
 

Abstract—Here, the experimental results of the method of 

Filtering the effect of Chromatic Aberration (FECA) for Wide 

Acceptance Angle Electrostatic Lens (WAAEL) based system is 

described. This method can eliminate the effect of chromatic 

aberration from the images of a measured spectral image 

sequence by determining and removing the effect of higher and 

lower kinetic energy electrons on each different energy image, 

which leads to significant improvement of image and spectral 

quality. The method is based on the numerical solution of a large 

system of linear equations and equivalent with a multivariate 

strongly nonlinear deconvolution method. A matrix, which 

elements describes the strongly nonlinear chromatic aberration 

related transmission function of the lens system, acts on the 

vector of the ordered pixels of the distortion free spectral image 

sequence, and produce the vector of the ordered pixels of the 

measured spectral image sequence. Since the method can be 

applied not only on 2D real- and k-space diffraction images, but 

also along a third dimension of the image sequence, thatsequence 

that is along the optical or in the 3D parameter space, the energy 

axis, it functions as a Software Based Imaging Energy Analyzer 

(SBIEA). It can also be applied in cases of light or other type of 

optics, for different optical aberrations and distortions. In case of 

electron optics the SBIEA method makes possible the spectral 

imaging without the application of any other energy filter. It is 

notable that this method also eliminates the disturbing 

background significantly in the present investigated case of 

Reflection Electron Energy Loss (REELS) spectra. It eliminates 

the instrumental effects and makes possible to measure the real 

physical processes better. 
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I. INTRODUCTION 

Lens aberrations are fundamental and well known     

problems since the beginning of light and ion optics [1-3] that 

have strong effects on the performance of optical systems e.g. 

on the achievable angular-, spatial- and energy resolutions as 

well as on the contrast and information limits of the measured 

images. On the other hand, in the case of chromatic aberration, 

it can be useful to observe spectrally resolved images by using 

a small aperture at a focal- or imaging plane of a specific 

energy. Several decades have been required to find the 

practical solutions for these problems in cases of light and 

even more in electron and ion optics. 

There are several methods in electron and ion optical 

aberration correction such as the correction of chromatic- and 

spherical aberrations by measuring the Time of Flight (TOF) 

of the imaging particles, but this method in the case of larger 

acceptance angle lens cannot distinguish whether a particle is 

arrived to the detector along a larger initial angle orbit and 

therefore a longer path, or just with smaller energy [4]. Wide 

Acceptance Angle Electrostatic Lenses (WAAEL) (Fig. 1) and 

WAAEL based Display-type Ellipsoidal Mesh Analyzers 

(DELMA) (Fig. 2) use a quasi-ellipsoidal shape mesh lens by 

which the spherical aberration can be corrected up to ±60° 

(1.00π sr) acceptance angle that can make possible higher 

transmission as well as larger angular region and therefore 

higher spatial resolution spectral imaging [5-16] compared to 

the earlier projection type electron optical instruments. 

 

Fig. 1. The electrode arrangement and the paths of different energy electrons 

to demonstrate the effect of chromatic aberration (on the base of Fig. 1 of [8]) 

in the = 60 (1.00 sr) WAAEL (Wide Acceptance Angle Electrostatic 

Lens) (acceptance angle; = max). 

 

However, the effect of chromatic aberration in first order is 

proportional to the electron energy that on the one hand makes 

possible the measurement of spectral images at different pass 

energies, but on the other hand it also has disadvantages 

especially by mixing the 3D angular-, spatial and spectral 

information (Figs. 1,3) [9,11,12,14,17,18]. It occurs by the 

phenomenon that the higher and lower kinetic energy 

electrons emitted from different points can also hit on the 

same pixels of the images of desired specific pass energy 
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(Epass) electrons, which is the origin of blur and decrease of the 

sharpness as well as lowering the angular-, spatial and energy 

resolutions (Figs. 1,3) [9,14,17,18]. 

 
 

Fig. 2. The electrode arrangement and the paths of given Epass energy electrons 

in the ±45° (0.59π sr) WAAEL based Display-type Ellipsoidal Mesh Analyzer 

(DELMA) (Fig. 11 of [15]). 

 

Therefore, in the case of WAAEL based lenses the elimination 

of the distortion effect of the chromatic aberration is 

unavoidable to take the advantages that these types of 

electrostatic lenses provide. 

 

Fig.3. (a) Schematic figure of the chromatic aberration in the case of a point 

source with three different kinetic energies. The solid trajectory line (Epass) has 

a point image, but in the case of lower (dashed line, Eimp=Eʹ’) and higher 

(dotted line, Eimp=Eʺ”) impact kinetic energies, a chromatic circles of 

confusion appear on the image plane with r(x,y,,Epass,Eimp) radiusesradii. The 

=AOB polar and =COD azimuthal initial angles of the Epass energy 

electron trajectory (solid line) are indicated. (b) The impact of chromatic 

aberration; from different sample points with different initial angles and 

kinetic energies produce overlapping circles of confusion, which degrades the 

image quality (Fig. 2 of [18]) and information content.  

 

This problem also exists in the cases of simple non-imaging 

electron spectroscopy (e.g. with Plain Mirror Analyzer 

(PMA), Cylindrical Deflection Analyzer (CDA), Cylindrical 

Mirror Analyzer (CMA), and others), where the high 

transmission and spectral resolution are the most important 

features, but not the imaging .[19]. It These methods use uses 

an integrated beam of different energy electrons from a certain 

area of the sample that is projected onto the entrance slit of the 

spectrometer, which can be considered as a strongly distorted 

image. Therefore, the method of SBIEA can also be applied in 

those cases for evaluatingto eliminate the instrumental effects. 

 

Fig. 4. An example measured REELS spectral image sequence of a mesh 

sample (SUS 316, #100 line/in wire=50m) (Tables 1, 6) excited by electron 

gun (Eeelectron=10000.45 eV, beam 250m) (Tables 2) and measured by 

DELMA (in Eelectron=934-1032eV region with ΔEelectron= 1eV steps) (Fig. 2, 

Tables 3, 4, 5) [15] furthermore, the spectra taken from the x, y coordinate 

pixels of each image along the measured spectral image sequence (straight 

line) and after the FECA SBIEA background subtraction procedure (dashed 

line). 

 

In this or in cases of other spectral imaging systems the most 

commonly used image cleaning, or background elimination or 

deconvolution solutions methods act on a given energy image 

only, and do not take into account the energy and even not the 

dot by dot energy dependence of the lens aberrations’ 

originated disturbing effects. A frequently used method in 

imaging and spectroscopy is a simple 2D deconvolution by a 

supposed Gaussian-type instrumental transmission function or 

an even more simple solution to get some image quality 

improvement, which divides the image by an averaged image 

sequence of the x and y direction shifted or rotated samples, in 

cases of real or angular imaging respectively [15]. An 

instrumental solution is given for this problem by the well-

known, and in astronomy widely used idea of spectral 

imagering spectroheliograph invented by G. E. Hale and H. A. 

Deslandres in the first third decades of the 20th century [2019]. 

This method can also be applied in electron optics, where the 

WAAEL produced quasi monochromatic real- or angular 

image is projected to the entrance slit of e.g. a Concentric 

Hemispherical Analyzer (CHA). In this case the real- or k-

space diffraction image is moved and therefore scanned in 

front of the entrance slit by the help of electrostatic or 

magnetic deflectors, while behind the exit slit of the CHA the 

selected energy spectral line, that is the monochromatic image 

of the entrance slit, is recorded and used to reconstruct the 

monochromatic image, slice by slice, parallel to the motion of 

the original image at the entrance slit [14,15]. 

We started to improve the quality of image data from the 

image processing side, in background fitting and subtraction 

for the integrated image intensities [14] and then the dot by 

dot Shirley-type background of the images were subtracted 

from the same coordinated pixels along the energy axes’ of the 

spectral image sequences [17]. In this and the following cases 

all of the image points were taken into account as being very 

small entrance slits of independent spectrometers. This 

method resulted in quite good filtering close to the optical 

axes or in the case of Gaussian beams. The latest and also 

general method is the Filtering the Effect of Chromatic 

Aberration (FECA) for WAAEL [18] solves a system of linear 

equations (Eq. 1) where a vector (b), determined by the 

intensities of the image points of the aberrations and 

distortions free clear spectral image sequence is multiplied by 

a matrix (A) resulting the vector (c) of the intensities of the 

image points of the measured image sequence (Fig. 4). The 

matrix elements (aij) of A represent the effects of different 

energy spatial- or angular images’ points on each other (Fig. 

3), which can be determined by the numerical solution of the 

electrostatic Poisson- and relativistic electron motion 

equations that describes the physical behavior of the lens 

system. This strongly nonlinear 3D deconvolution-like method 

can enhance not only the real- and k-space image quality, 

sharpness, contrast as well as the position-, angular- and 

spectral information contents, but it can be applied as a 

Software Based Imaging Energy Analyzer (SBIEA). 

Furthermore, it is also possible to utilize the method to correct 

other, different types of aberrations [18]. 

The present paper is the sequel of the previous article [18], 

which discusses the theoretical concepts and model 

calculations of the filtering method on a simulated image 

sequence. Here, the ability of FECA method and its 

application as SBIEA are demonstrated on a spectral image 

sequence that have been measured by the High Voltage (HV) 

±45° (0.59π sr) WAAEL based DELMA (Fig. 2.) [15]. In 

these cases significant image quality and spectral properties 

improvement have been observed by eliminating the electron 

backgrounds in the investigated cases of Reflection Electron 

Energy Loss (REELS) [210,221] and elastic electron spectra, 

only by taking into account the instrumental effects e.g. the 

chromatic aberration. 
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II. FILTERING THE EFFECT OF CHROMATIC ABERRATION 

(FECA) FOR WIDE ACCEPTANCE ANGLE ELECTROSTATIC 

LENSES (WAAEL) BASED DISPLAY-TYPE ELLIPSOIDAL MESH 

ANALYZER (DELMA) 

Even with the latest electron optical systems the 

enhancement of the quality of the resulting images and spectra 

is a cardinal element of the measuring procedure. As it is 

shown above, there are several existing solutions to 

distinguish the disturbing background from the images with 

different approaches. However, none of them takes into 

account the complex behavior of the imaging system. 

Since in the case of WAAEL based lens systems (Fig. 1,2) 

[14,15] the spherical aberration has already been corrected [5-

7], therefore in the present cases only the effects of the 

chromatic aberration is necessary to consider. Our intention 

was to develop a filtering method that provides a solution to 

filter the distortions of the spectral image sequences in both 

the image planes (x,y) and along the lens axes, or with other 

terminology energy (E) axes in the 3D parameter space. This 

method applies the solution of a system of linear equations 

(Eq. 1) where a matrix (A), whose elements describes the 

transmission function of the lens system, acts on the vector of 

the ordered intensity values of the pixels of the aberrations and 

distortions free spectral image sequence (b) resulting the 

vector of the ordered intensity values of the pixels of 

measured and aberration distorted spectral image sequence (c) 

(see ref. [18]). 

 cAb    (1) 

The method of elimination of the effect of chromatic 

aberration previously was tested on a simulated image 

sequence and showed that the disturbing background can be 

removed sufficiently, while the useful information, which can 

be faded by the distortion effects, are enhanced making the 

future analysis of the measured data more feasible [18]. This 

process improves not only the image quality, but also the 

energy spectra taken from identically coordinated pixels (x,y) 

of the image sequence [18]. It was shown that the method can 

be improved further by considering the actual measurement 

environment more precisely, which means only the extension 

of the applied model and not requires the modification of the 

measuring instrument or any additional fabrication. So, since 

each pass energy (Epass) of an optical system represents an 

aberration-disturbed image by the close and far different 

spatial positions, polar and azimuthal initial angles (α,β) to the 

sample surface (Fig. 3) and energy (Eimp) neighboring image 

points in the spectral image sequence, therefore if one can 

describe the optical, or in the present cases, electron optical 

behavior of the imaging system and can measure a series of 

images within a certain energy range with given energy 

differences (Fig. 4), then it becomes possible to identify and 

eliminate the distortion effect caused by different energy 

electrons originated from different positions of the sample 

(Figs. 3,4). In this way, e.g., the disturbing effect of the 

chromatic aberration can be modeled precisely in both real-, 

and k-space diffraction imaging and its effect can also be 

eliminated directly in cases of charged particles and other 

types of optics [18]. 

In terms of solvability, the key recognition was that the 

chromatic aberration filtering processes, which means the 

numerical solution of a strongly nonlinear Partial Differential 

Equation (PDE) system, can be separated into three 

independent parts. The first part requires electron optical 

calculations that is the numerical solution of the electrostatic 

Poisson- and then the relativistic electron motion PDEs and 

the determination of the electron trajectories leaving the 

sample from different positions (x,y), with different energies 

(Eimp), polar and azimuthal initial angles (α,β) to the sample 

surface (Fig. 3) that can affect the investigated Epass electron 

energy image at the imaging plane. The second part is the 

determination of the transmission matrix (A) that describes the 

distortion effects of different energy and position image points 

of the image sequence to each other (Figs. 3,4) on the base of 

Eq. 2 and 3 (that is described in detail in ref. [18]) where the 

values of the matrix elements (aij), in the present case, are 

based on the determination of the chromatic “circle” of 

confusions for each point in the spectral image sequence (Eq. 

2) by the help of the previously mentioned electron optical 

calculations. In other words each line in the A matrix 

represents a specific pixel in the image sequence with a given 

Epass energy and xpass and ypass coordinates, and each entry in 

the line is the proportion of the intensity (Eq. 3) that arrived 

from the related pixel represented by the column 

(Eimp,ximp,yimp) to the pixel represented by the row 

(Epass,xpass,ypass). This matrix represents the effect of chromatic 

aberration from a perspective of a single pixel. Finally, the 

third part is the iterative solution of the large system of linear 

equations, in the present case, by the relaxed Jacobi method 

with ω relaxation factor. The detailed description of the 

calculation is discussed in ChSec. 3 and 4 of ref. [18]. 

For simplification, in the present cases the resulted series of 

numerical data from the electron optical calculations are fitted 

and approximated by an r(x,y,α,Epass,Eimp) polynomial that 

describe the radii of the chromatic circles of confusion (see 

Fig. 3) on the image taken at pass energy (Epass) from a given 

impact energy (Eimp) and elevation angle (α) electrons, 

originated from different coordinates (x,y) of the imaged 

sample (Eq. 2, for detailed explanation see Eq. 1 of ref. [18]). 

To accelerate the calculations further approximations were 

needed to be applied. Since the electron optical behavior of an 

electrostatic lens system remains the same in cases of 

proportional changes of the applied voltages or the geometry, 

therefore as a first approximation it was enough to make the 

numerical ray-tracing calculations and determine the 

r(x,y,α,Epass,Eimp) polynomial only for a given Epass=Ee energy 

electrons (Ee) and electrode voltage configurations. In this 

case Ee=1000eV, the kinetic energy of the electron gun was 

chosen (The ±0.45eV energy spread of the e. gun was not 

considered to simplify the calculation).  The polynomials for 

different E=Eimp-Epass energy differences can then be 

determined with a simple multiplication by Ee/Epass. To get a 

good approximation but keeping the simplicity of the 

equations, only the first order but different polynomials on the 

left (Eimp ≤ Epass) and on the right (Eimp>Epass) side of the Epass 

energy were applied (see Eq. (9) of Ref. [18])”; 
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where C1 and C2 are the constant coefficients of the first order 

polynomials, which can be determined for a given Ee=Epass 

energy by the previously mentioned electron optical 

calculations. In our experiments, Ee was set to Ee=1000eV. 

Furthermore, also for simplification,simplicity these first order 

polynomials were determined only at the optical axis (on-axes, 

x=0, y=0) and supposed to be the same for other off-axes 

image points (Eq.2). Although, this quasi linearity is in 

agreement with the general description of chromatic aberration 

[3], but in the future applications of FECA SBIEA methods, to 

get better and more accurate filtering, it is recommended to 

apply higher order and image position (x,y) dependent 

polynomials that will require much higher computation power. 

In this way the proportion of the intensity (Iα) of the Eimp 

energy electrons that comes from a given area of the sample, 

and goes through on the α+Δα circular zone at the Eimp energy 

image of the spectral image sequence to the given pixel of the 

Epass energy image of the spectral image sequence is given as 

(see Eq. 6 of ref. [18]); 
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where Tpx is the area of an image pixel projected to and 

measured at Epass energy at the detector and θ= max(α). That is 

for a given pass energy (Epass), but different coordinated image 

point. The effect of a given impact energy (Eimp) and different 

coordinated (x,y) and angle (α) electron can be defined on the 

base of the r(α,Epass,Eimp) polynomial. Therefore, we can mark 

every pixel on the investigated energy image that has impact 

from a certain image point of a different energy (Eimp) image 

and calculate the proportion of its intensity that spreads on it. 

With this method a relationship can be defined between each 

point in the image sequence that describes the proportion of 

the intensity that impacts to other points of the sequence [18]. 

III. MAIN PARAMETERS FOR THE DERIVATION OF THE 

TRANSMISSION MATRIX ELEMENTS FROM NUMERICAL LENS 

SIMULATION CALCULATIONS AND THE MEASUREMENT 

ATTRIBUTES 

In the present case the FECA SBIEA method [18] was 

applied on the spectral image sequence measured by the High 

Voltage (HV) ±45° (0.59π sr) WAAEL based DELMA 

instrument (Figs. 2, 4) [15]. The spectral image sequence was 

taken from a SUS-316 metal alloy (Table 1.) [210] woven fine 

mesh sample. The sample was irradiated by an OCI-G10 

electron gun (Table 2.) [232], the magnified images were 

intensified and converted into visible light by a double layered 

microchannel plate (MCP) plus, phosphor screen combined 

detector of the Hamamatsu Photonics (Table 3.) [243] and the 

images were recorded by a PCO Sensicam QE thermo-

electrically cooled CCD camera (Table 4.) [265]. 

The specific parameters of the FECA SBIEA calculations in 

the case of ±45° (0.59π sr) WAAEL based DELMA lens is 

summarized in Tables 5-7. This lens system produced x12 

magnification given pass energy (Epass) real-space images on 

the entrance surface of the MCP at the last (4th) imaging plane. 

In this case the energy aperture at the 1st imaging plane was 

completely opened (EA, ØEA=10mm). The SUS-316 alloy 

(Table 1.) [210] #100 line/inØwire=50μm woven mesh sample 

was irradiated by Ee-gun=1000eV electrons with 16° inclination 

angle to the sample surface. The series of pass energies (Epass) 

were set from 954eV to 1034eV with ΔE=1eV steps by setting 

the electrode voltages (U1-4, L1-4, D1-3) (Fig. 2) [15]. The 

different pass energy (Epass) images were recorded in 300×300 

pixel resolution and 32 bit intensity depth that were reduced to 

250x250 pixel sizes for the calculations. 

 

Fig. 5. Montage of the measured spectral images of SUS 316 #100 line/in 

wire=0.05mm mesh sample (Table 1, 6). excited by electron gun 

(Eelectron=10000.45eV, beam 250m) (Table 2) and measured by WAAEL 

based DELMA in Eelectron=954-1034eV region with ΔEelectron= 1eV steps (Fig. 

2, 4, Table 2-5, 7) [15]. The first and last images are copied ×10 and added to 

the image sequence in lower and higher energy regions as constant linear 

boundary conditions (white frames) of the relaxed Jacobi method (Table 107). 

 

Fig. 6. Montage of the FECA SBIEA filtered and stain reduced spectral 

images of SUS 316 #100line/in wire=0.05mm mesh sample (Table 1, 6). 

excited by electron gun (Eelectron=10000.45eV, beam 250m) (Table 2) and 

measured by WAAEL based DELMA in Eelectron=954-1034eV region with 

ΔEelectron= 1eV steps (Fig. 2, 4, Table 2-5, 7) [15]. The white frames show the 

boundary conditions of the relaxed Jacobi method (Table 107). 

 

The C1 and C2 constants of r(x,y,α,Epass,Eimp,Ee) polynomial of 

Eq. 2 (Table 7.) that describes the radiusesradii of the 

chromatic circles of confusion on the measured images, had 

been primarily determined by numerical solution of the 

electrostatic Poisson-, and relativistic electron motion PDEs 

and by fitting the resulted discrete data series of the chromatic 

aberration dependent radiusesradii of the chromatic circles of 

confusion by first order polynomials around Ee=Epass energy. 

Then C1 and C2 were applied to determine the elements (aij) 

of the transmission matrix (A), in the way as it is described in 

ref. [18], but these constants (C1, C2) have to be refined by the 

feedback of the SBIEA calculations until the instabilities of 

the iterations have disappeared. The differences between the 

calculated and real values of C1 and C2 constants are 

originated from the calculation error as well as, the fabrication 

and composition tolerances furthermore, the accuracy and 

stability of the applied voltages etc. Also to avoid the 

instability of the iteration a boundary condition was necessary 

to be introduced to close the image sequence from lower and 

higher energy directions. For this reason the first and last 

images of the measured sequence were copied x10 and added 

to the sequence in lower and higher energy directions as a 

constant linear boundary condition. Finally, the handling of 

the screening effect of the energy aperture (EA) had to be 
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taken into account that additionally provided an approach to 

test the FECA SBIEA method. 

IV. RESULTS 

As it is described above the FECA SBIEA method [18] was 

applied on a spectral image sequence of electron gun 

irradiated (Table 2) metal alloy mesh sample (Tables 1,6,9) 

taken by ±45° (0.59π sr) WAAEL based DELMA (Fig. 2) 

(Tables 3-5.) [15] electrostatic lens systems where the FECA 

SBIEA filtering algorithm [18] with given input parameters 

(Table 7) was implemented on the Integrated Supercomputer 

System of the National Information Infrastructure 

Development (NIIF), Hungary. 

 

Fig. 7. The convergence of the relaxed Jacobi method in case of the WAAEL 

based DELMA images. 

 

 
 

Fig. 8. The measured (a), FECA SBIEA filtered (b) and stain reduced filtered 

(c) spectral images of SUS 316 #100 line/in wire=0.05mm mesh sample 

(Tables 1, 6) excited by electron gun (Eelectron=10000.45eV, beam 250m) 

(Table 2.) and measured by the WAAEL based DELMA at the elastic peak 

(EelectronEe=1000eV) energy (Fig. 5, 6, Table 3, 4, 5) [15]. 

 

 

Fig. 9. The measured and stain reduced filtered images with the lines where 

the intensity distributions of Fig. 10 are measured as well as the 10 pixel 

diameter circular areas from where the spectral information of Fig. 11-13 are 

collected along the energy (E) axes of the spectral image sequence taken by 

the WAAEL based DELMA system at the elastic peak energy (EelasticEpass=Ee-

gune = 1000eV). 

 

The ±45° (0.59π sr) WAAEL based DELMA (Fig. 2) due to 

its acceptance angle, magnification (x12) and its application 

mode, produced good quality images (Fig. 5). In this case 80 

pieces of different energy, 300×300 pixel resolution images 

were taken and reduced to 250×250pixel size as well as the 

sequence was also extended by 10 copies of the first and last 

images as constant linear boundary conditions (Table 7). 

Therefore, in the case of the applied 100 pieces of reduced 

size images (Fig. 5) (c vector in Eq. 1) the number of elements 

of the transmission matrix (A) was (6.25×106)2=3.90625×1013. 

Then the solution of the large system of linear equations 

system (Eq.1) by the relaxed Jacobi method resulted the 

chromatic aberration free images (Fig. 6) (b vector in Eq. 1). 

The procedure required about 50-100 iterations (Fig. 7) and 

50-100 hours running time. The Epass = 1000eV pass energy 

(at the elastic peak) measured and filtered monochromatic 

images are shown in figures 8 and 9, where the effect of the 

filtering is visible well. The background levels are also 

reduced significantly in all the three dimensions of the 

parameter space; in x, y (Fig. 10) and E (Figs. 11-13) showing 

in these cases the effectiveness of FECA SBIEA method. 

 

Fig. 10. The relative intensity distributions of the measured and normed 

FECA SBIEA filtered and stain reduced images to the highest measured peak 

along the solid and dashed lines of Fig. 9 respectively. 

 

Although, these are only the first experimental results of the 

FECA SBIEA method, it was able to eliminate the electron 

background from the investigated Reflection Electron Energy 

Loss Spectra (REELS) and elastic electron peak of SUS-316 

alloy mesh samples (Tables 1, 69) [210,221] significantly 

(Figs. 11-13) and produced monochromatic images only by 

taking into account the instrumental effects without the 

application of any additional energy filter instrument, like 

CHA. Figures 11-13 shows REELS spectra of SUS 316, #100 

line/in wire=0.05mm mesh sample (Tables 1, 6), excited by 

an electron gun (Ee=10000.45eV, beam 250m) (Table 2) 

and measured by the WAAEL based DELMA in E=954-

1034eV range with ΔE=1eV step size (Figs. 5, 6, Tables 2-

5,7) [15], from different parts of the sample. The filtered 

spectra were normalized to the same elastic peak (1000eV) 

intensity as the measured so it is easier to compare them.  

 

Fig. 11. Measured (solid line) and the normalized filtered (dashed line) FECA 

SBIEA filtered and stain reduced  (dashed line) REELS spectra of SUS 316 

#100 line/in wire=0.05mm mesh sample (Table 1, 9) excited by electron gun 

(Eelectron=10000.45eV, beam 250m) (Table 2) and measured by WAAEL 

based DELMA in Eelectron=954-1034eV region with ΔEelectron= 1eV steps (Fig. 

5, 6, Table 2-5,7) [15] and collected from a 10px diameter mesh wire cross 

area (white circle on Figure 9) along the measured and the filtered image 

sequences respectively. The peaks are quite sharp due tobecause the better 

energy resolution of the instrument were higher than the applied energy step, . 

It shows that not only the background level but the relative intensity of the 

peak is better on the filtered images.and the background rise up close to the 

edges because of the boundary conditions. 

 

In these cases other generally applied methods like the 

deconvolution by a Gaussian-type instrumental function or the 

inelastic energy scattering related Shirley-, Tougaard- 

[254,276] and other type background correction procedures 

were not needed to be applied at all, or at least a lower degree 

as usual. 

 

Fig. 12. Measured (solid line) and the normalized filtered (dashed line) FECA 

SBIEA filtered filtered and stain reduced (dashed line) REELS spectra, of 

SUS 316 #100 line/in wire=0.05mm mesh sample (Table 1, 9) excited by 

electron gun (Eelectron=10000.45eV, beam 250m) (Table 2) and measured 

by WAAEL based DELMA in Eelectron=954-1034eV region with ΔEelectron= 1eV 

steps (Fig. 5, 6,Table 2-5, 7) [15] and collected from the five pieces of 10px 

diameter mesh wire cross areas (black and white circles on Figure 9) along the 

measured and the filtered image sequences respectively. On these summarized 

spectra the background reduction of the process is more visible.    The 

background rises up close to the edges because of the boundary conditions. 

 

Fig. 13. Measured (solid line) and the normalized filtered (dashed line) 

spectra, FECA SBIEA filtered filtered and stain reduced (dashed line) REELS 

spectra of SUS 316 #100 line/in wire=0.05mm mesh sample (Table 1, 9) 

excited by electron gun (Eelectron=10000.45eV, beam 250m) (Table 2) and 

measured by WAAEL based DELMA in Eelectron=954-1034eV region with 

ΔEelectron= 1eV steps(Fig. 5, 6, Table 2-5, 7) [15] and collected from the five 

pieces of 10pixel diameter empty mesh hole areas (white crosses on Figure 9) 

along the measured and filtered image sequences respectively.The background 

rises up close to the edges because of the boundary conditions. 

 

The resulted monochromatic images and also the spectra that 

belongs to different image points in these cases are not only 

sharper with better resolution, higher contrast and less 

background level, but closely free of the chromatic aberration 

related lens effects. Also the obtained information in the 

spatial (x,y), angular (α) and energy (E) dimensions of the 

spectral image sequence is supposed to be related more close 



to the real physical conditions of the sample and show hidden 

spatial (and angular, but it was not investigated here) and 

spectral structures compared to the unfiltered measured 

images and spectra. 

On the basis of the present results one can claim that the 

FECA SBIEA filtering method is capable to reduce the effect 

of chromatic aberration, but it can be possibly improved 

further by increasing the size of the measured energy region, 

raising the energy sampling rate (ΔE), application of nonlinear 

boundary condition and higher order off-axes 

r(x,y,α,Epass,Eimp) polynomial for the better description of the 

electron optical system’s behavior. 

V. CONCLUSION 

 

Lens aberrations are strong limiting factors of the spatial, 

angular and energy resolution of different lens systems from 

light to charged particle optics. 

Here we investigated the elimination of the effect of 

chromatic aberration by a new method of Filtering the Effect 

of Chromatic Aberration (FECA) for Wide Acceptance Angle 

Electrostatic Lenses (WAAEL) [14] and WAAEL based 

Display-type Ellipsoidal Mesh Analyzer (DELMA) [15] as 

well as, applied that as a Software Based Imaging Energy 

Analyzer (SBIEA) on measured real-space image sequences 

[18]. 

The method is based on the numerical solution of a large 

system of linear equations where the inverse of a matrix (A-1), 

whose elements represents the chromatic aberration dependent 

transmission functions of the lens system and based on 

electron optical calculations. This A-1 matrix acts on the vector 

(c) that contains the intensity values of image points of the 

measured spectral image sequence, which multiplication 

results in the vector of the chromatic aberration free intensity 

values of the cleaned images (b) and spectra dot by dots. 

Because of the method can clean the given pass energy 2D 

real- (x,y) and k-space angular (α,β) or with other words 

diffraction images and also works along the third energy (E) 

dimension in the parameter space, therefore it is functioning as 

an Software Based Imaging Energy Analyzer (SBIEA) [18] 

and can also be applied in cases of light or other optics and for 

other different aberrations’ corrections too. In cases of 

filtering the effects of chromatic aberration and light optics the 

movement of the detector, while in cases of electron or 

charged particle optics the variation of the electric or magnetic 

fields are needed for taking a series of images with different 

pass energies (Epass). For filtering other type of aberrations the 

questionable dependent parameters are needed to be defined, 

e.g. in the case of spherical aberration the series of images 

have to be taken with different acceptance angles or what is 

better with different acceptance angle zones. 

The FECA SBIEA method showed good results in cases of the 

measured real-space image sequences taken by WAAEL based 

DELMA (see Figs. 2, 5-13) electron optical systems. 

The FECA SBIEA method can eliminate the chromatic 

aberration originated background in significant degree from 

the measured image sequences and can increase their contrast, 

spatial resolution and signal-to-noise ratio. The elimination of 

this background increases the energy resolution pixel by pixel 

along the energy axes such us many individual but cross-

talking spectrometer with pixel size slits following each other 

(Figs. 5-13). This method can also be applied in cases of 

simple electron spectrometers too, whose main goal is only to 

form as small spot of the electron beam, originated from a 

certain area of the sample, at the plane of the entrance slit of 

the spectrometers, as possible. That spot, therefore can be 

taken into account as a bad quality image where then the effect 

of chromatic and other aberrations can also be eliminated by 

the FECA SBIEA and related methods. 

These properties may open new directions in one way by 

eliminating the effect of chromatic aberration and in other way 

making possible the position and angle sensitive spectrometry 

as well as, spectral imaging without the application of 

additional energy analyzer like CHA. 

In case of proper application of FECA SBIEA method the 

filtered real- and k-space diffraction images as well as, the 

related spectra contain only the sample related physical 

information. Furthermore, this FECA SBIEA method [18] can 

be applied for filtering other different type aberrations in cases 

of light- electron- and other optics. 
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TABLES 

 
TABLE 1, ELEMENTAL COMPOSITION OF SUS-316 METAL ALLOY 

MESH MATERIAL [210] FOR THE APPROXIMATE INTERPRETATION OF 

THE OBSERVED REELS SPECTRA (SEE FIG. 9, 16-18) [210-221] 

Element % 

Fe: 63.995-70.995 

Cr: 16.00-18.00 

Ni: 10.00-14.00 

Mn: 2.00-3.00 

Si: 0.75 

N 0.10 

C: 0.08 

P: 0.045 

S: 0.03 

 



TABLE 2, THE MAIN PARAMETERS OF THE APPLIED ELECTRON BEAM 

PRODUCED BY OCI-G10 ELECTRON GUN [232]. 

Applied beam energy 1000eV 

Energy spread (given by the manufacturer) 0.45eV 

Applied beam diameter 250μm 

Applied inclination angle of the electron beam to 

the sample surface 
14 

 

 

 
TABLE 4, THE MAIN PARAMETERS OF PCO SENSICAM QE CCD CAMERA OF 

PCO [265]. 

Resolution: 1376×1040pixel 

exposure time (texp):  

from 500ns 

to 1000s 

dynamic range 12bit 

 

TABLE 5, Main parameters of the applied DELMA configuration (Fig. 4) 

[15]. 

Acceptance angle: ±45 (0.59sr) 

Magnification (in real-space imaging mode): ~x12 

Energy Aperture diameter (EA) located at the 1st 

imaging plane 

10mm 

Sizes of the measured images: 300×300 pixel 

Applied projectile electron energy (Eprojectile): 1000eV 

Electron beam inclination angle to the sample 

surface 
16 

 
TABLE 6, Parameters of the applied mesh sample. 

Mesh size: #100 line/in 

Øwire: 50μm 

 

TABLE 7, Main parameters of the FECA SBIEA calculations for DELMA. 

Applied Acceptance Angle (AA) for calculation: ±45 (0.59 sr) 

Applied Angle Step for the calculation (Δα) 1 

Image size (reduced for the calculation): 250×250px 

Applied Pass Energy range (Epass
i - Epass

f): 954-1034 eV 

Pass Energy step (Epass): 1eV 

Relaxation factor of the Jacobi method(): 0.01 

Constants of Eq. 2  

C10: -0.007 

C220: +0.007 

Constant Intensity Boundary Regions at the left and 

right side (Epass
i– 10) to Epass

i and Epass
f to (Epass

f+ 10) eV 

(see Fig. 10, 11, 15): 

944-954 eV 

1034-1044 eV 

ØPX (pixel size of the measured images) 0.1087mm 

 

TABLE 3, THE MAIN PARAMETERS OF F1094-9 DOUBLE LAYER MCP AND 

PHOSPHOR SCREEN COMBINED DETECTOR OF HAMAMATSU PHOTONICS [243]. 

Outer size: 24.8mm 

Electrode area: 23.9mm 

Effective area: 20mm 

Channel diameter: 10μm 

Channel pitch: 12μm 


