

incident aperture at Z1 confines region of the EBs inside the MC. An energy selection aperture on the middle plane 

at Z2 filters the zero-loss beams from the energy-dispersed beams. As a complete optical component, the MC can 

achieve a round and stigmatic focus condition on the exit plane. Furthermore, the optics with the middle plane 

symmetry enables to cancel the energy dispersion and the second order aperture aberration. The following theoretical 

studies will provide detailed discussion on the MC optics. 
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Fig. 2-1 Monochromator with offset cylindrical lenses 

 

Next, the CL is described. The CL is a key component for the MC optics. A model of CL is shown as an inset 

at the left top side in Fig. 2-1. It consists of three electrodes with rectangular openings in their centers. Applying high 

voltage to the center electrode creates a stronger focusing effect in the direction of the shorter side of the opening 

and a weaker focusing effect in the other direction of the longer side. Here, a Cartesian coordinate is introduced as 

(X, Y, Z). The Z-axis is defined as the travel direction of the charged particles, and it passes through the center of the 

rectangular openings of the electrodes. The X-axis is adopted as the stronger focusing direction and the Y-axis is 

chosen as the weaker focusing direction. The detailed dimensions of the lenses are as follows: the thickness of the 

electrodes is 10 mm, the gap between the electrodes is 10 mm, the shorter side of the opening is 10 mm, and the 

longer side of the opening is 100 mm. The same parameters are adopted for all three electrodes of the CL and the 

same geometries are used for each CL in multiple configurations because doing so simplifies the investigations of 

the MCs. 

In the following sections, the new MC with multiple offset CLs will be constituted and the performance of the 

MC will be estimated. 

 

2-3 Method 

To investigate the optics of MCs with multiple CLs, it is difficult to use conventional paraxial approximation 

methods because the optical axis passes through a non-uniform and complicated electric field distribution in the off-
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axis region of the CLs. Thus, the author takes a new approach to study this. First, direct ray trace simulations are 

performed for a single CL to determine its optical axis and paraxial rays. By analyzing the results, the optical 

parameters and first-order matrix expressions are deduced. Based on the matrix, new optics for an MC with multiple 

CLs is established. Then, the performances of the MCs are investigated by combined calculations of ray trace and 

matrix methods, including the contributions from higher order aberrations. 

In this study, the simulations are done with a charged-particle optics software (EO-3D, MEBS Ltd), which can 

calculate 3D electrostatic fields for various electrodes by the finite difference method and trajectories by the ray trace 

method based on these fields. For the analysis of the trajectories, the regression analysis functions of Microsoft Excel 

are used.  

 

2-4 Results 

2-4-1 Optical properties of a single offset CL 

First, the optical axis of a single offset CL is discussed. Its mathematical expressions are defined as Xoptical axis 

(Z) and Yoptical axis (Z) for the functions of Z in each direction. For an MC using multiple CLs, the optical axis should 

be parallel to the axis of the microscope at the entrance plane Zi and the exit plane Zj. The index numbers i and j are 

natural numbers meaning two subsequent planes along the Z axis. To generate the energy dispersion, the optical axis 

must be offset from the CL center axis in the X direction, where the CL has strong lens effects, because the ray on 

the CL center axis has no energy dispersion due to its symmetry. In the Y direction, the optical axis corresponds to 

the CL axis through an optical path from Zi to Zj. These conditions are described as follows: 

 

𝑋𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍𝑖) ≡ 𝑋𝑑 ≠ 0, 𝜕𝑋𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍𝑖) 𝜕𝑍⁄ = 𝜕𝑋𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍𝑗) 𝜕𝑍⁄ = 0,   (2-1a) 

 

𝑌𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍) = 0 (𝑍𝑖 ≤ 𝑍 ≤ 𝑍𝑗).      (2-1b) 

 

A number of trajectories are calculated by varying the offset distances to the CL axis. The selected incident 

energy E0 is 4 keV. The voltages of the center electrode are adjusted in the region where the CL is highly excited. As 

a result, Fig. 2-2 shows the optical axis satisfying the above conditions for the Z-X plane. In addition, Fig. 2-2 shows 

two rays which are ± 20 μm offset and parallel to the optical axis at Zi. At this point, Xoptical axis (Z) and Yoptical axis (Z) 
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are redefined as mathematic expressions of the optical axis in Fig. 2-2. By analyzing the trajectory at the exit plane 

Zj, a relationship is established with an error of 0.1%, as follows: 

 

 𝑋𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍𝑗) = −𝑋𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍𝑖) = −𝑋d.     (2-2) 

 

On the X-Z plane, the two offset rays are focused onto the optical axis at the center of the CL and focused again on 

a plane at a distance of fc. This plane is regarded as the back focal plane, and fc is interpreted as the focal length of 

the CL by considering these rays as paraxial rays, similar to conventional optics. 

 

 

Fig. 2-2 Optical axis and offset rays on the Z-X plane. 

 

These two parameters, the focal length fc and the offset distance Xd, are important in describing the optics of the offset 

CL and in constituting multiple CLs. To understand these dependencies on the excitation of the CL, several 

calculations are done to find trajectories that satisfy Eq. (2-1) in a manner similar to Fig. 2-2 for various center 

voltages of the CL. The series of solutions for the parameters are shown in Fig. 2-3. The horizontal axis corresponds 

to the ratio of the center electrode voltage Vcenter to the side electrode voltage Vside for normalization. The reference 

voltage is the acceleration voltage of −4 kV. By decreasing the center electrode voltage, or highly exciting the CL, 

the offset distance Xd decreases and the focal length fc increases. In the following section of this study, fc=40 mm is 
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chosen, with the other values being Xd=0.407 mm and Vcenter=−0.248 kV from Fig. 2-3. Based on this relationship, 

the optics of multiple CLs can be established. For example, two CLs are placed at a distance of 2fc=80 mm. 

 

 

Fig. 2-3 Offset Xd and focal length fc dependency on the excitation of the CL. 

 

2-4-2 First-order matrix expressions of a single offset CL 

Here, the optics of a single offset CL is discussed in detail by expressing it in a first-order matrix and deriving 

its energy dispersion. These mathematic expressions are based on textbooks [3, 4]. The notations are defined as 

follows: lateral deviations as x and y, angles of inclinations as a and b, and the deviation of the kinetic energy as κ. 

The charged particle transferred from Zi to Zj by an optical component can be written using two matrixes, as 

 

(

𝑥𝑗

𝑎𝑗

𝜅𝑗

)

𝑍𝑗

= (
(𝑥|𝑥) (𝑥|𝑎) (𝑥|𝜅)

(𝑎|𝑥) (𝑎|𝑎) (𝑎|𝜅)
0 0 1

)

𝑖𝑗

(

𝑥𝑖

𝑎𝑖

𝜅𝑖

)

𝑍𝑖

 + (ℎ𝑖𝑔ℎ𝑒𝑟 𝑜𝑟𝑑𝑒𝑟) ,         (2-3a) 

 

(
𝑦𝑗

𝑏𝑗
)

𝑧𝑗

= (
(𝑦|𝑦) (𝑦|𝑏)
(𝑏|𝑦) (𝑏|𝑏)

)
𝑖𝑗

(
𝑦𝑖

𝑏𝑖
)

𝑧𝑖

 + (ℎ𝑖𝑔ℎ𝑒𝑟 𝑜𝑟𝑑𝑒𝑟) .                 (2-3b) 

 

For a single CL, these matrixes are termed CLXij and CLYij. A single CL in the geometry is considered as follows: an 

incident plane in Z1, the center of the CL in Z1+fc, and the exit plane in Z2=Z1+2fc. Its matrixes are described as 
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CLX12 and CLY12. 

In the conventional theory, the matrixes are derived by means of the paraxial approximation. However, we 

utilize another method, in which the coefficients of the matrixes are derived by a regression analysis of a number of 

ray trace results with different initial conditions. To determine the coefficients in the first column of CLX12, multiple 

incident conditions of (𝑥1, 0,0,0,0; 𝑍1)  are used and regression analysis is applied to the ray trace results of 

(𝑥2, 𝛼2, 0,0,0; 𝑍2) based on third-degree polynomials. Fig. 2-4 shows the results. The derived first-degree coefficients 

of the polynomials correspond to the first column of CLX12. Similarly, all coefficients of the matrixes are derived and 

summarized in Table 2-1. 

 

 

Fig. 2-4 Exiting position x2 and inclined angle a2 dependency on the incident position x1. 

 

Table 2-1 The calculated matrix coefficients of a single CL. 

CLX12 (x|x) (x|a) (x|κ) (a|x) (a|a) (a|κ) 

 0.00 −32.65 −93.93 0.03 0.00 −2.89 

CLY12 (y|y) (y|b) (b|y) (b|b)   

 1.00 126.85 0.00 1.01   

 

The first rows of CLX12 and CLY12 are in mm, the second rows are in rad, and the third rows are dimensionless. The 

worst multiple correlation factor value of R2 for ten terms is 99.988%. This value is high enough to support the 
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reliability of the coefficients. The geometric terms in CLX12 suggest that the single offset CL functions as a lens in 

the X direction. Z1 and Z2 are considered as the front and back focal planes at the distance of the focal length fc from 

the center of the CL. For the matrix expression, the value of the focal length must be corrected to (𝑥|𝑎) = 𝑠 ∙ 𝑓𝑐 by a 

factor s=−0.82. From the results of the chromatic terms in CLX12, the following relationship is established with an 

error of 0.3%: 

 

(𝑎|𝜅) = −(𝑥|𝜅) (𝑥|𝑎)⁄ = − 𝑑 (𝑠 ∙ 𝑓𝑐) .⁄       (2-4) 

 

The parameter d is introduced as  𝑑 ≡ (𝑥|𝜅). In addition, the energy dispersion Dκ, an important factor for energy 

filters, can be calculated as 𝐷𝑘 = |(𝑥|𝜅) 𝐸0⁄ | = 23.5 μm/eV for an incident energy E0 of 4 keV. This is a relatively 

large value compared to previous MCs. 

Next, the matrix is discussed in the Y direction. From the form of CLY12, the CL can be treated as a drift space 

in the Y direction. A parallel ray (yβ) remains parallel. An inclined ray (yδ) maintains its trajectory in almost all paths, 

but it is shifted to the off-axis direction without angle variation at the CL center. The total drift distance of the ray is 

expressed as the sum of the exact geometrical distance 2fc between Z1 and Z2 and an additional distance t by the shift 

effect of the CL. Thus, (𝑦|𝑏) is described as 2fc+t, where t=46.85 mm. 

From the discussion above, the matrix expressions of the single CL are expressed as follows: 

 

𝐶𝐿𝑋12 =  (
0 𝑠 ∙ 𝑓𝑐 𝑑

− 1 (𝑠 ∙ 𝑓𝑐)⁄ 0 − 𝑑 (𝑠 ∙ 𝑓𝑐)⁄
0 0 1

)

12

,            (2-5a) 

 

𝐶𝐿𝑌12 =  (
1 2𝑓𝑐 + 𝑡
0 1

)
12

.          (2-5b) 

 

2-4-3 Optics of multiple offset CLs  

Here, we consider multiple offset CL optics for constituting MCs. First, we discuss the matrix expression of a 

CL doublet. Two CLs (CL1 and CL2) are arranged in mid-plane symmetry with Z2. The CLs are equally excited, with 

the same focal length of fc. The centers of CL1 and CL2 are separated by 2fc. CL1 is located at Z1+fc as above and CL2 

is located at Z2+fc=Z1+3fc. From this configuration, the front focal plane of CL2 corresponds to the back focal plane 
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of CL1 in Z2. The back focal plane of CL2 is at Z3=Z2+2fc=Z1+4fc. Therefore, the three planes, Z1, Z2, and Z3, are 

conjugated optically. In total, the CL doublet constitutes the 4f optics, which is known in the field of light optics [5]. 

Next, we discuss the optical axis of the CL doublet. Fig. 2-5a shows the result of the ray trace simulation. 

After passing the CL doublet, the optical axis is coincident to the incident optical axis, as CL2 deflects it at the same 

amount but in the direction opposite to that of CL1. The following relationships are established with an error of 0.1%:  

 

𝑋𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍3) =  − 𝑋𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍2) =  𝑋𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍1) ,    (2-6a) 

 

 ∂𝑋𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍3) ∂𝑍⁄ = ∂𝑋𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍2) ∂𝑍⁄ = ∂𝑋𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑥𝑖𝑠(𝑍1) ∂𝑍⁄ = 0 .     (2-6b) 

 

These equations and Fig. 2-5a show that the optical axis is symmetric to Z2. 

Next, we consider four paraxial rays and an energy dispersive ray for the CL doublet. Fig. 2-5 (b) and (c) show 

the rays in the X and Y directions, respectively. The initial conditions at Z1 are defined as follows: the offset distances 

of xα and yβ are 1 μm, the inclined angles of xγ and yδ are 3.5e−5 rad, and the energy difference of xκ is 1e−6. In the X 

direction, a parallel ray (xα) is focused on Z2 and exits in parallel again at Z3. The ray is asymmetric to Z2. An inclined 

ray (xγ) is collimated at Z2 and is focused on Z3 again. This ray is symmetric to Z2. These symmetric and asymmetric 

relationships between the two types of rays are important in canceling higher order aberrations [6]. An energy 

dispersive ray (xκ) is non-zero at Z2 and exits parallel to the optical axis and to the ray xα at Z3. In the Y direction, a 

parallel ray (yβ) remains parallel and an inclined ray (yδ) is shifted to the off-axis direction twice at each CL center. 
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Fig. 2-5 Calculated travesties of (a) optical axis and paraxial rays on (b) the Z-X plane and (c) the Z-Y planes. 

 

The matrix expressions of the CL doublet are derived by multiplication of the first and second CL matrixes, 

as follows: 

 

𝐶𝐿𝑋23 ∙ 𝐶𝐿𝑋12 = (
−1 0 −2𝑑
0 −1 0
0 0 1

)

13

,        (2-7a) 
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𝐶𝐿𝑌23 ∙ 𝐶𝐿𝑌12 = (
1 4𝑓𝑐 + 2𝑡
0 1

)
13

.        (2-7b) 

 

The chromatics terms of CL2 have the opposite sign because the deflection direction of CL2 is opposite to that of CL1. 

To confirm the validity of this, the matrixes of the CL doublet are also derived with the same procedures, as outlined 

in Table 2-1. The results are shown in Table 2-2. 

 

Table 2-2 Calculated matrix coefficients of the CL doublet. 

CLX23 CLX12 (x|x) (x|a) (x|κ) (a|x) (a|a) (a|κ) 

 −1.00 −0.02 188.14 0.00 −1.00 0.00 

CLY23 CLY12 (y|y) (y|b) (b|y) (b|b)   

 1.03 256.91 0 1.03   

 

The multiple correlation factors R2 are high enough to support the reliability of the coefficients. By comparing the 

values in Table 2-2 with the values from the matrix multiplication in Eqs. (2-7), the maximum error in geometric 

terms is 2.6%. In chromatic terms, this value is 0.4%. Within these allowable errors, the validity of these matrix 

expressions is guaranteed.  

The matrix in Eq. (2-7a) suggests that the CL doublet serves as a lens with magnification of −1 in the X 

direction. Eq. (2-7a) shows that the angular dispersion (a|κ) vanishes according to the relationship expressed by Eq. 

(2-4). In the Y direction, Eq. (2-7b) can be interpreted as twice the drift distance of the single CL. In addition, the 

optics of two CL doublets, CL quadruplets, is investigated as another MC candidate. Its matrix expression can be 

written as follows: 

 

𝐶𝐿𝑋45 ∙ 𝐶𝐿𝑋34 ∙ 𝐶𝐿𝑋23 ∙ 𝐶𝐿𝑋12 = (
1 0 0
0 1 0
0 0 1

)

15

,     (2-8a) 

 

𝐶𝐿𝑌45 ∙ 𝐶𝐿𝑌34 ∙ 𝐶𝐿𝑌23 ∙ 𝐶𝐿𝑌12 = (
1 8𝑓𝑐 + 4𝑡
0 1

)
15

 .       (2-8b) 
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This matrix shows that the CL quadruplets serves as a lens with magnification of +1 in the X direction. Because both 

the lateral and angular energy dispersions vanish, this optics is ideal for an MC. However, the total optical length 8fc 

is too long to locate it in the gun region. Hence, we mainly discuss the MC with the CL doublet. 

 

2-4-4 Optical constitution of the monochromator with offset CLs 

Here, the new MC is constituted based on the CLs doublet. Fig. 2-1 shows a schematic of its optical 

configuration. In addition, Fig. 2-6 shows a schematic of the first-order trajectories of the MC. The CL doublet is 

offset by Xd to the microscope axis in the X direction. From the requirement of an MC to cancel its lateral dispersion, 

TL2 with a focal length of f2 is located at Z3+f2. Its front focal plane is coincident to Z3 and its conjugate back focal 

plane is at Z4. In addition, to construct the conjugate optics with an object-image relationship, another TL1 with a 

focal length of f1 is located in Z1−f1. Its back focal plane is coincident to Z1 and its conjugate front focal plane is at 

Z0. These two transfer lenses are located on the optical axis of the microscope. An emitter of charged particle beams 

is located at Z0 and emitted rays are collimated by TL1. 

 

 

Fig. 2-6 Schematic of the first order trajectories of the MC. 

 

An entrance aperture to define the probe current is placed in Z1. It confines the incident angles without 

dependency on the incident positions at the emitter. At the same time, it limits lateral deviations from the optical axis 

at the entrance of the CL doublet. Another aperture for energy selection (ES-AP) is located on the middle plane Z2, 
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where the energy dispersion Dκ occurs in the X direction according to CL1. The collimated rays from the emitter are 

line-focused in the X direction onto the optical axis at Z2. With this aperture, the energy filtering function is realized. 

The optics is described in the following matrix expressions: 

 

𝑇𝐿234 ∙ 𝐶𝐿𝑋23 ∙ 𝐶𝐿𝑋12 ∙ 𝑇𝐿101 =  (
𝑓2 𝑓1⁄ 0 0

0 𝑓1 𝑓2⁄ 2𝑑 𝑓2⁄
0 0 1

)

04

,    (2-9a) 

 

𝑇𝐿234 ∙ 𝐶𝐿𝑌23 ∙ 𝐶𝐿𝑌12 ∙ 𝑇𝐿101 =  (
−𝑓2 𝑓1⁄ 0

(4𝑓𝑐 + 2𝑡) 𝑓1𝑓2⁄ −𝑓1 𝑓2⁄
)

04

.   (2-9b) 

 

By defining the total magnification as M=f2/f1, these matrixes suggest that the optics serves as a lens which transfers 

an object in Z0 to its image in Z4 with the magnification of M in the X direction and –M in the Y direction. Furthermore, 

postulating the optics of a gun MC, it is preferable that the emitter in Z0 is imaged onto the exit plane Z4 with unit 

magnification, which is achieved by setting TL1 and TL2 at the same excitation. Thus, their focal lengths are 

expressed as 𝑓1 = 𝑓2 ≡ 𝑓𝑡. In the subsequent calculation, a value of ft is 10 mm. In this condition, the matrixes are 

written as follows: 

 

𝑇𝐿234 ∙ 𝐶𝐿𝑋23 ∙ 𝐶𝐿𝑋12 ∙ 𝑇𝐿101 =  (
1 0 0
0 1 2𝑑 𝑓𝑡⁄
0 0 1

)

04

,    (2-10a) 

 

𝑇𝐿234 ∙ 𝐶𝐿𝑌23 ∙ 𝐶𝐿𝑌12 ∙ 𝑇𝐿101 =   (
−1 0

(4𝑓𝑐 + 2𝑡) 𝑓𝑡
2⁄ −1

)
04

.    (2-10b) 

 

This optics transfers an object in Z0 to an image in Z4 stigmatically with the magnification of 1 in the X direction and 

−1 in the Y direction. Additionally, the lateral energy dispersion (𝑥|𝜅)04 in the X direction vanishes. Thus, the source 

image in Z4 can be transferred by the downstream optics of the microscope without energy dispersion. Moreover, this 

optics is capable of energy filtering on the middle plane Z2, as discussed above. Thus, we conclude that the optics of 

the CL doublet serves as a MC. After passing through it, charged particle beams with a narrow energy spread and a 

stigmatic beam shape can be acquired. 

From another point of view, the trajectories on the Z-X plane and the Z-Y plane are quite different, as shown 
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in Fig. 2-6. In this optics, there are three intermediate image planes in the X direction but no image plane in the Y 

direction. These line-focused images are preferable to reduce electron-electron interactions such as statistical 

Coulomb effects and Boersch effects, which would occur with a stigmatic focus of a high-intensity beam. Hence, 

this optical configuration minimizes beam broadening internally. 

The two transfer lenses, TL1 and TL2, can also be used to compensate for changes in the emitter’s working 

conditions, such as variations in the extraction voltage, by adjusting their excitations. When the MC is not used, they 

can also serve as a conventional condenser or as illumination optics. 

 

2-4-5 Performance of the new monochromator  

In this section, the performance of the new MC is assessed. It includes the contributions of higher order 

aberrations, in contrast to previous discussions, which were limited to first-order optics. Ray trace calculations are 

done in the region of two CLs (Z1-Z3), and matrix calculations of the first-order are done in the region from the source 

to TL1 (Z0-Z1) and in the region from TL2 to the exit plane of the MC (Z3-Z4). 

In this study, a Schottky electron emitter is adopted, and the following source parameters are used: a virtual 

source diameter do of 28 nm, an angular current density of 500 µA/sr, and an energy spread of 0.833 eV at the FWHM 

[7]. In addition, the following initial conditions are adopted: an incident energy E0 of 4 keV, incident currents Iin of 

100, 300, and 1000 pA, and the number of trajectories of 3000. Every calculation is done under different initial 

conditions generated randomly within the above conditions. The calculated results provide the beam width on the 

energy selection plane Z2. Based on the assumption that the width in the X direction corresponds to the energy 

selection slit width ds, the energy resolution δκ is determined by the equation 

 

𝛿𝜅 = 2𝑑𝑠/𝐷𝑘         (2-11) 

 

with the energy dispersion Dκ. Assuming that the energy distribution of the emitted electrons is Gaussian with the 

above energy spread, the proportion of electrons included within the energy range between E0–δκ/2 and E0+δκ/2 is 

calculated. By multiplying this value by the incident current Iin, the beam current Iout at the exit of the MC can be 

calculated. These calculated results are summarized in Table 2-3. For a relatively large current Iout of 50.4 pA, an 

energy resolution of 34 meV can be achieved. By decreasing the incident current, the energy resolution improves. 

This MC can achieve an energy resolution below 10 meV. These results suggest the potential of this optics as a high-
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performance MC. 

 

Table 2-3 The performance of the MC. 

Condition 

Incident 

current 

Iin 

(pA) 

Exit 

current 

Iout 

(pA) 

Slit 

width 

ds 

(nm) 

Energy 

resolution 

δκ 

(meV) 

1 100 1.7 110 9.4 

2 300 7.1 180 15.4 

3 1000 50.4 390 33.5 

 

 

Furthermore, the beam profiles at the incident energy E0 are reconstructed from various trajectories of which 

the x and y positions are retrieved at specified Z positions. Additional beam profiles are also calculated in two 

conditions in which these energies deviate from the reference energy E0 by half of the energy resolution (positive 

and negative, i.e., E0+δκ/2 and E0–δκ/2). These profiles for condition No. 2 in Table 2-3 are shown in Fig. 2-7.  

 

 

Fig. 2-7 Beam profiles on (a) the middle plane Z2 and (b) the exit plane Z4. 

 

On the middle plane Z2, beams are line-focused and energy-dispersed in the X direction. By inserting a slit 
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with a width of ds, the energy selection function can be realized. These triangular shapes are caused by second-order 

aberrations. At the exit plane Z4, beams are focused stigmatically and these distributions are nearly equivalent to the 

incident source diameter do. The beam shapes have no triangular asymmetry due to cancellation of the second-order 

aberrations. In addition, the centers of the beam distributions with different energies are coincident, meaning that the 

lateral energy dispersion vanishes on the final plane. Three beams show similar but slightly different profiles due to 

chromatic aberrations. These results show the capability of this optics as an MC more clearly. 

 

2-4-6 Mechanical tolerances of the new monochromator 

As a guideline for its practical design, the mechanical tolerances of the MC are investigated. These tolerances 

cause additional parasitic aberrations, increase the beam sizes, and deteriorate the performances such as the energy 

resolution. As an example, we consider a misalignment of an electrode from the center axis of the MC, which causes 

a lateral displacement and blurring of the beam. The center electrode of the CL1 is chosen as the misaligned one 

because it degrades the MC performance more. We simulate the deterioration in beam performances at the two planes 

of Z2 and Z4 using ten simulation models with X-direction misalignments in 1 µm steps up to 10 µm. The calculated 

beam condition is No. 2 in Table 2-3, and the other simulation conditions are identical to those above. The calculated 

lateral displacements show linear dependency on the misalignments. A misalignment of 1 µm results in displacements 

of 280 nm at Z2 and 800 nm at Z4. The initial adjustment of the offset distance Xd can compensate the displacements 

partly. Additionally, the misalignments cause asymmetric beam profiles in the +X direction at both at Z2 and Z4. Fig. 

2-8 shows the calculated beam widths at the two planes. For a 5 µm misalignment, the beam width becomes twice as 

large compared to the ideal case at Z2; hence, the energy resolution also worsens by twice as much. At Z4, the beam 

width doubles for a 7 µm misalignment. Although more accurate assembling is necessary for higher energy 

resolutions, the results in this section provide quantitative standards for the manufacturing of the MC. We point out 

that an MC with the CLs still has the advantage of a better assembly process than that of MCs with multipoles, as the 

CLs consist of plate-shaped electrodes without separations in the azimuth directions. 
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Fig. 2-8 Beam widths dependency on the misalignment of Z2 and Z4. 

 

2-5 Advantages of the new monochromator 

The advantages of the MC are summarized in this section. 

1. A high energy resolution 

Due to its large energy dispersion, high energy resolution is achieved. With the optimum slit, an electron 

beam with an energy spread below 10 meV is achieved. 

2. A simple mechanical configuration without multi-pole optics 

Through the use of CLs for the deflection, the mechanical structures, electronics, and control units can be 

simplified compared to other MCs with complicated multi-pole optics [8-11].  

3. The use of the central part of the beams from the electron source 

In previous MCs using a modified condenser lens, beams from the off-axis region of the electron emitter 

are used [12, 13]. By using the offset CLs on the emitter axis, this MC enables the use of the central part 

of the beams from the emitter. This improves the stability of the beam currents and the symmetry of the 

beam profiles. 

4. Pure electrostatic (nonmagnetic) optics 

This MC can be used with an ion beam, as its pure electrostatic optics has no mass dispersion. On the other 

hand, the mass dispersion causes problems for MCs that rely on magnetic deflection [8-10]. In addition, 
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the proposed MC more easily achieves a good vacuum condition than magnetic MCs because its electrodes 

release less outgas than magnetic deflectors with coils. Thus, this MC is suitable for use in an electron gun 

region requiring UHV or XHV conditions. Furthermore, a quick response and good reproducibility are 

achieved owing to the small hysteresis effect of the electrostatic lenses. It is also suitable for the rapid 

turning on and off of the MC.  

5. Astigmatic imaging inside the MC  

This MC has three images in the X direction but no image in the Y direction. These astigmatic images are 

favorable for reducing the beam blur caused by electron-electron interactions. 

6. Linear optics 

This MC can be installed within the microscope’s column due to its linear optics. This offers high 

mechanical stiffness and accurate alignment to other optics. Further, conventional optics can be used 

simply by turning off the MC and changing the aperture position if higher beam currents are needed. 

 

2-6 Conclusion 

In this chapter, an optical axis and first-order matrix expressions for a single offset CL are derived from various 

ray trace simulations. Based on the matrix expressions, a new MC with multiple offset CLs is constituted. The MC 

shows line focus and energy dispersions in the middle plane and takes a stigmatic and non-dispersive image of the 

emitter with unit magnification at the exit plane. The energy resolving performance and the mechanical tolerance of 

the MC are estimated. 
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Chapter 3 Higher Order Aberration of the Monochromator 

with Offset Cylindrical Lenses 
 

3-1 Introduction 

In this chapter, theoretical investigation continues and a complementary discussion of the newly proposed 

monochromator (MC) is offered. Beam profiles will be simulated in an extensive current range by means of a ray 

trace method. Through a multiple regression analysis, the aberrations of the MC will be derived up to the third order. 

Next, fundamental performance of the MC, such as the brightness will be estimated, and the results will be applied 

to various source conditions. The MC and its optics in detail will be discussed in the following sections. 

 

3-2 Method 

In charged particle optics, aberration coefficients can be derived by the following methods: aberration integrals, 

differential algebra, and ray tracing. The use of aberration integrals is a traditional and common method, where 

aberration coefficients are derived by solving aberration integrals with paraxial rays and axial potentials [1]. Berz 

introduced differential algebra in charged particle optics [2]. Recently, this method has been applied to calculate 

aberrations in various areas of optics, such as a mirror corrector [3]. Compared with the two methods above, there 

has been little research on the ray trace method, although Hawkes noted that it can be useful for systems for which 

the aberration integrals are numerous or very complicated or even unknown [4]. Kasper applied least squares fitting 

to compute the aberration coefficients by means of a ray trace simulation [5]. Martínez et al. showed that this method 

has sufficient accuracy on third- and fifth-order aberrations by comparing its results to those of analytical solutions 

[6]. Van der Stam et al. described a generalized method that can be used in various optical components, including 

sector magnets [7]. Recently, Lencová et al. developed commercial software that includes the functions of the method 

[8], and Oral et al. examined its accuracy on the fifth-order aberrations of a two-tube lens [9]. This method became 

practical only recently because thousands of rays can be calculated in much less time (measured in minutes or even 

seconds) due to increases in the computation speeds of PCs. 

In this chapter, we adopt the ray trace method because the optical axis of the MC passes through a complicated 

electric field distribution with steep changes in the off-axis region of the CLs. We utilize EO-3D software by MEBS 

Ltd [10]. This software can compute 3D electrostatic potential distributions for any electrode shapes by the finite 
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difference method. The accuracy of the potential distributions was confirmed to be 1% or better. The software can 

derive electron trajectories in the potential distributions by solving the equation of motion directly; 

 

𝑑

𝑑𝑡
(𝑚𝒗) = −𝑒𝑬,        (3-1) 

 

where m is the mass of the electron, v is the velocity of the electron, e is the elementary charge, and E is the 

electrostatic field. With parameters of position (x, y, z) and velocity (vx, vy, vz) of the electron, Eq. (3-1) is considered 

as six first-order ordinary differential equations. The software solves them with a standard fourth-order Runge-Kutta 

formula, and the solution algorithm was confirmed to be stable, accurate and reliable. 

Our simulation method can be described as follows. Initially, the initial conditions of the positions, angles, 

and energies are randomly generated within specified ranges. For each initial condition, the ray of an electron beam 

is simulated by the ray trace method. From the trajectories, a number of positions (x and y) of particles are read out 

at specified Z positions as outputs. As a result, the relationships between the initial conditions and the outputs are 

acquired. Considering the geometric symmetry of the optics, the types of aberrations are determined. This is done 

because some coefficients are canceled due to the symmetry. In this study, we adopt the definition of aberrations by 

Wollnix [11]. By submitting the initial conditions into functions of these aberrations, explanatory variables are 

calculated. The outputs are considered as response variables. By applying a multiple regression analysis to these 

variables, the aberration coefficients of the MC are obtained. Here, we use the statistical tools available in Microsoft 

Excel. Based on statistical significance levels and contribution amounts, the dominant aberration coefficients are 

selected. This is a brief outline of the method used to calculate the aberrations of the MC.  

 

3-3 Results 

3-3-1 Beam profiles with the MC 

In the previous chapter, we proposed a new MC with multiple offset CLs. A CL consists of three electrodes 

with rectangular openings in the center. In a similar way to our previous chapter, we adopt the ray-tracing method 

for the CLs in the region of Z1-Z3, which are difficult to be treated in a conventional manner, and utilize first-order 

matrices for the TLs in the regions of Z0-Z1 and Z3-Z4. For the simulations, the following initial parameters are 

adopted: incident energy E0, incident currents Iin, and a number of trajectories n. In the succeeding simulations, we 
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adopt a Schottky electron emitter (SE) with the following source parameters: virtual source diameter d0, angular 

current density I’, FWHM energy spread δE0, and reduced brightness Br [12]. Table 3-1 summarizes these values for 

the initial conditions and source parameters. We expand the range of the incident currents from those in the previous 

chapter.  

 

Table 3-1 Simulation conditions. 

 

We simulate the beam profiles by ray trace methods on the above conditions. Fig. 3-1 shows histograms of 

these beam profiles in two planes. Fig. 3-1 (a) shows those in the X direction on the energy selection plane Z2 and 

Fig. 3-1 (b) shows those in the X and Y directions on the exit image plane Z4. The incident currents Iin are 10 pA and 

3 nA. The bin widths of the histograms are 10 nm for (a) and 5 nm for (b). Every simulation is done under an identical 

condition with regard to the total number of electrons, 1000, for a proper comparison. The Gaussian fittings are also 

shown as lines in each condition. The lower current condition of 10 pA shows sharp peaks that are well fitted to 

Gaussian distributions on both planes. Additionally, the two distributions are identical in the X and Y directions at 

Z4. Therefore, this result denotes the Gaussian and stigmatic imaging of the source at Z4. However, the higher current 

condition of 3 nA shows dull peaks with broader tails. The histogram at Z2 shows asymmetric distributions in the +X 

direction, which may arise from second-order aberrations. At Z4, the distributions become symmetric in both the X 

and Y directions. The histogram in the X direction shows that the center portion of the peak is well fitted to a Gaussian 

distribution, but its broad tail with a low signal level deviates from the fitting. Given its symmetry, this may stem 

from third-order aberrations. In the Y direction, the height of the peak is lower than 10 pA, but it is also well fitted 

to a Gaussian distribution. This may be due to the first-order focusing properties. Here, we roughly estimated these 

dominant aberrations on the two planes from the shapes of the histograms. In the next sections, these aberrations will 

be determined precisely and quantitatively. 

Incident 

energy 

Incident 

currents 

Number of 

trajectories 

Angular current 

density 

Energy 

spread 

Virtual source 

diameter 

Reduced 

Brightness 

E0 Iin n I' δE0 d0 Br 

keV nA  μA/sr eV nm A/m2 sr V 

4 
0.01, 0.1, 0.3,  

1, 3, 10 
1000, 3000 500 0.833 28 1.47 × 108 
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Fig. 3-1 Beam profiles (a) in the X direction at Z2 and (b) in the X and Y directions at Z4. 

 

3-3-2 Calculation of aberrations 

We derive the aberration coefficients through a multiple regression analysis applied to the results of the ray 

trace simulations. Initially, we describe the independent variants of α, β, γ, δ, and κ, as follows. From Fig. 2-6, the 

parameters of α and β correspond to half angles from the emitter at Z0 in the X and Y direction, respectively. The 

maximum values of α and β are limited by the entrance aperture, which is located on the back focal plane, Z1, of TL1. 

The ranges of α and β are defined by the following equation with the incident current Iin into the MC and the angular 

current density I’ of the emitter. 

 

𝛼2 +  𝛽2 ≤ 𝐼𝑖𝑛/π𝐼’.          (3-2) 

 

The parameters of γ and δ correspond to the half angles at Z1, and they depend on the lateral positions of the emitter 

at Z0. The maximum values of γ and δ are defined by the virtual source diameter do of the emitter. The ranges of γ 

and δ are expressed using the following equation with the focal length, f1, of TL1. 

 

𝛾2 + 𝛿2 ≤ (𝑑0 2𝑓1⁄ )2.        (3-3) 
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The parameter κ denotes the energy deviation, which is determined by the following equation with the incident energy 

E0 and an energy difference δE. 

 

𝜅 = 𝛿𝐸 𝐸0⁄ .          (3-4) 

 

The range of κ is determined superposing the energy distribution of the emitter as Gaussian with an FWHM energy 

spread of δE0. 

A thousand initial condition sets (α, β, γ, δ, and κ) are randomly generated within these ranges of Eqs. (3-2, 3, 

and 4). The trajectories are then calculated by the ray trace method for these sets. From the trajectories, the particle 

positions are extracted on two planes, Z2 and Z4, which are written as (x2, y2, Z2) and (x4, y4, Z4). For each plane, a 

thousand correlations between the initial conditions and the output positions are acquired. By applying a multiple 

regression analysis to these correlations, the aberration coefficients are derived up to the third order. Considering the 

geometric symmetry of the optics, types of aberrations are determined. Due to the twofold symmetry in the Y 

direction of this MC, all aberration coefficients in the X direction should be symmetric, and all coefficients in the Y 

direction should be asymmetric, with regard to the parameters β and δ. Based on the definitions of Wollnik [11], the 

aberrations of the MC can be written as follows: 

 

x = (x|α)α+(x|γ)γ+(x|κ)κ+(x|α2)α2+···+(x|κ2)κ2+(x|α3)α3+···+(x|κ3)κ3,   (3-5a) 

 

y = (y|β)β+(y|δ)δ+(y|αβ)αβ+···+(y|δκ)δκ+(y|β3)β3+···+(y|βκ2)βκ2.   (3-5b) 

 

In this study, our main interest is the dependencies of the MC performance on the incident current Iin. The dominant 

contributions to third order aberrations are attributed to increases in the currents, or the incident angles of α and β. 

Thus, we take into account third-order aberration coefficients, including α, β, and κ, and ignore those with γ and δ 

due to their low levels of influence. By substituting the initial conditions into these aberration functions, for example 

α2, in Eqs. (3-5), each explanatory variable is calculated. The output positions of x and y are considered as response 

variables. The aberration coefficients are calculated by the regression analysis function of Microsoft Excel. The 

detailed analysis procedure is as follows. We define the significance level as 95% and the number of significance as 

1000. The aberration coefficients are adopted when they satisfy conditions in which the p-values are less than 5% 
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and the t-values are greater than 2. The regression analysis is repeated until all coefficients satisfy the above 

conditions. Furthermore, coefficients whose t-values rank in the top fifth are selected. The t-value denotes the 

influence of the coefficient on the total beam width. For the analysis, the worst multiple correlation factor is 99.73%. 

This value is high enough to support the reliability of these coefficients. 

The geometric aberrations are acquired under the condition in which the energy divination κ is 0, or the 

energies of all electrons are identical to the incident energy E0. The energy dispersions and chromatic aberrations are 

obtained, where the FWHM energy spread δE0 is 0.833 eV. Applying the above analysis procedure, we calculate the 

aberration coefficients in six incident current conditions: Iin =10, 100, and 300 pA, and 1, 3, and 10 nA. After 

comparing these results, we select the aberration coefficients for Iin of 1 nA, which corresponds to an intermediate 

value in the current ranges. Table 3-2 summaries the aberration coefficients in the X and Y directions on the two 

planes, Z2 and Z4. 

 

Table 3-2 The aberration coefficients of the MC at Z2 and Z4. 

Type Function Coefficients     

  Z2 plane   Z4 plane  

  X Y  X Y 

1st order (x|α) −8.70E−03   −2.43E−04  

 (x|γ) −3.25E+01   −1.00E+01  

 (y|β)  1.00E+01   2.07E−02 

 (y|δ)  1.27E+02   1.03E+01 

 (x|κ) −9.41E+01     

2nd order (x|α2) 5.13E+02   3.60E−01  

 (x|αγ)    2.03E+03  

 (x|γ2) −2.15E+06     

 (x|β2) −6.89E+00     

 (x|δ2) −2.31E+06     

 (y|αδ)     1.19E−01 

 (x|ακ) −2.91E+03   4.23E+03  

 (y|βκ)     −2.81E−02 

 (y|δκ)     −1.55E+00 

 (x|κ2) 2.36E+03   −4.00E+04  

3rd order (x|α3)    −2.20E+04  

 (y|β3)     7.45E−01 

 (x|α2κ)    6.04E+05  

 (y|βκ2)     −2.55E+00 

 (x|κ3)    −9.98E+06  

 

It is important to note that a coefficient in Table 3-2, which takes a smaller value, does not always have a little 
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influence on the total beam widths. It is necessary to consider the amount of aberration, which is given by multiplying 

the coefficient by the value from the aberration function, for example, as (x|α2) α2. Specifically, coefficients 

containing α and β have smaller values. However, they could contribute greatly to the total beam widths because α 

and β are more than ten times as large as γ, δ, and κ. 

Next, the beam profiles are reconstructed from the aberration coefficients in Table 3-2 to confirm the accuracy 

of these values. We calculate beam positions (x’, y’) at Z2 and Z4 by substituting initial parameters (α’, β’, γ’, δ’, and 

κ’) into Eqs. (3-5) together with the coefficients of Table 3-2. These parameters, which are defined by the maximum 

values of Eqs. (3-2, 3, and 4), are expressed as 

 

𝛼′ = √𝐼𝑖𝑛/π𝐼’ cos 𝜃 , 𝛽′ = √𝐼𝑖𝑛/π𝐼’ sin 𝜃,  

 

𝛾′ =  𝑑0 cosφ 2𝑓1⁄  , 𝛿′ = 𝑑0  sin 𝜑 2𝑓1⁄ , 𝑎𝑛𝑑 𝜅′ = 𝛿𝐸 𝐸0⁄ .      (3-6) 

 

By changing these parameters in ten-degree steps of the azimuth angles of θ and φ, a number of positions (x’, y’) 

result in beam profiles. Figs. 3-2 (a) and (b) show these beam profiles generated by the geometric aberration 

coefficients of Table 3-2 as contour lines at Z2 and Z4, respectively. The beam profiles from the ray trace simulation, 

of which the number of trajectories is 1000, are also shown as dots. The source parameters are identical to the values 

in Table 3-1. The colors denote different incident currents Iin, which are 10, 100, 300 pA, 1 and 3 nA. The 

corresponding incident angles of α’ and β’ are 8.0e−5, 2.5e−4, 4.4e−4, 8.0e−4, and 1.4e−3 rad from Eqs. (3-6). The values 

of γ’ and δ’ are 1.4e−6 rad. The Y scale of Fig. 3-2(a) is 20 times larger than the X scale. In both Fig. 3-2(a) and (b), 

the beam profiles from the geometric aberration coefficients are coincident with those by the ray tracing method in 

each current condition. Thus, we confirm the accuracy of the geometric aberrations in Table 3-2. In Fig. 3-2(a), the 

contours are elliptical at a lower current; they protrude in the +X direction with an increase in the current. The beams, 

which correspond to the position of the –X region, are folded in the +X direction. These protrusions become more 

significant at higher current levels. In the Y direction, the beam profiles are symmetric to the Y axis and are enlarged 

constantly. In Fig. 3-2(b), the beam profiles expand in the Y direction in the lower current regions. For current higher 

than 1 nA, the beam profiles grow steeply in the X direction. The beam profiles shown in Fig. 3-2 (b) are symmetric 

with the X direction, in contrast to those in Fig. 3-2 (a).  
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Fig. 3-2 Beam profiles with beam current differences at (a) Z2 and (b) Z4. 

 

Next, we discuss the chromatic aberrations. Figs. 3-3 (a-d) show the beam profiles generated by the chromatic 

and geometric aberrations in Table 3-2 in contour lines. Fig. 3-3 (a) represents the beam profiles at Z2, and Figs. 3-3 

(b-d) show those at Z4. The color differences show three energy conditions, i.e., E0, E0+25 meV, and E0−25 meV, 

where E0 is 4 keV. The incident current Iin is 1 nA. The results of the ray trace simulation are also shown as 

distributions of dots. The number of trajectories is 3000. The source parameters are described in Table 3-1. Eqs. (3-

6) give the initial parameters as follows: α’, β’=8.0e−4 rad, γ’, δ’=1.4e−6 rad, and κ’=0, +6.3e−6, and -6.3e−6.  

In Figs. 3-3 (a-d), the contours by the chromatic and geometric aberrations are equivalent to those by the ray 

traces. Hence, the accuracy of the chromatic terms in Table 3-2 is also confirmed. In Fig. 3-3 (a), the lateral shifts of 

three profiles, caused by the energy dispersion term (x|κ), are suitably reproduced. In Figs. 3-3 (b-d), the center points 

of the profiles are around (0, 0); i.e. they correspond to the optical axis. This stems from the fact that (x|κ) is 0 on the 

exit image plane Z4, which implies a lateral dispersion-free condition. These three contours change due to chromatic 

aberrations according to the energy differences. Considering Figs. 3-2 and Figs. 3-3, we confirm the accuracy of the 

aberration coefficients in Table 3-2. 
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Fig. 3-3 Beam profiles with energy differences at (a) Z2 and (b-d) Z4. 

 

Further investigating the influence of the aberration coefficients on these beam profiles, we calculate the 

amounts of aberration. Table 3-3 shows the results with an incident current Iin of 1 nA and an energy difference δE 

of+25 meV at the two planes of Z2 and Z4. The initial parameters are as follows: α’, β’=8.0e−4 rad, γ’, δ’=1.4e−6 rad, 

and κ’=+6.3e-6. Table 3-3 shows these amounts of aberrations in the following two positions on each plane. The 

columns of +Xmax show the aberration amounts of the X direction in a position where the beam profiles are maximized 

in the +X direction. The columns of +Ymax are similar in the +Y directions. The conditions in Table 3-3 correspond 

to the contours in blue at Z2 in Fig. 3-3(a), and at Z4 in Fig. 3-3(c). The symbols of S and A in Table 3-3 refer to 
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symmetry and asymmetry respectively, with regard to the X or Y axis. The symmetric terms contribute to the offset 

of the beam profile contours, and the asymmetric terms contribute to the widths of the contours. Similarly, we 

calculate the amounts of aberration in the conditions with energy differences of 0 and −25 meV. 

 

Table 3-3 The amounts of aberration. 

Type Function Amounts         

  Z2 plane     Z4 plane    

  +Xmax  +Ymax   +Xmax  +Ymax  

1st order (x|α) 7 A        

 (x|γ) 46 A    14 A   

 (y|β)   7983 A    17 A 

 (y|δ)   178 A    14 A 

 (x|κ) −588 S        

2nd order (x|α2) 327 S        

 (x|αγ)      −2 S   

 (x|γ2) −4 S        

 (x|β2)          

 (x|δ2)          

 (y|αδ)          

 (x|ακ) 15 A    21 A   

 (y|βκ)          

 (y|δκ)          

 (x|κ2)      −2 A   

3rd order (x|α3)      −11 A   

 (y|β3)          

 (x|α2κ)      2 S   

 (y|βκ2)          

 (x|κ3)          

Total Xmax or Ymax −199  8161   23  31  

 

 

First, we discuss the amounts of geometric aberration, as shown in Table 3-3. On the energy-selecting plane 

of Z2, the magnified Gaussian image of the virtual source (x|γ) is 46 nm. The second-order aperture aberration (x|α2) 

shows a much larger value of 327 nm. This term is symmetric with X and causes protrusions in the +X direction in 

Fig. 3-2 (a) under large current conditions. This term results in asymmetric beam tails in the +X direction. On the 

exit plane Z4, this term (x|α2) becomes negligible. The symmetric configuration of the optics and potential and the 

symmetric and asymmetric fundamental rays result in the cancelation of this second-order aperture aberration, which 

is often used in imaging energy filters [13]. The Gaussian image of the source (x|γ) is 14 nm, indicating image 
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formation with a unit magnification at Z4. The third-order aperture aberration (x|α3) is the second largest value of 11 

nm in the geometric aberrations; this causes a rapid increase in the X directions, as shown in Fig. 3-2 (b). The term 

(x|αγ) causes slight asymmetry of the beam distributions in Fig. 3-2 (b). In the Y direction, the term (y|β) is dominant 

at Z2 due to the non-focusing condition. It increases in proportion to β with an increase in the incident current. At Z4, 

(y|δ) term is coincident with (x|γ), indicating stigmatic imaging of the source with a unit magnification. The term 

(y|β), which is the first-order aperture aberration of β, shows a larger value of 17 nm. This causes an increase in the 

beam profiles in the Y direction for the low current conditions shown in Fig. 3-2(b). 

Next, we discuss the chromatic terms, including the energy deviation of κ, in Table 3-3. At Z2, the term (x|κ) 

has the largest amount of aberration. Because it depends only on κ, this term causes shifts of the optical axis due to 

energy deviations, as shown in Fig. 3-3 (a). The largest value indicates that beam distributions with the energy 

deviations are completely separated. A negative sign indicates that higher energy beams, which are difficult to deflect, 

are located on the negative side from the optical axis of the zero-loss beams. At Z4, the term (x|κ) is negligible, which 

means that this optics exists in a lateral dispersion-free condition, as described above. At Z2, (x|ακ) is the second 

largest chromatic aberration value. This is the first-order and first-degree chromatic aberration. Compared to the zero-

loss beam of κ=0, this term enlarges the beam distribution of +25 meV and reduces that of −25 meV. This effect can 

be observed in the width of the contours on the X-axis, where Y is 0, as shown in Fig. 3-3 (a). Similarly, (x|ακ) is the 

largest value at Z4. For the beam distribution of +25 meV, (x|ακ) shows a sign opposite that of (x|α3). Thus, the width 

of the beam distribution on the X-axis in Fig. 3-3(c) is reduced against the zero-loss beam in Fig. 3-3(b). Conversely, 

(x|ακ) and (x|α3) take the same sign for −25 meV beams. This enlarges the width at the X-axis of Fig. 3-3(d). (x|κ2) 

of the second order and (x|α2κ) of the third order are nearly equivalent absolute values, but with opposite signs. Thus, 

they make little contribution to the total beam widths. 

Given the discussion in this section, we derive the aberration coefficients of the energy selection plane Z2 and 

the exit image plane Z4. The reconstructed aberration figures confirm the accuracy of these coefficients. By estimating 

the amounts of aberration, we clarify these influences on the beam profiles with various conditions of current and 

energy deviation.  

 

3-3-3 MC Performance 

In this section, we evaluate the performance of the MC. Based on the aberration coefficients in Table 3-2, we 

derive the dependency of the beam widths on the incident currents Iin. The beam widths in the X and Y directions at 
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Z2 and Z4 can be expressed as follows: 

 

dxz2= 2 (x|γ) z2 γ + (x|α2) z2 α2,       (3-7a) 

 

dyz2= 2 (y|δ) z2 δ +2 (y|β) z2 β,       (3-7b) 

 

dxz4= 2 (x|γ) z4 γ + 2 (x|α3) z4 α3,       (3-7c) 

 

dyz4= 2 (y|δ) z4 δ+ 2 (y|β) z4 β.       (3-7d) 

 

For simplification, we adopt these definitions of the beam widths as the sums of the Gaussian source images and the 

geometric aberration terms with the largest contribution in each column in Table 3-3. The coefficient of (x|α2) is 1 

due to its symmetry in the X direction, as discussed above. The other coefficients are 2 due to their asymmetry when 

calculating the beam widths. For an incident current Iin, Eqs. (3-6) provide the values of α and β. 

Fig. 3-4 shows the dependency of the beam widths by Eqs. (3-7) on the incident currents Iin as lines. The beam 

widths by ray trace simulation are also shown as dots. The source parameters are identical to the values in Table 3-

1. The lines and dots fit well in the entire current range of 10 pA to 10 nA. The inclinations of the curves in Fig. 3-4 

show the dominant aberration terms at the incident currents. On the energy selection plane Z2, the inclination of dxz2 

changes at around 100-300 pA, and the second-order aperture aberration (x|α2) z2 becomes the major factor in the 

high current region. In the Y direction, dyz2 shows larger values due to the non-focusing condition on the plane, and 

its inclination is constant. On the exit plane Z4, dxz4 is constant with a value of 28 nm for currents from 10 pA to 300 

pA. However, the inclination changes at 1 nA, and the third-order aberration (x|α3)z4 becomes dominant with high 

currents. dyz4 increases constantly, showing larger values even in low current regions due to the first-order term of 

(y|β) z4. dyz4 is larger than dxz4 for currents lower than 1.5 nA. The graph in Fig. 3-4 clarifies the tendency of the beam 

widths on the incident beam currents, as well as the main aberration terms at the specified currents. 
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Fig. 3-4 Beam widths dependencies on the incident current in X and Y directions at Z2 and Z4. 

 

Next, we discuss the performance of the MC. The characteristic parameters are the energy dispersion Dκ, the 

energy resolution of the MC (or the energy spread of the monochromatic beams at the exit of the MC) δEmc, the exit 

current Iout, and the reduced brightness Br. These are defined by the following equations: 

 

𝐷𝑘 = |(𝑥|𝜅)𝑍2 𝐸0⁄ | = 23.5 μm/eV,      (3-8a) 

 

𝛿𝐸𝑚𝑐 = 2 𝑑𝑥𝑧2/𝐷𝑘,        (3-8b) 

 

𝐼𝑜𝑢𝑡 =  𝐼𝑖𝑛 √2𝜋𝜎⁄ ∫ 𝑒𝑥𝑝(−𝑡2 2𝜎2⁄ )
+𝛿𝐸𝑚𝑐 2⁄

−𝛿𝐸𝑚𝑐 2⁄
𝑑𝑡, 𝑤ℎ𝑒𝑟𝑒 𝜎 = 𝛿𝐸0 2ln (2√2)⁄ ,  (3-8c) 

 

𝐵𝑟 = 4 𝐼𝑜𝑢𝑡 𝜋𝛼2 ∙ 𝜋𝑑𝑥𝑧4𝑑𝑦𝑧4 ∙⁄ 𝐸0 .       (3-8d) 

 

In Eq. (3-8b), we define the energy resolution δEmc as an ideal case such that the width of the energy selection slit is 
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equivalent to dxz2, the beam width at energy selection plane Z2. In Eq. (3-8c), we superpose the energy distribution 

of the emitter as Gaussian with an FWHM energy spread of δE0. Here, σ denotes the standard deviation of the 

corresponding FWHM values. We derive Iout of Eq. (3-8c) from the proportion of energy spread δEmc to the Gaussian 

distribution. For the reduced brightness Br of Eq. (3-8d), we assume that the beam widths include the entire number 

of electrons on the Gaussian image plane. This is a modest estimation of the brightness. We treat the beam shape as 

elliptical. Thus, Eq. (3-8d) is expressed with dxz4 and dyz4. For these beam widths, we take the geometric aberrations 

of the MC into account, but not the diffraction aberration. It enables to compare the brightness with or without the 

MC more easily and fairly. For a microscope with the MC, total beam sizes at a specimen, including the diffraction 

aberration, can be derived by replacing the brightness of the electron source with that of the MC in Eq. (3-8d). 

Fig. 3-5 shows the dependencies of these characteristics of the MC on incident current Iin. The lines show the 

results generated by the aberrations in Table 3-2. The dots show the results by the ray trace simulation. The lines and 

dots are in good agreement. The exit current Iout increases constantly with incident current Iin. The energy resolution 

δEmc is constant in the low current region. For current levels that exceed 300 pA, the energy resolution increases in 

proportional to the incident current. This occurs because the energy resolution is determined by the second-order 

aperture aberration (x|α2)z2 α2 in the higher current region. Moreover, the incident current is proportional to α2. For a 

practical condition for microscopy observation, the energy resolution is 9.4 meV at an Iin of 100 pA and an Iout of 1.1 

pA. The highest energy resolution of 7.7 meV is achieved at a lower current with Iin at 10 pA and Iout at 0.09 pA, 

where the energy-loss spectra are obtained over a longer accumulation time. 

Furthermore, Fig. 3-5 presents trends of the reduced brightness Br from Eq. (3-8d) and the ideal reduced 

brightness. The latter includes only energy filtering action of the MC but does not contain deterioration caused by 

the aberrations of the MC. We derive this value with replacing dxz4 dyz4 of Eq. (3-8d) by d0
2. The difference between 

the two values denotes the loss of the brightness due to the aberrations. The reduced brightness Br is constant in the 

lower current region. The brightness suffers the loss from the first-order term of (y|β) z4. It increases slightly and 

peaks at a current of 1 nA. As these currents increase, the brightness decreases sharply due to the third-order 

aberration (x|α3) z4. In the condition with the maximum reduced brightness, the energy resolution is 32 meV and the 

brightness is 1.6 × 106 A/sr m2V for Iin =1 nA and Iout = 36 pA. The graph shown in Fig. 3-5 represents the 

characteristics of the MC clearly, revealing the aberration terms that limit the performance of the MC. 

 



Chapter 3 Higher Order Aberration of the MC 

54 

 

 

Fig. 3-5 Exit current, energy resolution, and reduced brightness dependencies on incident current. 

 

3-3-4 MC performance for various source parameters 

The MC characteristic discussed in the previous section is only one solution for one set of source parameters. 

In actual situations, source parameters change with different applications of microscopes. In addition, the types of 

emitters are options on microscopes. In previous studies of reference, MCs were utilized together with a Schottky 

emitter (SE) of ZrO/W (100) and a cold field emitter (CFE) of W (310). Here, we evaluate the MC performance with 

various source parameters. Table 3-4 summarizes four parameters. No. 1 is for CFE and Nos. 2-4 are for SEs. The 

previous simulation condition in Table 3-1 corresponds to No. 3 in Table 3-4. The data is cited from Schwind for 

Nos. 1-3 [12] and from Sakawa for No. 4 [14]. The CFE in No. 1 has the advantages of a smaller virtual source size 

and energy spread but a disadvantage in its smaller angular current density as compared with the SEs. No. 2 and No. 

3 are based on identical SEs with different extraction voltages. No. 2 has a smaller extraction condition, which results 

in a better energy spread, but a poorer angular current density. No. 2 has the additional advantage of a longer lifetime, 

typically two years. No. 3 has a higher angular current density due to its higher extraction voltage. No. 4 adopts an 

SE with a very large tip radius of 4.2 µm, which is eight times larger than those of the conventional SEs in No. 2 and 

3. This large tip radius results in a better energy spread due to the reduced Boersch effect in the vicinity of the emitter 
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surface with an angular current density identical to that of No. 3. The original article by Sakawa did not show the 

values of the extractor voltage, virtual source size, and brightness. We estimate these values according to Swanson 

[15]. In No. 4, the large tip radius causes an increase in the virtual source size and a decrease of the brightness.  

 

Table 3-4 The electron source conditions. 

No. 
Emitter 

type 

Tip 

radius 

Extraction 

voltage 

Angular 

current density 

Energy 

spread 

Virtual source 

diameter 

Reduced 

Brightness 
Ref 

  a Vext I' δE0 d0 Br  

  nm V μA/sr eV nm A/m2 sr V  

1 CFE 175 4300 62 0.375 4 1.14 × 109 [12] 

2 SE 550 3890 220 0.700 34 6.23 × 107 [12] 

3 SE 550 5459 500 0.833 28 1.47 × 108 [12] 

4 SE 4200 14833* 500 0.430 130* 2.55 × 106* [14] 

* Estimated values 

 

Next, we evaluate the MC performance levels with these source conditions based on the aberrations in Table 

3-2 and Eqs. (3-7 and 3-8). Figs. 3-6 show the energy resolution and reduced brightness dependencies on the exit 

current in the four source conditions. With regard to the energy resolutions shown in Fig. 3-6 (a), No. 1 with the CFE 

shows better performance in the low exit current region around 1 pA. This occurs because the virtual source size and 

energy spread of the CFE are lower than those of the other types. However, this energy resolution degrades rapidly 

under high current conditions because its low angular current density requires larger acceptance angles for high 

currents and it causes increased amounts of aberration. In middle current region from 1 to 140 pA, No. 3 provides a 

better energy resolution. For the high current region above 140 pA, No. 4 shows better characteristics. Considering 

that a CFE without MCs has an FWHM energy spread of 375 meV and MCs cannot easily be implemented, this No. 

4 condition has an advantage in a case in which an energy resolution in an approximate range of 60 meV-150 meV 

is required. No. 2 shows a trend similar to that of No. 3, which is shifted to a lower current condition. The performance 

of No. 2 is worse than that of the others throughout the current range. Regarding the reduced brightness in Fig. 3-6 

(b), No. 1 with the CFE demonstrates better performance with currents of less than 10 pA. For currents higher than 

10 pA, No. 3 shows superior performance. The reduced brightness of No. 2 is lower than that of No. 3 given the 

difference in their angular current densities. No. 4 shows poorer values than the others do because the size of its 

virtual source is nearly four times larger than that of No. 3.  
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Fig. 3-6 (a) Energy resolution and (b) brightness dependencies on exit current for different source conditions. 

 

Together with Figs. 3-6 (a) and (b), Table 3-5 summarizes the energy resolution with the maximum brightness 

for each emitter condition. 

 

Table 3-5 The MC performance at the maximum brightness on four source conditions. 

No Emitter Exit current Energy resolution Reduced brightness 

  Iout δEmc Br 

  pA meV A/sr m2 V 

1 CFE 0.3 5.6 2.7.E+06 

2 SE 12 29 9.5.E+05 

3 SE 22 27 1.6.E+06 

4 SE 399 92 2.5.E+05 

 

 

Table 3-5 provides the typical performance of the MC for the source conditions. Considering the energy resolution 

and the reduced brightness, suitable emitter conditions for the MC are as follows: For low currents of around 1 pA, 

No. 1 is favorable. For middle currents between 10 pA and 100 pA, No. 3 is superior. In the higher current region 

from 200 pA to 1 nA, No. 4 is the desirable condition. No. 2 shows relatively low performance, but it has the 

advantage of a longer lifetime than the other conditions of SEs. Information on the MC performance for various 

source conditions is important for understanding these features and considering their applications. It is also essential 



Chapter 3 Higher Order Aberration of the MC 

57 

 

to design optics for microscopes downstream of the MC and to estimate the performance of the overall system. It 

should be noted that aberration coefficients derived in previous sections allow this estimation of the MC performance 

for different emitter conditions.  

 

3-4 Discussion 

We discuss the pros and cons of the MC with multiple offset CLs through comparisons with other MCs 

proposed previously. The discussion in the previous sections reveals that the MC satisfies conditions that require the 

second-order aperture aberration (x|α2) and the lateral energy dispersion (x|κ) to be canceled on the exit plane. 

However, (x|α2) on the midplane, which is not cancelled, limits the energy resolution. In addition, the third-order 

aperture aberration (x|α3) results in restrictions of the brightness on the exit image plane. Furthermore, the previous 

chapter shows that the angular energy dispersion (α|κ) is not canceled at the exit. Table 3-6 summarizes the 

cancellation of aberrations for this MC together with those of others MCs in the references. It categorizes these MCs 

into three groups with regard to their aberrations. It also shows energy dispersions and the numbers of power supply 

modules required by each. Group A includes single-stage MCs. For group A, (x|κ) is not canceled on the exit plane. 

Group B includes several multi-stage MCs. For group B, (x|κ) and (x|α2) are canceled on the exit plane due to its mid-

plane symmetry. However, (α|κ) on the exit plane and (x|α2) on the midplane are not canceled. Group C includes 

multi-stage MCs equipped with more sophisticated aberration correction methods.  

For group C, the aberrations are canceled not only on the exit plane but also on the midplane. The electrostatic 

Ω-MC utilizes curved surfaces of toroidal electrodes to generate hexapole fields for cancelling (x|α2) on the midplane 

[16, 17]. The α-MC adopts a number of hexapoles for the cancellation of the aberrations [18, 19]. The MC in this 

study would belong to group B, as shown in Table 3-6. Hence, it is worse than the sophisticated MCs of group C but 

better than the single-stage MCs of group A. It has the advantage of being able to prevent rainbow illumination, 

which can cause issues in TEM observations. A further improvement of the MC can be achieved by adopting 

additional correctors, similar to the MCs of group C. The cancelation of (x|α2) on the middle plane of Z2 can be 

realized by two hexapoles at the regions of Z1-CL1 and CL2-Z1. This is often used in sector magnets [11] or in imaging 

energy filters [25*24]. To cancel both (x|κ) and (a|κ) on exit plane Z4, (a|κ) should be canceled on middle plane Z2, 

which means that the xκ ray becomes parallel to the optical axis [13]. This condition can be achieved by adopting 

four offset cylindrical lenses as shown in the previous chapter, or placing two quadrupoles at the regions of CL1-Z2 
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and Z2-CL2, similar to the α-MC [19]. 

 

Table 3-6 Comparison of various MCs. 

No Name Type Cancelation of aberration Dispersion Power supply Ref 

   
Exit plane 

Z4 

Mid plane 

Z2 

(μm/eV 

at 1keV) 

Voltage 

source 

Current 

source 
 

   (x|κ) (α|κ) (x|α2) (α|κ) (x|α2)     

1 
This 

study 
B Y N Y N N 94 2   

2 Wien × 1 A N N Y - - 3 8 1 [20] 

3 
Modified 

gun lens 
A N N N - - - 3+α  [21] 

4 Wien × 2 B Y N Y N N 27 10 2 [22] 

5 Wien × 4 B Y N Y N N 16 12 4 [23] 

6 Omega C Y Y Y Y Y 48 8  [17] 

7 Alpha C Y Y Y Y Y 600  25 [19] 

 

Additionally, Table 3-6 provides the energy dispersions of the MCs. The values in cited articles are converted 

to those at 1 keV for comparison purposes. The MC in this study shows the second largest energy dispersion due to 

the strong retarding effect of the CLs. This is one benefit of the MC. The α-MC achieves the largest value because it 

is equipped with quadruple optics, which magnifies the original dispersion of the sector magnets. Table 3-6 also 

indicates the number of power supply modules. We estimate the values as accurately as possible from the references. 

Here, we calculate the voltage sources as twice the number of multipoles. The number of current sources is identical 

to that of the multipoles. For the MC under study here, the number of power supply modules is the lowest. This is an 

additional advantage of the MC. 

Furthermore, this MC has a simple configuration as a strong point. For CLs, rectangular openings in flat plate 

electrodes are necessary. Although they require accurate machining, this can be realized by conventional machining 

tools. The MC has an advantage with regard to its assembly process because CLs consist of flat plate electrodes 

without separations in the azimuth directions. Compared to this MC, other MCs require complicated configurations. 

The electrostatic Ω-MC needs eight toroidal electrodes that are curved in three dimensions. The α-MC needs 14 

quadrupoles and 8 hexapoles in addition to its 3 main sector magnets. 

As disadvantages of the MC of this study, the relatively large aberrations, such as (x|α2) and (x|α3), deteriorate 

its performance somewhat in the high current region. This is caused by the strong retarding effects of the CLs, which 

generate higher energy dispersions. These retarding effects also make the system weaker against environmental 

disturbances such as stray magnetic fields. For a practical design, magnetic shields with high permeability should be 
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implemented outside of the MC. These are often adopted in energy electron analyzers for surface science [26*25]. 

By categorizing various MCs, we clarify the pros and cons of the proposed MC. This MC shows partially 

corrected aberrations due to its mid-plane symmetry, and it provides high performance with a simple structure. 

 

3-5 Summary 

In this chapter, we continue our investigation and offer a complementary discussion on an MC with multiple 

offset cylindrical lenses, as introduced in previous chapters. By applying a regression analysis to these trajectories, 

we derive the aberration coefficients of the MC up to the third order. It is evident from the results that the second-

order aperture aberration and lateral energy dispersion are cancelled on the exit image plane. This is attributed to the 

symmetric optics and the optical axis, and to symmetric and asymmetric first-order trajectories. The cancelations of 

the two types of aberration are crucial for the proposed MC to be used in an electron microscope. 

According to the aberration coefficients, we reveal the dependencies of the MC performance, such as the beam 

width, energy resolution, and brightness, on the beam current. The energy resolution is limited by the second-order 

aperture aberration on the midplane, and the brightness is limited by the third-order aperture aberration on the exit 

plane. We estimate the MC performance for various source conditions, such as the types of emitters, the extraction 

voltages, and the tip radiuses. The optimum conditions of the MC are clarified for these conditions. The quantified 

characteristics are essential for the practical design of the MC and its application to microscopes.  
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Chapter 4 SEM Performance with the Monochromator 
 

4-1 Introduction 

In this chapter, the application of the MC to an SEM will be investigated at extra-low energies. Initially, an 

SEM model with the MC will be described and then the simulation method will be explained. Then, using the beam 

widths and the energy resolution at the MC exit, the probe sizes will be estimated for the SEM optics with the MC. 

Finally, enhancement of the SEM performance with this MC will be discussed for different types of emitters. A 

detailed discussion of the work will be given in the subsequent sections. 

 

4-2 SEM optics using the MC with offset CLs 

Figure 4-1 shows a schematic of the SEM optics with the proposed MC. The region between the emitter and 

TL2 (Z0–Z4) corresponds to the same region in Fig. 2-1. In a subsequent stage of the SEM optics, a condenser lens 

(CoL), a through-the-lens detector (Det), a scanner (Scan), and an objective lens (OL) are arranged. Electron beams 

are emitted with an initial energy spread δE0 from the emitter. After the beams pass through the MC, they become 

monochromatic with an energy spread of δEmc because of the energy filtering function of the MC, and are then 

focused at Z4 with magnification M0 of 1. The subsequent CoL and OL elements demagnify and focus the beams on 

a sample at Z6 with magnification M. When we consider that the magnification M0 of the MC is 1, the value of M is 

equivalent to the total magnification of the SEM optics. Scan, which is a pre-lens double-deflector that consists of 

coils or electrodes, scans the beams on the sample in a raster mode. Secondary electrons or backscattered electrons, 

which are generated from the sample by the primary beams, are absorbed into the OL via its immersion magnetic or 

electrostatic field and are then separated from the primary beams and detected by Det. 

The SEM images are then formed by assigning the signals that were detected at each beam position. Other 

detectors, e.g., a chamber detector, can be used to acquire the SEM images. An energy analysis can also be performed 

if an energy analyzer is connected to these detectors.  

The initial energy E0 of the electron beams is determined using the extraction voltage of the emitter. The beams 

travel through the SEM optics with pass energy E1 and irradiate the sample with a landing energy E2. These beams, 

with an incident half-opening angle αo, are convergent on the sample with an acceptance angle αi, which is given by 

the following relationship: 
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𝛼𝑖 =
𝛼𝑜

𝑀
√

𝐸0

𝐸2
  .        (4-1) 

 

Changing the excitation of the CoL causes a shift in the image position at Z5. Readjustment of the excitation of OL 

can achieve a different value of magnification M while maintaining the focus on the sample at the same position. 

This procedure enables adjustment of the acceptance angle αi to the optimized value given by Eq. (4-1). We postulate 

that high-performance SEM optics is used by assuming that both the spherical aberration coefficient Cs and the 

chromatic aberration coefficient Cc are 1 mm. The OL of the SEM is considered to be an immersion lens (either 

electrostatic or magnetic type) with a short focal length [1, 2]. We discuss the SEM performance based on this model. 

 

 

Fig. 4-1 Schematic of the SEM optics. 

 

4-3 Method: beam diameter estimation for SEM optics 

The SEM performance can be evaluated through derivation of the beam diameter dependence on the probe 

current. In this study, the analytical algorithm that was proposed by Barth et al. [3, 4] is used to calculate the beam 

diameters. The authors derived the full-width of a circular diameter that contained 50% of the beam current (FW50) 

based on a simple root-power-sum algorithm and showed that the calculated values were very close to the values 
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given by exact calculations such as wave optical calculations and ray-tracing simulations. The total beam diameter 

d50, which was defined as FW50, consists of four individual contributions, which are those of the chromatic aberration 

dc, the spherical aberration ds, the diffraction aberration dA (Airy disk), and the Gauss image dI of the source (current 

finite brightness). d50 is then expressed as follows: 

 

𝑑50 = (𝑑𝑐
2 + ((𝑑𝑠

4 + 𝑑𝐴
4)1.3 4⁄ + 𝑑𝐼

1.3)
2 1.3⁄

)
1 2⁄

,     (4-2a) 

 

where          

 

𝑑𝑐 = 0.34 𝐶𝑐𝛼𝑖 𝛿𝐸z4 𝐸2⁄  ,       (4-2b) 

 

𝑑𝑠 = 0.18 𝐶𝑠𝛼𝑖
3,        (4-2c) 

 

𝑑𝐴 = 0.54  𝜆 𝛼𝑖  ,⁄         (4-2d) 

 

𝑑𝐼 = 𝑀𝑑𝑧4 .         (4-2e) 

 

In Eq. (4-2b), the contribution of the chromatic aberration (dc) to the total beam diameter is given in terms of the 

chromatic aberration coefficient Cc, the acceptance angle αi, the energy spread δEz4 of the electron beam on the Z4 

plane, and the landing energy E2. The Z4 plane corresponds to the exit plane of the MC and the entrance to the SEM 

optics, as shown in Fig. 4-1. In Eq. (4-2c), the contribution of the spherical aberration (ds) is expressed using the 

spherical aberration coefficient Cs and the third power of αi. In Eq. (4-2d), the contribution of the diffraction 

aberration (dA) is given based on the electron wavelength λ and the inverse of αi. Here, λ is determined using the 

landing energy E2 on the sample with the relationship λ = ℎ √2𝑚0𝐸2⁄ , where h is the Planck constant and m0 is the 

electron rest mass. In Eq. (4-2e), the Gauss image (dI) of the source (current finite brightness) is given by 

multiplication of the magnification M of the SEM optics and the beam diameter dz4 on the Z4 plane. The terms M and 

E2 were explained in Fig. 4-1, and αi is given by Eq. (4-1). The numerical values of Cs and Cc were given in the 

previous section. For a beam with a Gaussian distribution, the beam diameter at the conventional full width at half 
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maximum (FWHM) is identical to that of FW50. For the aberration-limited beam profile, which shows a sharp peak 

and a broad tail, the FW50 beam diameter becomes larger than that of the FWHM. Thus, FW50 is considered to be 

a more accurate and suitable expression for the beam diameters of practical SEMs, which are frequently operated 

under aberration-dominant conditions. In this study, we evaluate the SEM performance by using the FW50 beam 

diameters.  

 

4-4 Results and discussion 

4-4-1 SEM performance with the MC 

In this section, we estimate the improvements in the performance levels of the SEM when using the MC. Here, 

we evaluate the SEM optics as shown in Fig. 4-1. We calculate the total beam diameter d50 from Eq. (4-2) under two 

conditions: with the MC, and without the MC. 

First, we discuss the SEM with the MC. The following parameters are applied to Eq. (4-2). To the energy 

spread δEz4 of Eq. (4-2b), we apply the monochromatic energy spread of the MC, δEmc, from Eq. (3-8b). The beam 

size dz4 of Eq. (4-2e) is expressed as dz4 = (dxz4+dyz4)/2, where dxz4 and dyz4 are the beam widths at Z4 that were 

given in Eq. (3-7c) and Eq. (3-7d), respectively. Here, the dz4 term is regarded as the mean value of the beam widths 

in the X and Y directions. This term includes the aberrations of the MC, as discussed in the previous section. The 

probe current Ip on the sample is identical to the exit current Iout from the MC that was given by Eq. (3-8c). 

Second, we consider the SEM without the use of the MC. We assume that the source is imaged at Z4 by the 

two transfer lenses, TL1 and TL2, with unit magnification, and that the image is free from any aberrations. This is 

equivalent to the optics where the emitter is located on the Z4 plane that corresponds to the entrance plane of the lens 

system of the SEM. Therefore, these parameters are identical to those for the initial conditions of the emitter. The 

following parameters are applied to Eq. (4-2). The energy spread δEz4 from Eq. (4-2b) is considered to be the FWHM 

energy spread δE0 of the emitter. The beam size dz4 from Eq. (4-2e) is identical to the virtual source diameter d0 of 

the emitter. The probe current Ip is given by Ip= Iin= I’παo
2, and the relationship between αo and αi is given in Eq. (4-

1). The specific values of these parameters were given in the previous section. 

We then calculate d50 for a probe current Ip using Eq. (4-2a) under the two conditions where the SEM is 

operating with or without the MC. Figure 4-2 shows the dependence of the d50 values on the acceptance angle αi, 

where the landing energy E2 is 100 eV and the probe current Ip is 1 pA. The contributions from the aberration terms 
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that are given in Eqs. (4-2 b–d) are also shown. As Fig. 4-2 indicates, the minimum beam diameter is achieved at the 

optimum value of the acceptance angle αi, which corresponds to the optimum operating condition. This is attributed 

to the different dependences of the four aberration terms on the acceptance angle αi. Fig. 4-2 clearly shows that the 

use of the MC improves the total beam diameter dramatically, reducing it from 19.7 nm to 4.4 nm.  

For the SEM optics operating without the MC, the minimum beam diameter is achieved when the chromatic 

aberration and diffraction aberration are balanced; these terms increase in inverse proportion to E2 and E2
0.5, 

respectively. 

 

 

Fig. 4-2 Beam diameter dependence on the acceptance angle with and without the MC. 

 

In the SEM optics operating with the MC, the optimum condition is achieved when the spherical aberration 

and diffraction aberration are balanced. In this case, the contribution of the chromatic aberration (shown in pink) 

becomes negligible because the energy spreads of the electron beams have been narrowed by the MC. This enables 

the use of larger acceptance angles, which thus leads to a significant reduction in the diffraction aberrations. The 

optimum acceptance-angle αi increases from 4.8 mrad without the MC to 24 mrad with the MC. This large αi value 

leads to an increased contribution from the spherical aberration because of its dependence on αi
3. In contrast, the 

spherical aberration only has a minor effect when operating without the MC. 

Next, we discuss the dependence of the beam diameters on the probe currents, which represent the SEM 
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performance. In a manner similar to that shown in Fig. 4-2, we derive the minimum beam diameter by varying the 

acceptance angle αi for a given probe current Ip. The beam diameter dependences on the various probe currents when 

operating with and without the MC are shown in Fig. 4-3a and Fig. 4-3b, respectively. The optimum acceptance angle 

(αi) and magnification (M) dependences are shown in Fig. 4-3c. The beam landing energy E2 is 100 eV. In the graphs, 

the values of total beam diameter d50 from Eq. (4-2a) and the contributions of the four aberration terms from Eqs. (4-

2b–e) are shown. In the low current region, the beam diameters improve dramatically when the MC is used. The 

SEM with the MC shows superior performance in the middle current region at approximately 160 pA.  

When the SEM is operated without using the MC, the chromatic aberration and the diffraction aberration are 

the dominant factors at low probe currents. As the probe currents increase, the influence of the diffraction aberration 

decreases. Under high current conditions at approximately 1 nA, the chromatic aberration and the Gauss image then 

become the major factors. This trend can be explained as follows. When the probe current Ip increases, the incident 

angle αo also increases based on the relationship Ip=I’παo
2. If the optical conditions remain constant, then the 

subsidiary acceptance angle αi increases in the manner indicated by Eq. (4-1), which could then lead to a considerable 

increase in the chromatic aberration. When the optics is optimized by increasing the magnification M, it is possible 

to suppress or at least minimize the increase in αi, as shown in Fig. 4-3c. This prevents any increase in the chromatic 

aberration. However, the larger value of M then causes an increase in the Gauss image, which becomes one of the 

dominant factors affecting the total beam diameter. The effect of the spherical aberration is negligible because the αi 

keeps taking relatively small value. 

When the SEM is operated with the MC, the beam diameter dependences on the probe currents can be 

interpreted in the following manner. The spherical aberration and the diffraction aberration are the two major factors 

under low probe current conditions, as shown previously. As the probe current increases, the Gauss image increases 

and then becomes the dominant factor. This behavior is attributed to the third-order aperture aberration (x|α3)z4 of the 

MC. The increased Gauss image does not allow M to be a large value, as the case without the MC. This results in an 

increase in αi with increasing probe current, which subsequently causes increases in both the spherical and chromatic 

aberration and a decrease in the diffraction aberration. At probe currents of approximately 10 pA, the spherical 

aberration becomes the second largest term. When the current increases further, then the influence of the chromatic 

aberration also increases. This is also caused by deterioration of the effectiveness of the MC, which leads to an 

increase in the energy spread δEmc, as shown in Fig. 3-6, due to the second-order aperture aberration (x|α2)z2 of the 

MC. Therefore, for currents >100 pA, the beam diameter is limited by both the Gauss image and the chromatic 
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aberration. This discussion with regard to the results shown in Fig. 4-3 clearly determines the beam diameter 

dependencies on the probe currents based on the effects of the use of the MC. 

 

Fig. 4-3 Beam diameter dependence on the probe current when operating (a) with and (b) without the MC. The 

dependences of the optimum acceptance angle and the magnification are shown in (c). 

 

Next, we evaluate the SEM performance for various landing energies. Figure 4-4 shows the beam diameter 

dependence on the probe current with or without the MC, for landing energies of 10, 100, 1000, and 5000 eV. The 

graph clearly shows the prominent effect of the MC at lower landing energies, at which the chromatic aberrations 

have a greater influence on the beam diameter. In addition, the effective current range of the MC expands at lower 
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energies. Conversely, at a higher energy of 5 keV, the MC is shown to have only a minor effect in the practical 

current region. Table 4-1 summarizes the beam diameters for the various landing energies at a probe current of 1 pA. 

The results in this section demonstrate that the MC is effective at extra-low energy levels of <1 keV. 

 

 

Fig. 4-4 Beam diameter dependence on the probe current with and without the MC for various beam energies. 

 

Table 4-1 SEM performance with and without the MC. 

Landing energy Beam diameter FW50 

 With MC Without MC 

(eV) (nm) (nm) 

10 14.9 110. 

100 4.4 19.7 

1000 1.9 3.5 

5000 1.0 1.0 

 

4-4-2 SEM performance for various source parameters 

The SEM performance that was discussed in the previous section represents only one solution for one source 

condition. During the SEM design process, the types of electron sources and the related parameters can be selected 

for specific microscope applications. In previous studies, MCs were used together with a Schottky emitter (SE) made 

of ZrO/W (100) or a cold field emitter (CFE) made of W (310). Here, we estimate the SEM performance when using 

the MC for various source parameters. Table 4-2 summarizes the three conditions that are compared here. 
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Condition No. 1 is for the CFE, and condition Nos. 2 and 3 are for the SEs. The data for Nos. 1 and 2 are cited 

from Schwind et al. [5] and those for No. 3 are cited from Sakawa et al. [6]. The CFE used in condition No. 1 has the 

advantages of a smaller virtual source size and a smaller energy spread but also has the disadvantage of a smaller 

angular current density when compared with that of the SEs. Condition No. 2 is a typical SE condition and 

corresponds to the simulation conditions used in the previous sections. Condition No. 3 is for a different SE with a 

very large tip radius of 4.2 µm, which is eight times larger than that of the conventional SE shown in condition No. 

2. This large tip radius results in a reduced energy spread with an angular current density that is identical to that of 

No. 2 because of the reduced Boersch effect in the vicinity of the emitter surface. Based on the work of Swanson et 

al. [7], we have also estimated an extractor voltage and a virtual source size for condition No. 3, as shown in Table 

4-2, which Sakawa et al. [6] did not show in their article. The main shortcoming of condition No. 3 is the large virtual 

source size that is caused by the large tip radius.  

 

Table 4-2 Source conditions. 

No. 
Emitter 

type 

Tip 

radius 

Extraction 

voltage 

Angular current 

density 

Energy 

spread 

Virtual source 

diameter 
Ref. 

  a Vext I' δE0 d0  

  (nm) (V) (μA/sr) (eV) (nm)  

1 CFE 175 4300 62 0.375 4 6 

2 SE 550 5459 500 0.833 28 6 

3 SE 4200 14833* 500 0.430 130* 8 

* Estimated values 

 

Figure 4-5 shows the dependences of the beam diameter and the energy spread on the probe current for the 

three emitters described in Table 4-2. The graph is calculated for the SEM operating with the MC at a beam energy 

of 100 eV. The beam diameters are calculated in a similar manner to that used previously. In addition, the energy 

resolutions are derived using Eq. (3-8b). At the probe current of 1 pA, the CFE in condition No. 1 and the SE in 

condition No. 2 show equivalent performances with beam diameters of better than 5 nm and energy resolutions of 

approximately 10 meV. For currents of less than 1 pA, the energy resolution performance of No. 1 is better than that 

of No. 2 because the CFE has a smaller energy spread and a smaller virtual source size. With regard to the beam 

diameters, the curve of No. 1 coincides with that of No. 2 because the beam diameters are mainly determined by the 

diffraction aberration and the spherical aberration, which are both largely independent of the source parameters. In 

the middle current region, which ranges from 1 pA to 140 pA, No. 2 shows superior performance. The beam diameter 
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ranges from 4 nm to 23 nm and the energy resolution ranges from 10 to 60 meV. Consideration of the results when 

operating without the MC shown in Fig. 4-3 indicates that No. 2 should be operated in this current range.  

 

 

Fig. 4-5 Beam diameter and energy spread dependences on probe current with the MC for different emitters. 

 

In the high-current region, No. 3 shows better performance. Its energy resolution is superior for currents >140 

pA, and its beam diameter is the smallest for current levels >300 pA. This is attributed to the smaller energy spread 

of No. 3 when compared with that of No. 2 at an identical angular current density. However, under low probe current 

conditions, the energy resolution of No.3 of 36.5 meV is much worse than that of the other two conditions because 

its large virtual source size leads to larger slit sizes on the energy-selection plane Z2. The beam diameter of No. 3 is 

6.1 nm, which is slightly larger than those for the other two conditions. This is achieved by high demagnification 

(i.e., smaller M), which suppresses the increase in the beam diameter caused by the virtual source size. Condition No. 

3 thus has an advantage when the required energy resolution is in the 60–150 meV range, assuming that the MCs are 

complex and expensive units and that a CFE operating without the MC has an FWHM energy spread of 375 meV. 

To summarize these results, the most suitable emitter conditions for the MC are as follows. For lower currents of up 

to 1 pA, condition No. 1 is favorable. For mid-range currents of between 1 pA and 140 pA, condition No. 2 is superior. 

At higher currents ranging from 140 pA to 1 nA, condition No. 3 is the most desirable. These evaluations of SEM 

performance under various source conditions are important for the development of SEMs that are suited to their target 

applications. 
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4-4-3 Features of and perspectives on the MC for application to SEM 

In this section, we discuss the features of the MC by comparison with those of MCs that were used in previous 

studies. The proposed MC can achieve high-energy resolution of 10 meV because of its large energy dispersion Dκ, 

as shown in Eq. (3-8a). The MC can also improve SEM spatial resolution, particularly at extra-low energies, as 

discussed in the previous sections. It should be noted at this point that the SEM optics is assumed to offer high 

performance with the spherical aberration coefficient Cs and the chromatic aberration coefficient Cc both being 1 mm. 

This MC enables further improvement of the SEM performance at low energies. In addition, when combined with a 

high-resolution energy analyzer similar to that used in the HREELS instruments [8], the MC could resolve phonon 

signals using electron probes with small beam sizes of 5 nm and low energies of 100 eV. Conversely, the large energy 

dispersion Dκ of the MC results in a relatively large aberration, which causes the beam performance to deteriorate 

under higher current conditions.  

The proposed MC has the additional advantage of a simple mechanical configuration without the use of 

multipole optics. The simple structure of this MC reduces or eliminates most difficulties in the required machining 

and assembly processes. The structure also brings high levels of robustness and stability, which are particularly 

necessary for industrial applications such as quality control during semiconductor manufacturing. In addition, the 

structure enables easy and cost-effective production of the MC. Another viewpoint that must be considered is that 

this MC uses purely electrostatic optics, from which the electrodes generate lower levels of outgas than magnetic 

components such as coils. Therefore, an electron gun chamber that includes this MC can achieve ultra-high vacuum 

(UHV) conditions much more easily than magnetic-type MCs. In addition, because of the small hysteresis effect of 

electrostatic optics, rapid responses and good reproducibility can be realized. These features allow SEM operators to 

turn the MC on and off rapidly. In addition, this MC uses linear optics, which simplifies the process of alignment of 

the MC with the other SEM optics. Furthermore, this MC can be installed within the diameter of the SEM column, 

which enhances the mechanical stiffness of the column. Furthermore, the conventional optics can be used simply by 

turning the MC off and changing the aperture position if higher beam currents are required. These merits are 

important for SEM applications because the users frequently change the operating conditions and prefer simplicity 

when performing their daily operations. 
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4-5 Summary and conclusions 

In this chapter, we investigate applications of the MC to an SEM at extra-low energies of less than 1 keV. 

Assuming the use of ideal and high-performance SEM optics with Cs and Cc values of 1 mm, FW50 beam diameters 

are calculated at the positions of specimens. Use of the MC improves the beam diameter dramatically to 4.4 nm, as 

compared to the diameter of 19.7 nm for the SEM without the MC, at a landing energy of 100 eV and a probe current 

of 1 pA. The chromatic aberration contribution becomes negligible because of the MC. The beneficial effects of the 

MC for the beam diameter become more prominent at lower landing energies ranging down to 10 eV. In addition, 

the effective current ranges of the MC expand at lower energies. We also surveyed the SEM performance under 

various emitter conditions, finding the optimum current ranges for the SEM with the sources. From the quantitative 

estimation done here, we can conclude that this MC can effectively improve the SEM performance in extra-low 

energy regions.  
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Chapter 5 Experimental Evaluation of the Electron Optics 

with an Offset Cylindrical Lens 
 

5-1 Introduction 

Based on theoretical studies in the previous chapters, a prototype of the MC has been manufactured in a test 

bench. In two successive chapters, chapters 5 and 6, evaluation results of the prototype will be presented. First, 

common topics of the two chapters, the entire evaluation system of the prototype of the MC and two evaluation 

methods for energy resolutions of the MC, will be described. In this chapter, the first half of the MC optics, which 

mainly determines the energy resolving performance, will be evaluated. The electron optics includes an offset 

cylindrical lens (CL) and an additional transfer lens (TL). This optics can serve as an energy analyzer (EA). Energy 

resolutions will be examined by comparing total energy distributions (TEDs) of Schottky emitters (SEs) in 

experiment and theory based on a previous study by Mook et al. [1]. The accuracy and stability of a total measurement 

system and the optical conditions of the optics will be evaluated. In addition, it is shown that the optics can measure 

TEDs of SEs in various operational conditions. 

 

5-2 Prototype of the MC in a test bench 

Based on the theoretical studies in the previous chapters, a prototype of the MC with offset CLs has been 

manufactured in a test bench. Figure 5-1 shows a schematic of the MC prototype including configurations of the 

optics, the main trajectories, and electronics. The evaluation system includes an SE, the MC, a retarding field energy 

analyzer (RFA), and a detector. The MC satisfies the middle plane symmetry in its optical configuration and each 

half of the MC contains a CL and a TL. An energy selection aperture (ES-AP) on the middle plane filters zero-loss 

beams from energy-dispersed beams. 

On the left side of Fig. 5-1, blue and yellow arrows show parts of components utilized for evaluations in 

chapter 5 and 6, respectively. In chapter 5, the first half of the MC, which mainly determines the energy resolving 

performance, is evaluated. In chapter 6, the entire MC is evaluated with the RFA on the downside. 

The SE consists of a tip, a filament loop, and a suppressor. A current source supplies the current IFIL through 

the filament loop, and heats the tip to 1800 K. The electrical potential of the tip, which is close to the ground (GND) 

level, is given mainly by the bipolar acceleration voltage VACC.  
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Fig. 5-1 Schematic of the MC prototype in the test bench. 

 

A voltage drop, caused by the current through the filament loop, slightly influences the tip potential. Emission 

currents IEMI from the tip are measured by an ammeter between the voltage source of VACC and the GND. The 

suppressor with a negative voltage VSUP to the tip suppresses unnecessary electron beams (EBs) from the shank of 

the tip or the filament loop. The position of the SE can be adjusted by an XY stage. The EBs are extracted from the 

tip into the vacuum by a high voltage VEXT to an extractor (EXT) electrode. The EBs exhibit TEDs through this 

emission process. Here, we evaluate two types of SEs; SE No. 1 (Model: 174) and SE No. 2 (Model: module C2), 

which are from Denka Company (Tokyo, Japan). The tip radiuses of SE No. 1 and No. 2 are 0.41 and 0.54 μm, 

respectively. SE No. 2 has an additional extractor electrode (not shown in the figure) in front of the tip, which provides 

a higher extraction field compared to SE No. 1.  

The TL1 is located on the downstream side of the SE, where the potential difference between EXT and TL1 

electrodes forms a bi-potential lens, which collimates or focuses the EBs from the source. The circular openings of 

these electrodes make an axially symmetric lens, which exhibits an equivalent lens effect in any azimuthal direction. 
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The positive voltage VPE to the TL1 electrode is lower than VEXT, decelerates EBs, and determines the pass energy 

(PE) of EBs inside the optics. The PE is given by 

 

PE=e (VPE−VACC).        (5-1) 

 

Here, e denotes the elementary charge. A fixed incident aperture (IN-AP) is located near the back-focal plane of the 

TL, which confines the regions of the EBs entering into the optics. In the evaluations, two types of the IN-AP with 

diameters of 200 and 30 μm are adopted. 

The CL1 and CL2 are symmetrically arranged with the middle plane. Each CL consists of three electrodes 

with rectangular openings and the center is offset to the optical axis. The CLs can generate deflection and focusing 

actions in the X direction, but almost no optical action in the Y direction. The main rays are deflected by the CL1, 

pass through the EA-AP located at the symmetric plane, and are deflected back to the original axis by the CL2. The 

energy-dispersed rays are filtered out by the EA-AP and monochromatic beams are achieved, which are shown as 

colored arrows in Fig. 5-1. The first half of the MC with a combination of the CL and ES-AP can serve as an energy-

filter to the EBs with an initial energy distribution. The width of the opening of the ES-AP is 12.5 μm in the X 

direction. The position of the ES-AP is controlled with high accuracy by a piezo-stage (SL-06, SmarAct, Oldenburg, 

Germany). 

The TL2 are located at the position that satisfies the midplane symmetry of the MC optics. If the TL2 is excited 

with setting VEXT2 at the identical voltage to VEXT, the EBs can be focused on the image plane. However, in this study, 

the TL2 is mainly turned off with setting VEXT2 at the same voltage as VPE because it is necessary to observe beam 

profiles in sufficient sizes at the detector plane. In this case, the EBs exit out of the MC with collimated trajectories. 

The RFA is located at the downside of the MC optics. In the next chapter (Chapter 6), energy spreads of EBs 

are measured with the RFA, which consists of two electrodes of RFA-U and L. The potential difference between VPE 

and VRFA forms a high-pass energy filter when VRFA is set as a similar level with VACC. If the RFA is turned off with 

setting VRFA at the same voltage as VPE, EBs can pass through the RFA without any disturbance. 

After passing through the RFA, the EBs are detected by a detector assembly (BOS-18, Beam Imaging 

Solutions, Longmont, CO, USA) with a micro-channel plate (MCP) and a phosphor screen (SCR). The double-

stacked type of the MCP is adopted because of its high-gain. The MCP multiplies the incident EBs by a voltage VMCP, 

and the EBs collide into the SCR after acceleration with a voltage VSCR, generate photons, and form an image of the 
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beam profile. This image is reflected 90 degrees by a mirror at the bottom side of the detector and observed from 

outside through a viewing port. A CCD camera (ORCA-R2, Hamamatsu Photonics, Hamamatsu, Japan) captures and 

records these images of the beam patterns as digital data. In another setup, a photomultiplier tube (H10721-110, 

Hamamatsu Photonics, Hamamatsu, Japan) converts the total signal intensity of the EBs into current outputs ISIG, 

and an ampere-meter records the signals.  

Figure 5-2 shows pictures of the MC prototype including a main unit on the left side and electronics on the 

right side. The main unit constitutes of a UHV chamber, a supporting table, vibration isolators, and an ion pump. The 

MC optics is installed inside the UHV chamber that is evacuated by the ion pump. After baking at 200 °C for three 

days, a base pressure of 1.3 × 10−8 Pa is achieved, which is a sufficient vacuum level for proper operation of the 

emitters.  

 

 

Fig. 5-2 Pictures of the MC prototype in the test bench. 

 

The inset of Fig. 5-2 shows a picture of the MC unit with offset CLs. The CL electrodes are of circular shape 

with diameters of 70 mm, and both sides are chamfered. The width of the rectangular openings is 10 mm in the X 

direction. The mechanical parts are machined and assembled with a high mechanical accuracy at several micrometers. 

The CL electrodes are stacked with ceramic spacers for insulation and fixed with four screws at the corners. The 
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material for these electrodes is SUS304. The optics is based on the concept of a modular design, which means that 

optical components such as the CLs are integrated into the single unit. The inset also shows that the lens system is in 

a linear layout. 

The electrical system on the right side of Fig. 5-2 constitutes of voltage supplies, detector electronics, a current 

supply, current meters, and an ion pump controller. The power supplies for the optics were carefully chosen with as 

low noise as possible. Some of the electronics are described as follow; for VPE, VCL1, and VCL2, high voltage supplies 

(6166, ADCMT, Tokyo, Japan) are adopted, where the specified ripple noise in RMS is 1 mV from 0.1 Hz to 10 kHz 

in the output range of 1 kV. For measuring the PMT output signal ISIG, a current meter (5450, ADCMT) is used, 

which has an additional voltage output used for VRFA. 

The electrical system of the MC prototype equips three scanning modes to generate energy spectra; ACC, CL, 

and RFA scan modes. The ACC and CL scan modes are used in chapter 5 and the RFA scan mode is used in chapter 

6. In the ACC scan mode, the voltage VACC is scanned and a constant voltage VCL is applied to the CL to generate the 

energy-filtering effect. The change in VACC corresponds to the change in the mean pass energy of the EBs into the 

optics based on Eq. (5-1). By measuring the signal intensity ISIG through scanning VACC, the energy spectra are 

generated. This mode will be adopted for the evaluation of energy resolutions with acquired TEDs of SEs. In the CL 

scan mode, where the voltage VCL is scanned and the specified voltage VACC is applied to the tip. The change in VCL 

corresponds to the change in excitation of the energy filter with the CL, in which EBs with different energy conditions 

can pass through the ES-AP. This CL scan also generates energy spectra, but a calibration of VCL to the energy is 

necessary. By setting different offset voltages of VACC, energy spectra with different mean pass energies are obtained 

based on Eq. (5-1). This mode will be adopted for the evaluation of the accuracy and stability of the total system. 

The two modes will be used in this chapter. In the RFA scan mode, scanning the voltage VRFA with measuring the 

output signals ISIG of the detector gives integrated forms of energy spreads of the EBs. This mode will be adopted for 

the evaluation of energy widths narrowed by the MC in chapter 6.  

 

5-3 Two evaluation methods of energy resolutions of the MC 

An energy resolution of the MC is one of the most important evaluation factors. In this study, two evaluation 

methods are adopted in chapter 5 and 6. Fig. 5-3 explains the methods. The MC has the energy filtering capability 

and generates EBs with the narrowed energy spread δMC, which corresponds to the energy resolution of the MC. 
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As method No. 1 adopted in chapter 5, energy resolutions are evaluated through comparing energy 

distributions of the SE between experiment and theory. Scanning a mean energy level of the emitter through 

measuring the total output signal of the energy-filtered EBs gives an energy distribution, which is a convolution form 

of the intrinsic energy distribution of the SE and the energy resolution of the MC. The intrinsic energy distribution 

can be estimated from the theory of electron emission process of the emitter. Therefore, a comparison of energy 

distributions between experiment and theory gives the energy resolution. In the evaluation, the power-means method 

is adopted to estimate the energy resolution. In method No. 1, the MC is considered to be an EA, which gives energy 

distribution of the SE. 

 

Fig. 5-3 Two evaluation methods of energy resolutions of the MC. 

 

As method No. 2 adopted in chapter 6, the energy resolution of the MC is directly evaluated. Energy widths 

narrowed by the MC are measured with the additional EA at the downside. The difference of two energy widths, 

which is measured with and without the MC, clearly shows the effect of the MC. The RFA is adopted as the EA and 
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the optical configuration is explained in Fig. 5-1 in the previous section. 

 

5-4 Theoretical energy distributions of Schottky emitters and estimation method 

of energy resolutions 

In this chapter, energy resolutions of the MC are estimated with method No. 1 in Fig. 5-3. In this section, the 

method is explained in detail. Young and Kuyatt [2] showed that the measured TEDs were given by the convolutions 

of native energy spreads of the emitters and the energy resolutions of EAs. The performances of MCs [1] and EAs 

[3, 4] were evaluated by comparing the TEDs obtained from theory and experiment. 

First, the TED of SEs obtained from theory will be briefly described. For SEs, electrons inside the metals of 

the tips are emitted into the vacuum through two processes. Some of the electrons overcome the Schottky barrier 

with thermal excitation, and the others pass through the barrier by the tunneling effect. Therefore, the TED of SE 

consists of the thermal emissions on the higher energy side and the field emissions on the lower side. The TED is 

described as a deviation of the current density J with an energy E. From textbooks [5, 6] and previous articles [3, 7], 

an analytical expression of the TED for the extended Schottky regime is given by 

 

𝑑𝐽 𝑑𝐸⁄ = 4𝜋𝑚𝑒𝜅 ln[1 + 𝑒𝑥𝑝(𝐸/𝜅)] ℎ3{1 + exp [(𝐸 + 𝑉𝑚) 𝑘𝐵𝑇⁄ ]}⁄  ,   (5-2a) 

 

where          

 

𝑉𝑚 = 𝑊 − √𝑒3𝐹 4𝜋𝜀0⁄ ,       (5-2b) 

 

𝜅 = (ℏ 𝜋√𝑚⁄ )(4𝜋𝜀0𝑒𝐹3)1 4⁄ ,       (5-2c) 

 

𝐹 = 𝛽𝑉𝐸𝑋𝑇 ,         (5-2d) 

 

𝑞 = 𝜅 𝐾𝐵𝑇⁄ .         (5-2e) 

 

Here, we adopted the notation reported by Fransen et al. [3]. The physical constants are as follows: m is the electron 
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mass, e is the elementary charge, ℎ and ℏ are the Planck constant and its reduced value, kB is the Boltzmann constant, 

and ε0 is the permittivity of vacuum. The parameters depending on the emitter and its operating conditions are as 

follows: T is the temperature, W is the work function, β is the field factor, and F is the electric field at the surface of 

the emitter. The value of β can be derived from a gradient of the Schottky plot based on the relationship between IEMI 

and VEXT. The parameter q indicates the proportion of the tunneling current to the total current. With Eq. (5-2), an 

intrinsic energy spread dEINT can be derived. Two expressions exist to describe the energy spread; the full width at 

half-maximum (FWHM), which refers to the full width of the TED between the two points where the signals are half 

of the maximum. As another expression, FW50 represents the full width of the TED that contains 50% of the total 

current [8]. 

For the energy spread dEEXP from experimental measurements of TEDs, one needs to consider two additional 

contributions as well as dEINT. One factor is the energy resolution of the MC or EA, which is expressed as dERES. 

The other factor is the increase through stochastic Coulomb interactions of electrons, which is known as the Boersch 

effect. This term is expressed as dEBOE. Then, the experimental energy spread dEEXP is given by 

 

𝑑𝐸𝐸𝑋𝑃 = (𝑑𝐸𝐼𝑁𝑇
𝛾 + 𝑑𝐸𝐵𝑂𝐸

𝛾 + 𝑑𝐸𝑅𝐸𝑆
𝛾)1 𝛾⁄ .     (5-3) 

 

Based on the assumption that dE is the FWHM and γ is 2, Sakawa et al. [9] compared the measured value of dEEXP 

with the quadratic addition of dEINT and dEBOE. Using the same assumption, Sakakibara et al. [10] derived the energy 

resolution dERES of an EA. Both studies assumed that the distributions were Gaussian. If dE is expressed in the form 

of the FW50, Eq. (5-3) is established with an effective γ independent of the shape of the respective distribution [8]. 

Swanson et al. [5, 7] found γ of 1.56 in the SE regime using a fitting method. The authors also show that the energy 

spread dEBOE by the Boersch effect is a function of the angular current I’ and β. At small current conditions, dEBOE 

decays to zero and this term can be neglected in Eq. (5-3). Therefore, by applying the measured dEEXP at small current 

conditions and the theoretical intrinsic energy spread dEINT into Eq. (5-3), we can estimate the energy resolutions, 

dERES, of the optics at the FWHM or the FW50. 
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5-5 Results and discussion 

5-5-1 Optical actions of the offset CL and the TL 

In this section, we evaluate the offset CL and the TL, which are important optical components for the MC 

optics, by observation of the beam profiles at the detector. Here, the ES-AP was not installed, which enabled us to 

observe the beam profiles in a wide field of view without limitation. In addition, we adopted the IN-AP with a large 

diameter of 200 μm to show the optical action of the components more clearly. The evaluation was for SE No. 1 with 

the following conditions; VEXT was 3.1 kV, VSUP was −210 V, and IFIL was 2.36 A, where the temperature was 

approximately 1800 K. 

Figure 5-4 shows the beam profile dependence on the excitation of the offset CL, which represents its optical 

action. The CL was highly excited as VCL was decreased from +540 V to −80 V. The EBs were collimated in advance 

by the TL by setting VPE at +540 V. Initially, the CL was turned off by setting VCL at the identical voltage of +540 V. 

As VCL was changed from +540 V to 0 V, the EBs were deflected into the –X direction (downward in Fig. 5-4). This 

corresponds to the direction of the offset of the CL, which means the direction of the center axis of the CL from the 

optical axis. The beam profile was enlarged at 0 V because the beam was not focused on the detector plane. The 

direction of deflection of the EBs changed at −50 V, and then EB moved back to the +X direction (upward) from 

−50 V to −60 V. The negative polarity of VCL means that the voltage of CL was lower than that of the emitter, which 

suggests that the CL was highly excited. At VCL of −69.5 V, the beam position was close to the initial position, and 

the beam size reached a minimum. The optics operates around this condition. At VCL of −80 V, the beam position 

moved to the upper side compared to the initial position, which means that the beam was deflected across the optical 

axis twice. The beam width became large again.  

The results in Fig. 5-4 confirm that the offset CL serves not only as the lens but also as the deflector in the X 

direction, which can generate the energy dispersion. In the opposite Y direction, which is the horizontal direction in 

Fig. 5-4, the beam position and size did not change as the excitation of the CL was varied. This result means that the 

CL exhibited either a very weak or no lens action in the Y direction, where the rectangular openings of the CL 

electrodes have longer sides. The ray-trace simulation for charged particles supports these results. We note that the 

beam profiles showed striped patterns because of the grid, which was located in front of the detector. 
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Fig. 5-4 Beam profile dependence on the excitation of the offset CL through changing VCL from +540 V to −80 V. 

 

Next, the evaluation results on the TL is discussed. Adoption of the TL on the upstream side of the CL is a 

novel feature of the optics. The TL is a bi-potential lens with a deceleration mode. Figure 5-5 shows the beam profile 

dependence on the excitation of the TL.  

 

 

Fig. 5-5 Beam profile dependence on the excitation of the TL with decreasing VPE from 600 V to 300 V. 

 

The EB entered the TL with a beam energy of 3.1 keV. As the TL was excited highly by decreasing VPE, an optical 

mode of the EBs changed as follows: the EBs were divergent at 600 V, collimated at 540 V, and then converged. 
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Further changing VPE from 400 V to 300 V, the crossover position of the EB moved to the upstream side and the 

beam region was enlarged on the detector plane. The edges of the beam patterns were limited in part by the IN-AP.  

The beam patterns showed symmetric distributions and the center positions remained constant for various VPE. 

This suggests that the TL is the axially symmetric lens and the center of the TL is coincident with the optical axis. 

The ray-trace simulation for the charged particles supports these results. The large beam size condition at VPE of 300 

V can be used just after installing the ES-AP, where a projected slit pattern of the ES-AP results in an easy adjustment. 

This optical component mainly operates in the collimated mode with VPE of 540 V for VEXT of 3.1 kV. The EBs are 

decelerated to 17% of the initial energy, which improves the energy resolution through increasing the energy 

dispersion. The collimation effect of the TL reduces the angular distribution of the incident EBs and suppresses the 

divergence of EBs in the Y direction, where the CL exhibits no focusing action. These further improve the energy 

resolution. We note that the dark circular regions on the beam patterns at VPE of 300 and 400 V were attributed to 

contamination on the grid and the several bright patterns in the outer regions were dark emissions from scratches on 

the SCR. 

 

5-5-2 Energy resolutions 

In this section, the energy resolving performance of the optics is evaluated. Here, we estimate the energy 

resolution of the optics by comparing the experimental and theoretical energy spreads of the SE. Mook et al. [1] 

adopted a similar method for evaluation of their MC.  

Figure 5-6 shows a measured TED in a dotted plot. The TED was acquired for SE No. 1 at VEXT of 3.1 kV and 

IFIL of 2.26 A. The temperature corresponded to approximately 1700 K. In this condition, the emission current IEMI 

was 3.9 nA, which was much lower than conventional conditions of SEs. We adopted this condition of the SE so that 

the emission current was as small as possible to measure the TED. This allowed the additional contribution, dEBOE, 

of the Boersch effect to the TED to be neglected. In the experimental set up of the optics, the diameter of the IN-AP 

was 30 μm and the width of the ES-AP was 12.5 μm in the X direction. The TED in Fig. 5-6 was acquired with the 

ACC scan mode, which means that the horizontal axis of the ACC voltage corresponded to the beam energy. The 

vertical axis was the normalized signal. Measurement conditions of the TED were as follows: the ACC voltage step 

was 20 meV, the step time was 2 sec, the number of steps in the scan was 300, and the total measuring time of the 

spectrum was 10 min.  

The characteristics of the TED in Fig. 5-6 were expressed by four energy spread parameters; FWHM, FW50, 
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rising edge (RE), and falling edge (FE). FWHM and FW50 were described in section 5-3. Table 5-1 summarizes the 

FWHM and FW50 for the TED in Fig. 5-6. The RE refers to the energy width for the signals from 25 to 75% on the 

low-energy side of the TED. The FE is defined similarly on the high-energy side. In Fig. 5-6, RE and FE were 78 

and 281 meV, respectively. The large difference between RE and FE meant that the TED was highly asymmetric. 

This trend was consistent with a previous study by Kim et al. [4]. The authors showed an asymmetric TED for an SE 

in a low current condition using an HSA with a theoretical energy resolution of 55 meV. As shown in Fig. 5-6, the 

optics can similarly resolve the sharp RE at the low energy side of the TED with the HSA. 

 

 

Fig. 5-6 Total energy distribution for SE No. 1 at 1700 K from experiment and theory. 

 

Table 5-1 FWHM and FW50 energy spread from experiment and theory. 

  FWHM FW50 

  meV meV 

Experiment dEEXP 386 285 

Theory dEINT 380 262 

 

Next, we derive the theoretical TED based on Eq. (5-2). Fig. 5-6 shows the TED obtained from theory by the 

solid line. Here, T and VEXT were adopted from the experimental conditions, and the work function W was 2.9 eV 

based on the reference [5]. The tip field factor β was 9.9 × 104, which was determined by the gradient of the measured 

Schottky plot. Fig. 5-6 shows that the two plots with experiment and theory are coincident. Table 5-1 summarizes 
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the theoretical dEINT in the forms of the FWHM and FW50. We derived the energy resolution dERES of the optics 

using the results in Table 5-1 based on Eq. (5-3). We confirmed that dEBOE was negligible from the empirical equation 

of previous studies [5, 7]. With the assumption that dE is the FWHM and γ is 2, the energy resolution dERES_FWHM is 

88 meV. With the assumption that dE is the FW50 and γ is 1.652, the energy resolution dERES_FW50 is 75 meV. 

To verify the validity of the above results, we estimated the energy resolution of the MC by charged particle 

simulation. The chapters 2 and 3 have described the method and results in detail. Similarly, we executed a simulation 

with optical geometry and conditions in the current experimental setup. The energy resolution in FWHM is given by 

 

𝑑𝐸𝑅𝐸𝑆_𝐹𝑊𝐻𝑀_𝑆𝑖𝑚 = 𝑥 𝐷𝜅 .⁄        (5-4) 

 

Here, x is the larger of the beam diameter and the slit width of the ES-AP and Dκ is the energy dispersion at the 

energy selection plane. We notice that Eq. (5-4) gives an energy resolution in FWHM. In the previous chapters, the 

energy resolution was defined as double the value at which beams were completely separated. Based on the 

simulation, the energy dispersion Dκ was 147 μm/eV and the beam diameter was 1.3 μm at the beam energy of 540 

eV. In the current experimental setup, the slit width of the ES-AP was 12.5 μm, which is a dominant factor for x. 

Based on Eq. (5-4), the energy resolution was 85 meV from the charged particle simulation. This was consistent with 

the experimentally estimated value of 88 meV, which confirms the evaluation result. 

In the previous chapters, the energy dispersion Dκ was 23.5 μm/eV for a beam energy of 4 keV. In the current 

condition, the dispersion was 6.3 times larger. This is attributed to the optical geometry using the TL, which is a bi-

potential lens located upstream of the CL. Adoption of the TL enables a reduction of the beam energy and increases 

the energy dispersion, which results in an improvement of the energy resolution. In the current experimental setup, 

the slit width was a limiting factor of the energy resolution. If the slit could be optimized so that its width is identical 

to the beam diameter, the expected energy resolution is 9.6 meV from Eq. (5-4). This result means that there is 

sufficient room for further improvement. 

 

5-5-3 Accuracy and stability of the entire system 

In this section, the performance of the entire measuring system is evaluated. Figure 5-7 shows the TED 

measurements in the CL scan mode with various ACC offset voltages. By setting different voltages of VACC in fine 

steps, the energy spectra with various mean pass energies are available based on Eq. (5-1). Here, SE No. 1 was 
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adopted with VEXT of 3.1 kV and IFIL of 2.36 A, where the temperature was approximately 1800 K. Fig. 5-7(a) shows 

three TED spectra with energy variations of 0 and ± 3 meV. The CL* voltage in the horizontal axis is the converted 

value through subtraction of the reference voltage of −71.5 V from VCL and inversion of the polarity. This provides 

the proper expression as the polarity of the energy, which means that the higher energy is shown on the right side. 

The inserted figure shows the magnified plots around signal levels of 50%. Dots and lines represent measured data 

and linear fittings, respectively. The three plots shifted according to the energy deviations without overlap, which 

meant that this system exhibits a sensitivity to detect an energy difference of 3 meV. In a similar way, TEDs were 

measured under seven conditions with energy variations of 0, and ± 1, 3, 5 meV. In each condition, TEDs were 

acquired five times, and the CL* voltage was estimated at 50% of the signal levels for each spectrum. Changes of 

the CL* voltages were calculated by the subtraction of a reference from measured values. Here, the referenced CL* 

voltage was −0.135 V at the energy variation of 0 meV. Fig. 5-7(b) shows the dependence of the CL* voltage at 50% 

of the signal on the energy variations. Here, dots and error bars represent the average values and standard deviations 

(±δ), respectively, for five spectra in each condition.  

 

 

Fig. 5-7 TED measurement by the CL scan mode with various ACC offset voltages. (a) TED with energy variations 

of 0, and ± 3 meV. (b) Dependence of the CL* voltage at 50% of the signal on the energy variation. Arrows indicate 

the conditions corresponding to (a). 
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By consideration of the errors, Fig. 5-7(b) shows that the accuracy of the measurement was better than 3 meV. 

One TED measurement took 7.5 minutes and one condition needed approximately 38 min for the five measurements. 

Thus, the total evaluation period was 4.4 hours. The results in Fig. 5-7(b) also represent the stability of the 

measurement for the period. Therefore, this system has a very high performance in accuracy and stability. We clearly 

noticed that this result did not mean an evaluation of the energy resolution. However, this result implied the high 

potential of the measuring system with the new optics. 

 

5-5-4 Operational conditions 

Easy operation is an important factor for practical usage and application as an MC or EA. In this section, we 

will evaluate the operational conditions of the optics. By changing VEXT under fixed positions of the emitter and the 

ES-AP, two optical parameters, VPE and VCL, were adjusted to achieve maximum signals on the measurement of 

TEDs. Figure 5-8 shows the dependence of VPE and VCL on VEXT. These operational conditions of the optics showed 

a linear relationship. For their linear fittings, the multiple correlation factors, R2 values, were better than 99.999%. 

Table 5-2 summarizes the averages and errors of three ratios from the measured values of VPE and VCL for four VEXT. 

Table 5-2 shows that a linear relationship was established with very high accuracy, where the errors were 

approximately 0.1%. This is because the optics adopted a pure electrostatic lens system without the use of a magnetic 

system, which usually exhibits hysteresis and nonlinear effects. In addition, the optics consists of mechanical 

components with high accuracy and electronics with high repeatability. In a practical application of the optics to the 

MC for EMs, the optimum setting of VEXT is different for each emitter because of the variation in the production 

process of the suppliers. In addition, the application of the EMs determines the condition. For example, EB inspection 

tools require higher beam currents to achieve high throughputs, where the higher VEXT condition is necessary. After 

the decision or adjustment of VEXT, operators can use the MC through setting the operation conditions based on the 

ratios provided in Table 5-2. This MC can be used easily without a complicated adjustment procedure. MCs in 

previous studies adopted complicated aberration correctors and required complicated tuning procedures. The optics 

in this study have no difficulty in beam alignment because there are only two optical parameters, VPE and VCL, and 

the relationship is well established. This is an advantage of the new optics with a simple structure. The MC/EA using 

the optics is suitable for practical application. 
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Fig. 5-8 PE and CL voltage dependences on extraction voltage. 

 

Table 5-2 Operational conditions of the MC in voltage ratios. 

 PE/EXT CL/EXT CL/PE 

AVG 0.1742 −0.0231 −0.1323 

Error % 0.05 0.12 −0.10 

 

5-5-5 Energy analysis for Schottky emitters in various conditions 

In this section, we will show the application of the MC/EA to SEs in various conditions through measuring 

the TEDs. Figure 5-9 shows the TEDs for SE No. 1 and 2, where the extraction electric fields were different because 

of the geometries of these EXT electrodes. The measurements shown in Fig. 5-9 were obtained in the ACC scan 

mode, where the horizontal axis of the ACC voltage corresponds to the beam energy. The two peak positions were 

adjusted through a slight shift in the horizontal axis. For the operation conditions of both emitters, VEXT was 3.1 kV, 

and IFIL was set to achieve emitter temperatures of 1800 K. Table 5-3 summarizes the three energy spread parameters, 

that is, FWHM, RE, and FE, together with the emission current IEMI. These parameters were averaged values of five 

measurements of the TED. The emission current of SE No. 2 was approximately 3000 times higher than that of SE 

No. 1. From Table 5-3, the FWHM of SE No. 2 was larger than that of SE No. 1. Fig. 5-9 reveals that this difference 

was mainly on the low energy side, where the TED for SE No. 1 increased sharply compared to that of SE No. 2.  
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Fig. 5-9 Total energy distributions for SE No. 1 and 2. 

 

Table 5-3 Energy spread parameters and emission currents for SE No. 1 and 2. 

Emitter FWHM RE FE IEMI 

 meV meV meV µA 

SE No. 1 449 108 287 0.047 

SE No. 2 599 217 325 144 

 

For SE No. 1 with the lower EXT field, the TED was asymmetric. For SE No. 2 with the higher EXT field, 

the TED became more symmetric. The difference between RE and FE in Table 5-3 represents the degree of 

asymmetry of the TED for the two emitters more specifically. This result can be explained as follows; in the emission 

process of SEs, a higher EXT field narrows the width of the Schottky barrier at the interface between the emitter and 

vacuum, which increases the numbers of electrons tunneling through into the vacuum. Therefore, the RE of the TED 

in the low energy side becomes broad for the higher field condition. The parameter q in Eq. (5-2e) shows the ratio of 

the tunneling process into the total emission. The estimated values of q are 0.21 and 0.34 for No. 1 and 2, respectively, 

which shows the larger contribution of the tunneling process in SE No.2 than No 1. The result is consistent with prior 

studies of TEDs for SEs with various EXT fields using HSAs [3, 4]. The operational condition of SE No. 2 was 

considered as conventional conditions in their application to EMs. The FWHM was consistent with the widely 

accepted values of 600 meV for SEs, which guaranteed the results of the energy analysis with this optics. 

Figure 5-10 shows energy spreads dependences on emission currents for SE No. 1 and 2. Here, the TEDs were 
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measured five times in each condition and averaged values of energy spreads in the FWHM were plotted in Fig. 5-9. 

The data of SE No. 2 in the highest current and SE No. 1 correspond to TEDs in Fig. 5-9. Here, both emitters operated 

at the temperatures of approximately 1800 K. The additional energy spreads of SE No. 2 were measured through 

changing the IFIL with temperature steps of 100 K. At the lowest IEMI of 0.2 μA, the FWHM was 481 meV. The 

energy spread increased monotonically as the IEMI increased, and then the inclination became smaller. This trend is 

consistent with a previous study of Sakawa et al. [9], considering differences in evaluation conditions, i.e. radiuses 

of emitters. This optics can detect the differences of 5-6 meV in energy spreads. These results show that the optics 

has sufficient performance in energy analysis of emitters in various operating conditions. 

 

 

Fig. 5-10 Energy spreads dependences on emission currents for SE No. 1 and 2. 

 

5-5-6 Features of the optics for the MC and EA 

The MC using the optics in this study has the advantages of simple and robust structures compared to previous 

MCs; The Wien filter MCs [1, 11, 12] adopt multi-poles with electro-magnetic pieces, which are separated in 

azimuthal directions. The precise alignment of each piece is necessary. The electrostatic Omega MC [13] needs 

toroidal electrodes with different curvatures in the horizontal and vertical planes, which require a high level of 

machining techniques in three dimensions. The magnetic Alfa MC [14] has to control over 30 aberration corrector 

units, which requires a large number of electronics and sophisticated alignment procedures. The MC in this study is 
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a much simpler design because of the CLs, which are assemblies of flat electrodes with center openings. The 

alignment of CL electrodes is much easier than that of separated pieces of multipoles, and the machining of the flat 

electrodes of the CLs is easier than that of toroidal electrodes. The MCs with complicated aberration correctors need 

complicated correction procedures supported by software. We have no difficulty with beam alignment because there 

are only two optical parameters, VPE and VCL, and their relationship is well established. This leads to another 

advantage of simple electronics with a small number of voltage sources. Through the evaluation, we can easily 

acquire TEDs just by setting specified voltages for the optics once the ES-AP position has been adjusted properly. 

The repeatability of the setting is excellent. The MC can be switched ON and OFF rapidly without hysteresis. These 

are attributed to the pure electrostatic optics. The magnetic optics exhibits hysteresis effects and the inhomogeneous 

magnetization of the magnetic poles. These are advantages of this MC compared to the previously reported MCs. In 

addition, the MC operates under the UHV condition of 1.3×10−8 Pa. The SE with the MC keeps its operation for the 

period of over a half year without problems. We intentionally exchanged the emitter because we wished to evaluate 

another one. Therefore, the total lifetime of the SE is expected to be much longer. These results ensure the practical 

application of the MC for EMs in the future. 

This optics can be applied to the EA. The offset CL of the optics is based on a similar operation principle as 

the EAs reported by Möllenstedt [15], which were used for TEM-EELS with high energy conditions. The energy 

resolutions were limited to several eV as Cundy et al. [16] reported. The vacuum conditions were also limited to a 

high vacuum. In this study, we showed that the offset CL could operate with the lower energy of 3.1 keV and better 

vacuum condition of 1.3×10−8 Pa. The energy resolutions showed the much better value of 88 meV. In addition, we 

proved the combination of the TL with the CL results showed the following advantages. The EBs are collimated by 

the TL with the bi-potential lens, where a deceleration effect improves the energy resolution through increasing the 

energy dispersion. The collimation effect can suppress the divergence of EBs in the Y direction, where the CL has 

no focusing action. Furthermore, it can reduce the angular distribution of the incident EBs, which further improves 

the energy resolution, which is suggested from a previous study with simulation [17]. Our EA shows an advance and 

novelty compared to the previous studies on the Möllenstedt EAs. 

In this study, we mainly showed the measurement results on TEDs from SEs. The EA could also be used for 

surface analysis similar to conventional methods if the target samples are located at the position of the emitter and 

additional EBs, ultraviolet, or x-ray sources are adopted. This EA can be used in a similar way with HSAs, which are 

the standard types used in surface science. Compared to HSAs, the compact size and linear optics of the EA provide 
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the benefits of easy integration into measurement instruments, which frequently have complicated designs that 

required installation of as many components as possible. Compared to RFAs, which are frequently adopted because 

of their simple structures, this EA has the advantage of being a band-pass filter type. RFAs are of high-pass filter 

types, which require differentiation of the signals to obtain the energy spectrum. This could amplify the noise and 

fluctuations of signals, which causes difficulties in analyzing small peaks or fine structures in the spectrum. Our EA 

of a band-pass filter type has no such difficulties related to differentiation and can provide more reliable data. This 

EA has the combined advantages of HSAs and RFAs. 

 

5-6 Conclusion 

The prototype of the MC has been manufactured in the test bench with a high mechanical accuracy at the 

micrometer level and has been combined with electronics with low noise and high stability. In this chapter, the first 

half of the MC, which mainly determines the energy resolving performance, was evaluated. The optics includes the 

offset CL and the TL. The optics can serve also as an EA. Through comparing TEDs from the experiment and theory, 

the energy resolution dE is estimated to be 88 meV in FWHM and 75 meV in FW50 for the beam energy E0 of 3.1 

keV. The ratio dE/E0, which is the index of performance, reaches 2.7 × 10−5. Charged particle simulation results in 

an energy resolution of 85 meV in FWHM, which supports the experimental result. This also reveals that the limiting 

factor for the resolution is the width of the ES-AP, which suggests the possibility of further improvement down to 

9.6 meV. As a total measurement system, the accuracy and stability are better than 3 meV. The optical conditions 

show a linear dependence with high accuracy. The energy resolving performance is sufficient to distinguish the 

variation of TEDs for different operational conditions of the SEs. The MC with the optics has the advantage of a 

simple and robust structure with the use of the CLs, compared to previous MCs that required complicated designs. 

The MC has high potential and is suitable for practical applications. The advantages of the EA using this optics are 

band-pass filtering type, linear optics, compact size, and easy integration into analytical systems. 
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Chapter 6 Experimental Evaluation of the Monochromator 

with Offset Cylindrical Lenses 
 

6-1 Introduction 

In this chapter, the entire monochromator (MC) optics with offset cylindrical lenses (CLs) will be evaluated. 

The test bench of the prototype of the MC includes an additional retarding field energy analyzer (RFA) on the 

downside. The performance of the MC will be experimentally evaluated through measuring energy distributions and 

observing beam profiles. These results will assure that this MC has a high potential for its application to EMs. 

 

6-2 Method 

In this chapter, the entire MC optics is evaluated. The experiment setup is explained in section 5-2. The energy 

resolution of the MC is evaluated with method No. 2 in Fig 5-3. The narrowed energy width of the EBs with the MC 

is directly measured by the additional EA of the RFA type at the downside. The RFA consists of two electrodes 

(RFA-U and L) as shown in Fig. 5-1. The potential difference between VPE and VRFA forms a high-pass energy filter 

when VRFA is defined as a similar level with VACC. The voltage VRFA specifies a threshold energy for the EBs; some 

parts of EBs, which has the higher energy than the threshold, can pass through and the others with lower energy are 

repelled back to the upward. Fig. 5-1 describes this behavior of the main rays with dotted lines around the RFA. 

Scanning the voltage VRFA through measuring output signals ISIG of the detector gives integrated forms of energy 

spreads of the EBs and the numerical derivation process provides actual energy spectra. 

 

6-3 Results and discussion 

In this section, evaluation results on the MC prototype in the test bench are reported. First, the effect of two 

stages of the CLs was evaluated, which is an important feature of the optics of the MC. Beam profiles were observed 

at the detector with different conditions of the CLs. Here, the ES-AP was not installed, which enabled us to observe 

the beam profiles without limitation of the field of view. In addition, we adopted the IN-AP with a large diameter of 

200 μm to show the optical action of the components more clearly. The evaluation adopts SE No. 1 with the following 

conditions; the voltage VEXT was 3.1 kV and the tip temperature was approximately 1800 K. The TL1 collimated the 

beam by setting VPE as 540 V. The CL was highly excited and adjusted so that the EBs were deflected back closer to 
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the optical axis. When CLs are turned on and off, the voltages VCL to CLs were −69.2 and 540 V, respectively. 

Detailed optical actions of the TL and CL have already been reported in chapter 5. Figure 6-1 shows beam profiles 

at the detector. 

 

 

Fig. 6-1 Effects of two stages of CLs. Beam profiles are shown when (a) CL1 and 2 are turned off, (b) CL1 is on and 

CL2 is off, and (c) CL1 and 2 are on. The ES-AP is not installed. 

 

In Fig. 6-1, the vertical and horizontal directions correspond to the X and Y directions in Figs. 2-1 and 5-1, 

respectively. In Fig. 6-1a, both of the CL1 and CL2 were turned off. The EBs took free motions and passed through 

the optics. This beam spot defines the reference position, which is shown as a white dot line. In Fig. 6-1b, the CL1 

was turned on and the CL2 was off. The beam spot was located close to the reference but shifted on the downside. 

The direction corresponds to the opposite direction to the offset of the CLs. EBs were deflected once by the CL1 and 

the beam positions were shifted from the optical axis. In Fig. 6-1c, both of the CL1 and the CL2 were turned. The 

beam position was coincident with the reference. The EBs were deflected twice by the two CLs and moved back to 

the original axis. The two stages of the CLs realize the coincidence of the beam positions at the exit, which enable to 

switch ON/OFF of the MC without changing gun positions and aligning the beams to optics in the downside. This 

result is important for the MC considering its application to EMs because two operational modes, that is, a high-

resolution mode with the MC and a high current mode without the MC, are available. 

Next, the monochromatizing performance of the MC is evaluated. Here, the ES-AP with a width of 12.5 μm 

and the IN-AP with a diameter of 30 μm were installed. Positions of the ES-AP were adjusted to achieve the highest 

signals for each condition. The SE No. 2 was used with VEXT of 3.1 kV and the emission current IEMI of 176 μA. The 

MC was turned on when VCL1 were −66.5 V and VCL2 were −65.0 V. Under these conditions, energy distributions 

were measured with the RFA. Figure 6-2a and b show original and differential signals, respectively, when the MC 
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was turned on or off. In Fig. 6-2, both signals in the vertical axis were normalized and their peak positions were 

adjusted to be zero in the horizontal energy axis. The RFA provided the original signals as integrated forms of energy 

distributions in Fig. 6-2a. Therefore, the differential signals, which were acquired by a numerical method after 

smoothing the data, gave the energy distributions in Fig. 6-2b. When the case that the MC is turned on, Fig. 6-2a 

shows steeper decay and Fig. 6-2b does a narrower width. The results confirm that this new MC can reduce energy 

spreads of the EBs. In Fig. 6-2b, the data plot of the MC ON revels small peaks around the zero level in the lower 

energy side. These features were not reproducible for repeated measurements. It was caused by emphasized 

fluctuations or noises of the signals with the differentiation. Table 6-1 summarizes FWHM energy spreads. Here, the 

energy spectra were acquired five times and averaged (AVG) values and standard deviations (SD) were derived. 

 

 

Fig. 6-2 (a) Original and (b) differential signals dependences on the beam energy when the MC is turned on or off. 

 

Table 6-1 Energy spreads when the MC is ON and OFF. 

 

 

 

 

Table 6-1 shows that this MC achieves the FWHM energy resolution of 73 meV, which corresponds to 10% of the 

 Energy spread 

[meV] 

 AVG SD 

MC OFF 676 13 

MC ON 73 1 
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native energy spread of the SE. The small values of the SD confirm high accuracy of the measurements. In chapter 

5, the energy resolution of the MC was 88 meV, which was estimated by comparing energy distributions of the SE 

in the experiment and theory. In addition, the charged particle simulation provided the energy resolution of 85 meV. 

Both values are equivalent with the results in Table 6-1, which enhance the credibility on the measurement of the 

energy-resolving performance of the MC. 

The exit current was larger than 100 pA for the condition of the MC ON at the experiments in Fig. 6-2 and 

Table 6-1, which were obtained with measuring the absorbed currents IAP. The exiting current is sufficient to obtain 

microscopy images if the MC is integrated into EMs in future. The charged particle simulation suggests that the ES-

AP with the width of 12.5 μm was a limiting factor of the energy resolution in the current experimental setup. If the 

slit could be reduced, the expected energy resolution of 9.6 meV can be achieved. This narrower slit could reduce 

the exiting current. However, considering that the measured value of the current is sufficiently high in this experiment, 

further improvement of the energy resolution is promising. 

Next, beam profiles with the MCs are evaluated. This is important in applications of this MC to EMs. Figure 

6-3 shows beam profiles when the MC is turned on or off. The images were obtained under the same condition as 

that of Fig. 6-2. 

 

 

Fig. 6-3 Beam profiles for the MC (a) OFF and (b) ON. 

 

Comparing Fig. 6-3a and b, two beam positions are coincident. In Fig. 6-3b, the beam profile with the MC ON shows 

a sufficiently symmetric shape and its slight distortion could be corrected with stigmators of the EMs. The beam size 

of the MC ON is equal to or smaller than that of MC OFF. These results suggest that the MC can achieve stigmatic 
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focusing with a unit magnification. In addition, the aberration of the MC is suppressed in lower levels. This is 

attributed to the symmetric geometry of the MC optics with respect to the middle plane. In chapter 2 and 3, theoretical 

studies with charged particle simulation show that the symmetry on the optics and main rays and the asymmetry on 

the paraxial rays can cancel the second order aperture aberration on the exit plane. This MC can achieve favorable 

beam profiles at the same beam positions in both cases where the MC is turned on or off. This guarantees high 

possibility of applications of the MC to EMs. 

 

6-4 Future perspectives 

In this section, future perspectives of the MC and its applications are discussed. In this study, the new MC 

with offset CLs has been developed, which corresponds to a feasibility study of the MC in a unit evaluation. In future, 

the MC will be integrated into electron microscopes. Figure 6-4 represents schematics of this study and future 

perspectives. 

First, there is a plan to integrate the MC into an SEM. The MC achieved the energy spread of 73 meV with 

the SE. This is much better than typical energy spreads of 300 meV for cold field emitters (CFEs) [1]. The 

improvement in the beam performance at low energy conditions is expected for the SEM with adoption of the MC. 

In addition, SEs are much more stable and take a longer lifetime than CFEs. Daily routine operations such as flushing, 

adjustments of the EXT voltage, and calibration of the optics, are mandatory for CFEs [1]. This is not necessary for 

SEs. Operators would be freed from these daily operations and can focus on their works. The SEM with the MC can 

have such advantages. In semiconductor production, CD-SEMs, mask SEMs, and defect-review SEMs have become 

indispensable tools. The progress of nanoelectronic devices continuously requires the improvement of SEM 

performance at low energies. Additionally, these applications require high levels of robustness and stability for the 

equipment. The SEM with the MC is suitable for the industrial application field. 

Next, the author has another idea of an instrument for academic research. Monochromatic EBs with lower 

energies is very useful for surface analysis of phonon or vibration spectroscopy similarly with HREELS instruments 

[2]. Recently, scanning near-field optical microscopy (SNOM) with a function of Fourier-transform infrared 

spectroscopy (FTIR) achieved real space imaging of surface phonon polaritons in h-BN [3] and measured the 

molecular vibration spectra of polymethyl methacrylate (PMMA) [4] with a spatial resolution of several tens of nm. 

The MC-STEM with high energy EBs at 60 keV was also able to reveal the phonon and vibration signals of specimens 
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[5-7]. However, considering the cross-sections of the phonon excitations and the knock-on beam damage, electron 

beams at extra-low energy levels of approximately 100 eV are favorable. For such applications, the author has a plan 

to develop a surface electron microscope with analytical functions, which integrates the MC and a high-resolution 

EA into an SEM in a UHV condition. The schematic on the right side of Fig. 6-4 presents the surface microscope. 

The microscope enables to study specimen surface with phonon and vibration spectroscopy in nanometer scales. 

 

 

Fig. 6-4 Future perspectives. 

 

A measurement with HREELS revealed edge phonon states of graphene nano-ribbons [8]. However, the 

signals were almost buried under other peaks. With the surface microscope, direct observation of the edge phonon 

states at specific positions would be possible. Similarly with the study with FTIR-SNOM [3], mapping of surface 

phonon polaritons of h-BN films would also be realized. This result could bring new knowledge on surface physics 

and nanoscience. In addition, gas-solid interactions are also an interesting research theme. Many studies with 
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HREELS reveal physics on absorption of the gases on solid surfaces [2]. Catalysis based on Au nanoparticles show 

size dependences on their activities in nanometer scale [9]. With the surface microscope, these nanoparticles can 

directly be observed with the microscope function and measure gas-adoption process with vibration spectroscopy. 

This would be useful to research and development of new catalytic agents. Furthermore, observation of bio and 

organic materials is an interesting theme. This is similar to studies using optical methods such as IR or Raman 

microscopy. However, higher spatial resolutions of nanometer levels are expected with the new surface microscope. 

In future, the author expects that new knowledge and insight could be acquired from phonon and vibration 

spectroscopy in nanoscale using the new surface microscope. 

 

6-5 Conclusion 

In this chapter, the entire MC optics including two CLs was evaluated. The test bench of the prototype of the 

MC includes the RFA on the downside. The performance of the MC was experimentally evaluated through measuring 

energy distributions and observing beam profiles. The MC achieves the energy resolution of 73 meV, which 

corresponds to 10 % of the original energy spread of the SE. The exit beam current is sufficiently large for its 

application to EMs. By comparing two conditions with and without the MC, the beams remain in the same positions 

and keep equivalent sizes and sufficient symmetry. These favorable results are achieved by the symmetric optical 

layout of the MC based on theoretical studies in the previous chapters. The evaluation results confirm that this MC 

has the high possibility on the application to EMs. This MC has another advantage in the simple structure, which 

results in high stability, robustness, and cost efficiency. Finally, future perspectives of the MC and its applications 

are discussed. 
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Conclusion 
 

This doctoral dissertation summarizes the series of studies on the development of the new monochromator 

(MC) using offset cylindrical lenses (CLs) for electron microscopes (EMs) from theory to experimental evaluations. 

The summary of each chapter is described as follows: 

 

In chapter 1, the background and main subject of this study were described. One of the recent trends of EMs 

is the observation in low energy conditions. For SEM, low energy conditions of several 100 eV were proposed for 

inspection of semiconductor devices with reduced interaction volumes of EBs inside the specimens. For (S)TEM, 

low energy conditions of 20-60 keV become essential for observation of light elements materials such as graphene 

without know-on damages on the specimens. The trend of low energy observation prompt advanced EMs to adopt 

MCs for improvement of spatial resolutions by reducing the influence of chromatic aberration. Furthermore, MCs 

can improve energy resolution in EELS and opened up new study fields. Therefore, the MCs are significant optical 

components for the advanced EMs. The technologies of MCs were explained through reviewing previous studies. 

MCs in previous studies achieved a high-performance level, but required complicated structures. Therefore, the main 

theme of this study is a development of a new MC with high performance and simple structure. SEM is considered 

as the application of the MC in this study because of the importance of industrial application. Considering that energy 

resolutions of MCs for SEM is 150 meV and that for LEEM is 100 meV in previous studies, the target of this study 

was specified as an energy resolution better than 100 meV. The main theme and objectives of this study were clarified. 

 

In chapter 2, an optical axis and the first-order matrix expressions for a single offset CL are derived from 

various ray trace simulations. Based on the matrix expressions, a new MC with multiple offset CLs was constituted. 

The MC shows line focus and energy dispersions on the middle plane and takes a stigmatic and non-dispersive image 

of the emitter with unit magnification on the exit plane. The energy resolving performance and the mechanical 

tolerance of the MC were estimated. 

 

In chapter 3, the aberration coefficients of the MC were derived up to the third order by applying a regression 

analysis to these trajectories. It is evident from the results that the second-order aperture aberration and lateral energy 
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dispersion are cancelled on the exit image plane. This is attributed to the symmetric optics and the optical axis, and 

to symmetric and asymmetric first-order trajectories. Based on the aberration coefficients, the dependencies of the 

MC performance, such as the beam width, energy resolution, and brightness, on the beam current were clarified. The 

energy resolution is limited by the second-order aperture aberration on the midplane, and the brightness is limited by 

the third-order aperture aberration on the exit plane. The MC performance was estimated for various source 

conditions, such as the types of emitters, the extraction voltages, and the tip radiuses. The optimum conditions of the 

MC are clarified for these conditions. The quantified characteristics are essential for the practical design of the MC 

and its application to microscopes. 

 

In chapter 4, applications of the MC to an SEM at extra-low energies of less than 1 keV were investigated. 

Assuming the use of ideal and high-performance SEM optics with Cs and Cc values of 1 mm, FW50 beam diameters 

were calculated at the positions of specimens. Use of the MC improves dramatically the beam diameter to 4.4 nm, as 

compared to the diameter of 19.7 nm for the SEM without the MC, at a landing energy of 100 eV and a probe current 

of 1 pA. The contribution of the chromatic aberration becomes negligible because of the MC. The beneficial effects 

of the MC for the beam diameter become more prominent at lower landing energies ranging down to 10 eV. In 

addition, the effective current ranges of the MC expand at lower energies. Additionally, the SEM performance was 

surveyed under various emitter conditions, finding the optimum current ranges for the SEM with the sources. From 

the estimation, the author concludes that this MC can effectively improve the SEM performance in extra-low energy 

regions. 

 

In two chapters, chapter 5 and 6, experimental evaluation results of the MC optics are presented. The MC 

prototype was designed in detail based on the theoretical studies. Then, the MC prototype has been manufactured in 

the test bench with a high mechanical accuracy at the micrometer level and been combined with electronics with low 

noise and high stability. The energy resolution of the MC prototype, which is one of the most important factors, is 

evaluated with two methods in chapter 5 and 6. 

 

In chapter 5, the first half of the MC optics, which mainly determines the energy resolving performance, was 

evaluated. The electron optics includes the offset CL and the TL. The optics can serve also as an EA. Through 

comparing TEDs from the experiment and theory, the energy resolution dE is estimated to be 88 meV in FWHM and 
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75 meV in FW50 for the beam energy E0 of 3.1 keV. The ratio dE/E0, which was the index of performance, reached 

2.7 × 10−5. Charged particle simulation showed an energy resolution of 85 meV in FWHM, which supported the 

experimental result. As a total measurement system, the accuracy and stability were better than 3 meV. The optical 

conditions showed a linear dependence with high accuracy. The energy resolving performance was sufficient to 

distinguish the variation of TEDs for different operational conditions of the SEs. The MC with the optics had the 

advantage of a simple and robust structure with the use of the CLs, compared to previous MCs that required 

complicated designs. The MC has high potential and is suitable for practical applications. 

 

In chapter 6, the entire MC optics including two offset CLs was evaluated. The test bench of the prototype of 

the MC has included the RFA on the downside. The MC achieved the energy resolution of 73 meV, which 

corresponded to 10 % of the original energy spread of the SE. The exit beam current was sufficiently large for its 

application to EMs. By comparing two conditions with and without the MC, the beams remained in the same positions 

and kept equivalent sizes and sufficient symmetry. These favorable results are achieved by the symmetric optical 

layout of the MC based on theoretical studies. The evaluation results confirmed that this MC had the high possibility 

of the application to EMs. 

 

As a summary of this study, the author has developed the new MC with high performance and simple structure 

through theory and experiment. The MC is based on the novel and original optics with CLs in offset layout. In the 

study, the application of this MC to SEM is mainly discussed. The measured energy resolution of the MC in this 

study is 73 meV, which is better than those of MCs for SEM and LEEM in previous studies. This MC shows 

preferable beam profiles and sizes, which is essential for its integration to EMs. The entire measuring system shows 

very high accuracy and stability better than 3 meV. The simple design of this MC reduces difficulties in the 

manufacturing of MCs in previous studies. This also realizes the MC with the minimized quantity of control units 

and easy calibration procedures. These are important, especially for industrial application. The evaluation results 

confirm that this MC has the high potential and possibility of the application to EMs. This study is related to charged 

particle optics (CPO), which is a branch of applied physics. The author believes that this study contributes to progress 

in CPO through revealing the MC optics with originality and novelty. 

Finally, future perspectives of this study will be briefly described. The author has a plan to integrate the MC 

into an SEM to improve its performance at low enegy conditions. This would be beneficial for industrial applications. 
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The author also has another plan to develop a surface microscope combining this MC and a high-resolution energy 

analyzer. This could be useful for studies on the localized status of phonons and absorption process of the gases on 

solid surfaces and be applicable to the observation of bio and organic materials with high special resolutions. In 

future, the author expects that new knowledge and insight on physics related with phonon and vibration spectroscopy 

in nanoscale could be acquired using this instrument. 

Historically, innovative instruments including CPO have achieved quantum leaps for science and technologies 

in various academic and industrial fields. Through the series of studies on instrumentation, the author hopes to 

contribute to progress in science and technologies. 
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