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ABSTRACT 

In this paper, an innovative design of the immersion magnetic lens was proposed and some 

improvements were made to it, such as changing the thickness of the back plate of the lens. The 

axial magnetic field of these lenses was calculated by the Finite Element Method and computer 

programs were used to study the optical properties of these lenses for several changes of thickness 

5-10 mm to reach the best design from the proposed changes when the coil is excitation 3300 A.t  

and it turns out that the thickness of 10 mm achieved the best results compared to other changes 

because it has the lowest values of the focal length, which corresponds to the highest values of the 

magnetic field. 
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1. Introduction 

 magnetic lens its main function is to focus the electronic beam that falls on the sample to 

form first image of the sample. The ability of the electron microscope is determined by the 

analytical capabilities of this lens, and it is considered one of the most important parts of electron 

microscopes [1]. Because this lens contributes to chromatic aberration and spherical aberration 

more than other lenses, so it is necessary to take into account the accuracy of manufacturing and 

designing this lens [2]. It can be defined as an axial magnetic field that affects the charged particles 

that pass through it. importance in any electron microscope [3].  The simplest magnetic lens is an 

iron-free coaxial circular coil, but most magnetic lenses contain iron and electrodes. Therefore, 

magnetic lenses are not physical lenses, but rather a magnetic field generated in a coil due to the 

passage of an electric current through it, which works to focus the electronic beam that passes 

through it [4]. This lens is commercially available more than other types due to its ease of 

manufacture, accurate work, and low cost. Another advantage of it is that it has a high analysis 

ability and does not require high voltage to operate. It is more suitable than permanent magnets for 

the possibility of changing the value of the magnetic field by changing the amount of current 

through the coil. Or change the number of coil turns [5]. In a scanning electron microscope there 

are three basic designs of objective lenses, depending on the position of the sample and the 

magnetic flux [6]. One of these lenses is the magnetic objective lens immersed in this lens. The 

sample is placed inside the lens and within its magnetic field. Its focal length is very small (2-5 

mm), which makes it suitable for use in high-resolution instruments. One of the disadvantages of 

this lens is the determination of the sample size, which does not exceed (5 mm). It is also not 

suitable for the examination of samples containing magnetic materials [7]. 
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The researchers Zeina and Taleb, studied in 2021 AD the design of a double distortion 

electromagnetic lens consisting of two identical lenses using the EOD program. The focal 

properties of this lens were calculated by changing the magnetic flux density of one of the two 

monocular lenses by changing the diameter of the axial aperture [8].  In 2021, researchers Basma 

and Ahmed studied the design of a symmetrical magnetic lens under optimal conditions. The lens 

was designed using the EOD program and its geometric and optical properties were studied by 

studying the effect of the diameter of the axial aperture, as well as the air gap between the two 

poles, the thickness of the electrodes, and the irritation coefficient to obtain the best optical 

properties [9]. The researchers, Rafi and others, studied in 2022 AD the effect of the geometric 

shape of the arm of the pole head on the bipolar lens and studied its magnetic and optical properties 

in terms of coefficient of spherical and chromatic aberration, and it was found that there were slight 

changes in them, but the focal length did not occur in it a noticeable change [10]. Also, in 2022 

AD, Mardin and Muhammad were able to study the effect of the distance between the two poles 

on the focal properties of the immersed magnetic lens, and found that the distance between the two 

poles has a direct effect on the focal properties, and they obtained the best distance of 2 mm because 

it has the lowest values for the focal length and the highest value for analysis [11]. 

2. Theory Part 

The principle of the magnetic lens when passing a continuous current (I) in a circular coil 

containing a number of turns (N) generates a magnetic field  𝐵𝑧 that affects the electronic beam 
inside the track and deflects electrons towards the optical axis [12]. Expressing it according to 

Ampere's law [13]: ∫ 𝐵𝑧𝑑𝑧 = 𝜇𝑜𝑁𝐼
+∞

−∞                                                                          …(1) 

Where: NI is the irritation of the lens in units of Ampere-turn (A.t). 

o = space permeability and equal to (410-7  H/m)    

motion of an electron within an axially symmetric magnetic field is given by: 

 
ⅆ2𝑟

ⅆ2𝑧
+ (

ⅇ

8𝑚𝑉𝑟
)𝐵𝑧

2𝑟 = 0                                                                     …(2) 

 Where (r) represents the height of the electron beam path from the optical axis, (e) represents the 

electron charge, (Bz) represents the axial magnetic flux density distribution, (m) represents the mass 

of the electron, and (Vr) represents the proportionally corrected acceleration voltage of the electron 

beam and is equal to [14]: 

 𝑣𝑟 = 𝑣𝑎(1 + 0.978 × 10−6𝑣𝑎)                                                       …(3) 

Where (𝑣𝑎) represents the acceleration voltage of the electronic beam. 

The high precision of the objective lens design helps to reduce spherical aberration significantly, 

as Scherzer pointed out. Spherical aberration cannot be completely eliminated in the symmetric 

lens as it occurs in the glass lens, but it can be reduced by using an asymmetric lens that has less 

aberration than the symmetric lens [15]. The spherical aberration coefficient CS of a magnetic lens 

with magnetic flux density Bz can be calculated according to the following relationship [16]: 

𝐶𝑠 =
ⅇ

128𝑚𝑉𝑟
∫ (

3ⅇ
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𝐵𝑧
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𝑍0
  …(4) 

Where the magnetic flux density Bz is: 
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𝑅𝛼(𝑧) It is a solution to the axial beam equation. 

The chromatic aberration arises due to the difference in the energy of the charged particles, 

where the particles with higher energy diffuse to a farther distance than the particles with lower 

energy causing different focal points, resulting in the formation of a disorder disk with diameter dc 

given by the equation [17]: 

𝑑𝐶 = 𝐶𝐶
𝛥𝑉

𝑉𝑟
𝛼                                                                                  …(6) 

Where Cc is the chromatic aberration coefficient and )
rV

V
( the percentage change in the 

acceleration voltage, and the chromatic aberration coefficient Cc of the magnetic lens can be 

obtained from the following relationship [18]: 

𝐶𝑐 =
ⅇ

8𝑚𝑉𝑟
∫ 𝐵𝑧

2𝑧𝑖

𝑧𝑜
𝑅𝛼

2 (𝑧)𝑑𝑧                                                             …(7) 

The chromatic aberration can be reduced either by increasing the acceleration voltage or by 

providing a highly stable voltage to obtain a single wavelength beam or by increasing the aperture 

diameter to reduce voltage disturbances [19][20]. The lens or electron microscope has a specific 

characteristic called resolving ability, which is defined as the ability of the lens to form two separate 

images of two points on the sample, where it was generally believed that if the lens was well made, 

ideally, and with high magnification, the material could be seen using the microscope with the 

smallest details of the internal structure, but The scientist Abbe concluded that the analytical ability 

is limited by the phenomenon of diffraction, that is, a lens that cannot form separate images of two 

adjacent points on the model if their separation from each other is less than the limits of analysis, 

and these limits are called the critical distance given by the following relationship [21]: 

𝛿 =
𝑘𝜆

𝑛𝑠𝑖𝑛 𝜃
                                                                                     …(8) 

where δ is the resolving power, k is the resolving power constant, λ is the wavelength, n sinθ the 

numerical aperture, θ is the angle of the beam cone and n is the refractive index of the medium 

between the lens and the sample. 

3. Experimental Part 

3.1 Lens Design For Four Changes on the Thickness Back Plate 

Four changes were chosen for the thickness of the iron back plate of the immersion lens, 

which are (D = 5, 6, 8, 10), respectively, as shown in Figure (1), Electromagnetic analyzes were 

carried out using the finite element method on lenses, including the calculation of the axial magnetic 

flux density distribution using FEM-CMFD program for the four changes at constant excitation NI 

= 3300 A.t and current density σ = 2 A/mm2 and as shown in Figure (2) and through these analyzes 

the focal properties of those lenses were calculated using the program MELOP represented by the 

focal length and coefficient of spherical aberration and coefficient Chromatic aberration and 

analysis ability, which is shown in Figures (3), (4), (5) and (6). 
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3.2 Calculation Of Axial Magnetic Flux Density 

In order to design a high-efficiency ferromagnetic lens, this lens must generate the highest 

possible peak axial magnetic flux density and correspond to the smallest bandwidth at the mid-

value of its distribution [10]. Using the FEM-CMFD program, the axial magnetic flux density (Bz) 

distribution of the lens was calculated. The proposed four changes at excitation (NI = 3300 A-t) as 

shown in Figure (2) below . 

 

 

 

 

 

 

 

 

 

  

  

D= 5 mm D= 6 mm 

D= 8 mm D= 10 mm 

Fig. (1): Diagram of four changes of the immersion lens D= 5, 6, 8, 10 mm. 
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We note from Figure (2) that increasing the thickness of the iron back plate leads to a slight 

increase in the maximum value of the magnetic flux density Bmax, and this in turn will give the lens 

good focal properties. From the figure, we note that the change D = 10 mm represents the best 

change compared to the rest of the proposed changes. The optical properties of these four changes 

of plate thickness to choose the best design. The table below (1) shows a summary of the 

electromagnetic analyzes of the four changes of the immersion lens. 

Table (1): Summary of the electromagnetic analyzes of the four changes of the immersion 

lens. 

(Tasla)z max B Apex position Z(mm) D(mm) 

1.3532 1 5 

1.3535 1 6 

1.3540 1 8 

1.3545 1 10 

 

Despite obtaining this clear detail of the values of the magnetic flux density distribution 

curves above, this result is still not sufficient to distinguish the best lens among these lenses because 

of the presence of other extremely important properties that have not been studied yet,  such as the 

optical properties. To study the optical properties of the four proposed changes of the magnetic lens 

Selected for the purpose of obtaining the best change from them, these properties were calculated 

using the MELOP program at the acceleration voltage range (Vr = 100 v-10 kv)) as shown in the 

following figures and tables. Figure (3) shows the change in spherical aberration for different 

thicknesses of the back plate (S) as a function of the acceleration voltage V r at constant excitation 

NI = 3300 A.t 

 

Fig. (2): Distribution of the axial magnetic flux density (Bz) of the lens immersion in 

different thicknesses of the back plate (D) at constant Vr = 10 kv. 
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Fig. (3): Variation of spherical aberration for different back plate thicknesses (D) as a 

function of acceleration voltage Vr at constant excitation NI = 3300 A.t. 

 

Fig. (4): Variation of chromatic aberration for different back plate thicknesses (D) as a 

function of acceleration voltage Vr at constant excitation NI = 3300 A.t. 

 
Fig. (5): Focal length variation of different back plate thicknesses (D) as a function of 

acceleration voltage Vr at constant excitation NI = 3300 A.t. 
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We note from the figures above that there is a great agreement for the values of the different 

changes in the thickness of the plate for the optical properties as a function of the acceleration 

voltage Vr at constant excitation NI = 3300 A.t. To make sure of this, the values are shown in Table 

(2) below when starting the change from voltage Vr = 10 kv-100 kv. 

Table (2): The optical properties of the four changes of the ferrous back plate of the lens.  

D Vr (volt) Cs Cc Fo δ 

5 mm 70000 0.9 0.98 1.32 0.091084 
 80000 1.01 1.04 1.4 0.08917 

 90000 1.12 1.11 1.48 0.087551 
 100000 1.24 1.18 1.55 0.086328 

6 mm 70000 0.9 0.98 1.31 0.091084 

 80000 1.01 1.04 1.4 0.08917 
 90000 1.12 1.11 1.48 0.087551 

 100000 1.24 1.18 1.55 0.086328 
8 mm 70000 0.9 0.98 1.31 0.091084 

 80000 1.01 1.05 1.4 0.08917 
 90000 1.12 1.11 1.48 0.087551 

 100000 1.24 1.18 1.55 0.086328 
10 mm 70000 0.9 0.98 1.31 0.091084 

 80000 1.01 1.05 1.4 0.08917 
 90000 1.12 1.11 1.47 0.087551 

 100000 1.24 1.18 1.55 0.086328 

 

From the foregoing and by comparing the theoretical results of the figures and tables shown 

above, it is clear to us that there is a great match in the properties and slight changes occurred at 

the thickness D = 10 mm, despite its slight difference in values, but it achieved the best results 

because it has the lowest values for the focal length, which corresponds to the highest value of the 

magnetic field at A constant value of the irritation factor (NI) relative to the rest of the changes, so 

the best thickness of the iron back plate of the immersion lens will be chosen. 

 
Fig. (6): Variation of resolving power for different back plate thicknesses (D) as a function 

of acceleration voltage Vr at constant excitation NI = 3300 A.t. 
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4. Conclusions 

The immersion magnetic lens with a thickness of D = 10 mm for the iron back plate achieved 

the best results because it had the lowest values for the focal length that corresponds to the highest 

value for the magnetic field. As for the coefficients of spherical and chromatic aberration, there 

was a great agreement at a constant value of the irritation factor (NI = 3300 A.t), and this means 

The higher the thickness of the plate, the better the magnetic and optical properties. And that the 

lens has a maximum value for the distribution of the axial magnetic flux density (Bz max = 1.3545 

Tasla) at the location Z = 1 mm. 
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