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Abstract: This paper describes the influence of the front electrode bore angle on the 
electron optical performance of the two-electrode electrostatic immersion lens. The 
electrode bore shape is the most important geometrical parameter in any electron optical 
device. Accordingly, a design of an electrostatic immersion lens is presented and its 
electron optical properties are calculated and compared for different values of bore angle of 
the electrode facing the incident electron beam. It has been found that the electrode bore 
angle has a slight effect on the electron optical properties of the electrostatic lens design. 
Moreover, the best compromise aberration coefficients are obtained at an angle equal to 
(16°). 
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Introduction 

Electrostatic lenses are used for the 
extraction, focusing, deceleration and 
acceleration of electron and ion beams. They are 
of great importance in the design of low energy 
electrostatic accelerators such as Cockcroft-
Walton and Van de Graff accelerators [1]. 
Recently, add-on immersion electrostatic-
magnetic lens attachments have been designed to 
improve the resolution of conventional scanning 
electron microscopes (SEMs) which can acquire 
images with a resolution of better than 4 nm at a 
landing energy of 600 eV [2].  

The theory of electrostatic lenses has been 
developed in the early 1930s. The solution of the 
paraxial ray equation and the introduction of the 
matrix formalism are illustrated in [3, 4]. The 
solution of the paraxial ray equation at 
relativistic energies can be found in [5, 6]. Ion 
optics with rotationally symmetric electrostatic 
lenses is presented in [1]. Accurate and extensive 
data calculation on the objective focal properties 
and the third-order aberrations of electrostatic 
lenses can be found in [7, 8]. Progress in the 
calculation of electron optical properties in 

recent years have been reviewed in [9, 10] and 
especially in [11]. 

Intensive studies have been rigorously 
carried out to optimize the geometrical structure 
and the dimensions of electrostatic lenses. New 
models of asymmetrical electrostatic immersion 
lenses have been introduced in [12]. An 
electrostatic einzel lens fabricated using micro-
fabrication technology is described in [13]. The 
design and fabrication of cylindrical multi-
element electrostatic lenses at the nanoscale 
down to 140 nm in aperture diameter and 4.2 µm 
in column length are presented in [14]. 

In this research work, we study the effect of 
front electrode bore angle of a two-electrode 
electrostatic immersion lens on its electron 
optical properties. 

Design Considerations 
The cross-section of the prototype 

electrostatic immersion lens as well as its 
geometrical parameters and shape dimensions 
are shown in Fig. 1. In the proposed design, the 
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voltage applied to the front electrode of 
truncated conical-shaped bore, facing the 
incident electron, is denoted by (V1). The second 
electrode, facing the image side, has a cylindrical 
bore; the applied voltage is denoted by (V2). The 
bore diameters of the two electrodes, denoted by 
(D1) and (D2), are equal to 4 mm and 6 mm, 
respectively [15]. The bore angle of the first 
electrode is denoted by (θ). The space between 
the two electrodes, denoted by (L), is 10 mm.  

 
FIG. 1. Cross-section of the electrostatic immersion 

lens design with its geometrical parameters and 
dimensions 

Procedure and Results 
In order to determine the best bore angle for 

the front electrode of the two-electrode 
electrostatic immersion lens, the electron optical 
properties are calculated and compared 
systematically using constant electrode voltage 
at the same “finite magnification condition” of 
operation [16]. The calculation is accomplished 
by using a modified version of some Munro’s 
programs [16]. The modification made in this 
research work involves enhancing the fine and 
coarse mesh numbers in the axial and radial 
directions. More accurate finite element 
calculations are necessary for handling the 
complicated shape design [17]. Moreover, the 
programs have been modified to calculate and 
illustrate the electron trajectories inside the lens 
structure. 

The spherical aberration coefficient Cs and 
the chromatic aberration coefficient Cc are 
considered as the best criteria for the comparison 
between the optical instruments [8]. These 
coefficients can be calculated numerically from 
the following non-relativistic formula using 
Simpson’s rule [19]: 
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 where (Csi) and (Cci) are the spherical and 
the chromatic aberration coefficients, 
respectively, at the image plain, (Zo) and (Zi) are 
the object and image plane positions, 
respectively, (Vi) is the potential at the image 
plain, (V′) and (V′′) are the first and second 
derivatives of the axial potential, (r) is the 
electron trajectories and (ri′) is the slope of the 
electron trajectories at each point which can be 
found using the following paraxial ray equation: 

ᇱᇱሺܼሻݎ ൅  ௏
ᇲ

ଶ௏
ᇱሺܼሻݎ  ൅ ௏

ᇲᇲ

ସ௏
ሺܼሻݎ  ൌ 0  

 The above equation can be solved numerically 
using the “fourth-order Range-Kutta” method 
[18]. 

The calculation of the electron optical 
properties is completed under the same 
operational condition of applied voltages (V1 = 
100 V) and (V2 = 3 kV) and using the “finite 
magnification condition” with object plain 
position (Zo) equal to 114 mm [15]. In this 
research work, we consider the previous 
parameters as constant values in the calculation 
of the electron optical properties. The values of 
the first electrode bore angle have been chosen 
equal to (0, 5, 11, 16 and 21)°.  

The axial potential distribution is calculated 
for each value of the bore angle and compared in 
Fig. 2. The Figure shows the axial potential 
profile curves at the location of the front 
electrode. These curves rise more rapidly as the 
bore angle increases. 
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FIG. 2. Variation of the axial potential distribution due to the variation of the electrode bore angle 

 

 
FIG. 3. Variation of the front electrode closest equipotential line trajectories with its bore angle θ 

 
 

The variations of the single equipotential 
line with the front electrode bore angle are 
illustrated in Fig. 3. This Figure shows that the 
shift of the equipotential line inside the electrode 
bore becomes greater as the electrode bore angle 
increases. The differences between the 
equipotential line trajectories are more 
noticeable at the small values of the bore angle 
compared to those at the larger values of the bore 

angle. As a result, a larger angle produces a 
stronger stray field inside the bore. 

The electron beam trajectories have also 
been calculated for each value of bore angle. Fig. 
4 shows a comparison of the electron trajectories 
at the cross-over point for different values of the 
bore angle. The Figure shows that the cross-over 
points are shifted toward the image side as the 
bore angle increases (i.e., as the focal length 
increases).  
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FIG. 4. Variation of the electron trajectories profile at the cross-over points due to the variation of the electrode 

bore angle 
 
 

 
FIG. 5. Variation of the spherical and chromatic aberration coefficients due to the variation of the electrode bore 

angle 
 
 

The spherical and the chromatic aberration 
coefficients are calculated for the same range of 
electrode bore angles and compared with each 
other as shown in Fig. 5. The calculation is 
carried out at the same electrodes voltage (V1 = 
100 V and V2 = 3kV). The object plain position 
equals (Zo = 114 mm) at the “finite 
magnification condition”. Fig. 5 shows that the 
spherical aberration coefficient increases as the 
value of the bore angle increases, while the 
chromatic aberration coefficient decreases. 
Accordingly, we can consider that the best 
compromise aberration coefficients are obtained 
at an angle of (16°). 

 
 
 
 

Conclusions 
We study the front-electrode bore angle for 

a new design of immersion electrostatic lens 
different from the planar-apertured and tubular 
electrode configurations. It has been found that 
the electrode bore angle has a slight effect on the 
electron optical properties of the electrostatic 
lens design. The spherical aberration coefficient 
increases as the value of the bore angle 
increases, while the chromatic aberration 
coefficient decreases. The best compromise 
aberration coefficients are obtained at an angle 
of 16°. Larger angles produce more stray field 
inside the bore. The difference between two 
successive equipotential line trajectories 
decreases when the value of the bore angle 
increases. 
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