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ABSTRACT 

The effect of operation modes of condensing magnetic lenses has been 

investigated to determining the total demagnification and the diameter of 

the electron beam coming out of it. The cross-over point inside the 

electron gun is considered as the object (do) with a diameters ranges of 

(10 – 100 µm) to find out the optical efficiency of the double lens 

condensing system and its ability to forming a high précising image of 

the 1
st
 real image formed inside electron gun of thermal emission that 

acts as an actual source of electron beam. The following modes; (weak- 

weak), (weak- strong), (strong- strong), and (strong- weak); denoted as 

(#1, #2, #3, #4 respectively); have been studied. The best value for the 

total demagnification and the diameter of the electron beam has been 

obtained in the mode of (strong- strong; #3); where the parameters were: 

(dMt = 1014.199), (d2 = 49.3 nm), while the worst value has been 

achieved in the mode (weak- weak; #1) (dMt = 31.56267), (d2 = 

1584.15 nm). It is found that by increasing the demagnification of the 

first condenser lens, the demagnification of the final real image 

produced by the double lens system has been positively affected. It is 

found that the relationships that obtained between the demagnification 

and the current density can be used as a calibration curve to obtain the 

required total demagnification for the electronic beam diameter for any 

mode according to the purpose of the desired application. 

Introduction 
Kim et al. have been made a numerical analysis for 

verifying the performance of lens system in a 

scanning electron microscope [1,2,3]. The 

geometrical dimensions of the double lenses have 

been chosen depending on such studies to facilitate 

the possibility of manufacturing them locally. 

Electron microscope that scans of specimen 

topography to get on clear images to the surface is a 

scanning electron microscopy (SEM) by use high 

energy electron beam [4]. From interaction between 

the electrons beam with atoms at the specimen 

surface the Signals will be produced in SEM. High-

resolution images can be produced of the specimen 

surface in conventional SEM, illuminating details of 

size several nanometers. A heated tungsten filament 

type electron gun is generates an electron beam that 

uses for imaging of the specimen, A diameter 

typically of beam of about 10-100 micrometers [2]. A 

set of Magnetic electron lenses were used to 

demagnification of electron beam by a factor of about 

10000. Magnetic electron lenses are widely used for 

demagnification and focusing of electron beam in 

conventional SEMs which are sources of rotationally 

symmetric magnetic field. Condenser and objective 

magnetic lenses are acts on focus of electron beam of 

an SEM. demagnification of electron beam was 

achieved by a set of Condenser lenses, while, 

demagnification of an electron beam probe and 

focusing it onto specimen surface was achieved by 

the Objective lens. Determine the Optical properties 

of the lenses by the distribution of magnetic field 

inside the SEM column [5]. 

Analysis of the electron beam trajectory in the SEM is 

very necessary to obtain on the Characteristics of the 
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electron beam probe. Therefore it becomes determine 

the exact trajectory for a designer of electron beam 

was generated by the magnetic lenses was inevitable. 

A classical methodology to start the desired design; 

first limit the Lorentz force components equivalent to 

a desired trajectory of the electron beam, second 

calculate the corresponding magnetic field 

distributions that would form the beam probe into a 

desired size [6]. 

The equation of paraxial ray is present the most 

important mathematical expression that determine the 

relationship between potential difference of Vr and 

radial position r(z) of an electron is given as [6]: 
𝑑2𝑟(𝑧)

𝑑𝑧2 =
𝑒

8𝑚𝑣𝑟 
𝐵𝑧

2(𝑧)𝑟(𝑧) … (1)  

where: "e is the electron's charge, m is the electron's 

mass, Vr is the relativistically corrected acceleration 

voltage, and Bz is the axial magnetic flux density". 

Comparison value of the focal length that obtained 

from Glaser expression with the value obtained from 

the Busch’s expression for focal length of a magnetic 

lens  Given as [7]: 
1

𝑓
=

𝑒

8𝑚𝑣𝑟
∫(𝐵𝑧(𝑧))2𝑑𝑧 … (2)  

where: f is the focal length. 

In general, a magnetic lens consists of a coil made of 

electrically insulated Copper wire. When a 

continuous electric current (I) passes through its coil 

that contains (N) windings, it generates an axially 

symmetric magnetic field (Bz) along optical axis (z-

axis). The coil deflecting electrons passing through it 

towards the optical axis according to Ampere's law 

[8]: 

∫ 𝐵𝑧𝑑𝑧 = 𝜇𝑜𝑁𝐼
𝑧𝑖

𝑧𝑜
… (3)  

where: "µ0 = 4π × 10
−7

 H. m 
− 1

 is the vacuum's 

permeability, and NI is excitation of the lens". 

The well-known Munro's program that has been 

designed in 1975 [9] and to calculate the optical 

properties investigated in this work. It is based on the 

Finite Element Method to resolve the axial trajectory 

equation inside the optical columns. The solution of 

the paraxial ray equation which is computed by using 

a 4th order Runge-Kutta formula [10]. This program 

is used to find  the Magnetic flux density lines 

through electronic magnetic lens, in addition to find 

the magnetic field intensity inside the lens, and then, 

calculating the magnetic lens properties studied here 

to verifying that it is suitable for working before 

fabrication. This simulation will reduce the both of 

time and costs. 

If it is  assumed that the object is the diameter of the 

cross over inside the electronic gun (do) and the 

distance between the object (do) and the first 

condenser lens C1 is So and the distance between the 

two lenses, first condenser magnetic lens C1 and 

second condenser lens C2 is (L) [11]. These values 

are always from the instrument's constants, d1 and d2 

are the diameter of the electron beam formed after the 

two lenses C1 and C2, respectively, as shown in 

Figure (1). 

 

 
Fig. 1: Schematic Diagram of double condenser lens 

system 
 

The total demagnification in the optical system of 

condenser magnetic lenses was given by [12]: 

𝑑𝑀𝑡 =
𝑆𝑜

𝑆2
= 𝑑𝑀1 ∗ 𝑑𝑀2 … (4)  

where: 𝑆𝑜 is the distance between the object and the 

lens C1, dM1, dM2 demagnification after the two 

lenses C1 and C2, respectively, dMt the total 

demagnification in the optical system. 

The results from equation (4) which obtained from 

numerical analysis programs based on the finite 

element method (FEM) prepared by Munro in 1975 

[9], can be compared with the results that obtained 

from equation (5) based on geometric optics 

according to the following relationship: 
𝑑𝑜

𝑑2
=

𝑆𝑜𝑆2

𝑆1𝑆3
 … (5)  

 where: do is the diameter of the cross over inside the 

electronic gun, d2 diameter of the electron beam after 

the lens C2,, S1 is the distance of the first image from 

the first lens C1, S2 the distance of the first image, 

which is present the object, from the lens C2, S3 the 

distance of the second image formed from the lens 

C2. 

Methodology 
A high-resolution images can be obtained, when the 

diameter of the electron probe falling on the specimen 

must be about (5- 10 nm). Therefore, we need up to 

5000 times of reduction processes to obtain the 

required diameter. In thermal emission electron 

microscopes of the type tungsten, the diameter of the 

electron gun is in the ranges of (10-100 µm). The 

ideal values for miniaturization from any electron 

lens extends from (10- 40 times), meaning we need at 

least three stages of demagnification in order for the 

total reduction to be in the size of the electron probe 

diameter (1000- 64000 times), and accordingly the 

proposed lighting system will be in this study consists 

of two condensed magnetic lenses, symbolized by C1 

and C2, that operate in different modes [4,13]. 

The geometrical dimensions of the double lenses 

have been chosen depending on recent researches 

[1,2,3]. The condensing lenses have been named "C1 

and C2" on the first and second condensing lenses 

respectively, were the two lenses possess the same 

dimensions; inner diameter (D1 = 10 mm), outer 

diameter (D2 = 100 mm), length of the lens (L = 90 

mm) and the coil dimensions (65 x 26 mm
2
). The total 

demagnification has been calculated analytically and 
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geometrically by the double condensing lens system 

(dMt) using the program (M21);considering the 

diameter of the electron beam emitted by the electron 

gun (d0=50 µm), and the total demagnification and 

the total diameter of the electron beam d2 during 

operating. The following modes; (weak- weak), 

(weak- strong), (strong- strong), and (strong- weak) 

respectively. The weak mode is presented by current 

intensity (0.3 A/mm
2
) and strong mode (0.88 A/mm

2
). 

The best value for the total reduction and the 

diameter of the electron beam has been  obtained in 

the mode of (strong- strong); where the parameters 

were: (dMt = 1014.199), (d2 = 49.3 nm), while the 

worst value has been achieved in the mode (weak- 

weak) of (dMt = 31.56267), (d2 = 1584.15 nm ). 

Results and Discussion 
Figure (2) below shows a design of double 

condensing magnetic lenses model that are similar in 

all geometrical dimensions; (L) length of the lens, 

(D1), (D2) inner and outer diameter, respectively, and 

the coil shape. 

 

 
Fig. 2: The double condenser magnetic lenses 

 

The trajectory of the electron beam inside the 

condenser magnetic lenses system is shown in Figure 

(3) for both C1 and C2 lenses, which are accelerated 

with a voltage (10 kV) and a current density (σ1 = σ 

= 2 = 0.6 A/mm
2
). 

 

 
Fig. 3: The electron beam trajectories in condenser 

magnetic lenses system. 
 

Figure (4) shows the relationship between 

demagnification in the diameter of electron beam 

dM1 emerging from the lens C1 as a function of the 

current density σ1 passing through its coil, it was 

found that when the current density increases, the 

demagnification in the electron beam diameter 

increases while, the focal length (f) and the distance 

of the image (Zi) from the first lens C1 decreases with 

the increase of current density σ1. Therefore, using 

these diagrams helps to get all the required data about 

the electron beam coming out of lens C1. 

 
Fig. 4: The optical properties of (dM1, f1, S1) as a 

function of current density(σ1). 
 

Figure (5) illustrates the electron beam diameter d1 

emerging from the condenser magnetic lens C1 as a 

function of the current density σ1 passing through its 

coil, from the shape, can be noticed, decrease of the 

electron beam diameter d1 when the current density 

was increased. diameter of the electron beam ranges 

from (nanometers - micrometers) and carries a 

current. It extends from (Pico-ampere to micro-

ampere), depending on the type of electron gun used, 

the minimum value of the beam current required to 

obtain an image from SEM instruments is called the 

threshold current and is approximately equal to 

ip=1pA and this value is determined by the system of 

detectors and image display devices in SEM. [7,13]. 
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Fig. 5: The electron beam diameter (d1) as a function of 

current density (σ1). 

 

The maximum values of optical properties of the first 

magnetic condenser lens (C1), can be the seen in 

Table (1) which displays the detail for; magnetic flux 

density (Bz), beam refraction position (Zp), position of 

image formation on the optical axis (Zi), focal length 

(f), magnitude of demagnification For the electronic 

beam (dM1), diameter of the electron beam (d1), 

which represents the first true (crossover) image, at 

different current densities (σ1 = 0.3, 0.45, 0.6, 0.73. 

0.88 A/mm
2
) and a constant acceleration voltage (Vr = 

10 kV). Table (1) below illustrates the details of the 

optical properties of the 1
st
 magnetic condenser lens 

(C1) at different current densities (σ1 = 0.3, 0.45, 0.6, 

0.73, and 0.88 A/mm
2
) and a constant acceleration 

voltage (Vr = 10 kV). 
 

Table 1: The optical properties of the 1
st
 magnetic condenser lens (C1) at different current densities, and 

constant acceleration voltage (Vr = 10 kV). 
current 

density 

(σ1) 

A / mm
2
 

beam refraction 

position (Zp) 

mm 

position of 

image formation 

(Zi)mm 

Focal 

length (f) 

mm 

Magnetic flux 

density (Bz)T 

Demagnification 

(dM1) 

Beam 

diameter 

(d1) nm 

0.3 89.84 103.41 13.57 83640.0 5.649 8850 

0.45 89.62 96.38 6.75 12547.0 12.34 4050 

0.6 89.33 93.75 4.42 167290. 19.60 2550 

0.73 89.06 92.58 3.52 203540. 25 2000 

0.88 88.75 91.69 2.94 245350. 29.41 1700 

 

Figure (6) below shows the total demagnification 

(dMt) obtained from the double condenser magnetic 

lens system, which depends on the demagnification 

obtained from first condenser magnetic lens (dM1) 

and current density in the second condenser lens σ2, 

which in its role determines the value of S3. We 

notice from the figure (1) when increasing the current 

density σ1 in the first condenser lens, S1 decreases, 

thus S2 increases for the distance between the two 

lenses L is a constant, as is obvious from figure (1). 

Until we reach the highest value for each of σ1 and 

σ2, and thus we get the highest value of 

demagnification in the electron beam, the operation 

mode will be in the mode (strong, strong). This 

means that the total demagnification (dMt) in the 

condenser lens system depends on the 

demagnification (dM1) in the first condenser lens and 

current density (σ2) passing through second 

condenser lens. 
 

 
Fig. 6: The optical properties of (dMt, f2, S3) as a 

function of current density(σ2) 

Figure (7) below demonstrates the relationship 

between the diameter of the electron beam d2 

emerging from the second condenser lens C2 as a 

function of the current density σ2 passing through its 

coil at different values of the current density of the 

first lens σ1, It is found that when current density σ2 

increases; the beam diameter d2 of the condenser 

magnetic lens system decreased. 
 

 
Fig. 7: The optical properties of (d2) as a function of 

current density(σ2) 
 

It should be mentioned here that Figures (6,7) above 

can be used as a calibration curve to obtain the total 

demagnification required for the diameter of the 

electronic beam by extracting all the interstitial 

values that permeate the studied values, and this is 

can be done by drawing perpendicular lines on the 

horizontal and vertical axes for any needed point for 

any desired mode for specific use according to the 

purpose of the desired application. This is a very 

highlight point in this work. 

Figure (8) below illustrates change of electron beam 

diameter d2 according to operation modes, can be 
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seen that a better electron beam diameter (d2= 49.3 

nm) has been achieved at the mode (strong- 

strong)(#1), however, worse diameter (d2= 1584.1 

nm) has been achieved at (weak- weak)(#3) mode. 

 
Fig. 8: The change of electron beam diameter d2 as a 

function of operation modes. 

 

Table (2) below shows in details the operation modes 

in the magnetic condenser lenses system, the total 

demagnification, and the corresponding electronic 

beam diameters. 

 

Table 2: The operation modes in the magnetic condenser lenses system with total demagnification and the 

corresponding electronic beam diameters 

Condenser 

magnetic lenses 

Operation 

modes 

Current density (σ1, 

σ2)A/mm
2
 

Total Demagnification 

(dMt) 

Electron beam 

diameter (d2) nm 

C1, C2 
(#1-weak, 

weak) 
(0.3, 0.3) 31.5 1584.1 

C1, C2 
(#2-weak, 

strong) 
(0.3, 0.88) 194.8 256.6 

C1, C2 (#3-

strong,strong) (0.88, 0.88) 1014.1 49.3 

C1, C2 (#4-strong, 

weak) 
(0.88, 0.3) 164.3 304.3 

 

Conclusions 
In conclusion, a condenser magnetic lens system has 

been designed, and the electron beam properties were 

reported in this paper. It is found that by increasing 

the demagnification of the first condenser lens, the 

demagnification of the final real image produced by 

the double lens system has been positively affected. 

As a result, a high resolution can be obtained by 

running this system in a strong operation mode and 

obtaining a small electron beam diameter of the 

probe. Finally, It was concluded that the relationships 

that obtained between the demagnification and the 

current density can be used as a calibration curve to 

obtain the total demagnification required for the 

diameter of the electronic beam by extracting all the 

interstitial values that permeate the studied values, for 

any needed point for any required mode according to 

the purpose of the desired application. 
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 المكثفة المغناطيسية العدسات منظومة في الإلكترونية الحزمة قطر على التشغيل أنماط تأثير
 3عبدالله إدريس مصطفى العبدالله ، 2رافع يونس جاسم الصالح ، 1محمد عبدالله حسين

 قسم الفيزياء ، كلية التربية / الحويجة ، جامعة كركوك ، كركوك ، العراق 1
 قسم الفيزياء ، كلية العلوم ، جامعة تكريت ، تكريت ، العراق 2
 قسم الفيزياء ، كلية العلوم ، جامعة الموصل ، الموصل ، العراق 3
 

 الملخص
تشممليل العاسممات المل اةيسممية المكمتحفممة لتحايمما ميمماار التصمملير الكلممز  وقةممر شممعاا الحزمممة ا.لكترو يممة ال ارجممة م  مما  تعت ممر  تممم اراسممة تممنمير   ممما 

 المما  ضمم  بنقةمار  Objective demagnification (doللشمزء ) اا ل الياذف ا.لكترو ز كيةر تصلير (cross-over point يةة الع ور )
الحييييمة اوولم   ذات اقمة عاليمة للصمورةالمزاوج وقارته علم  تكموي  صمورة العاسات المكمفة ية ل ظام بصر لمعرفة الكفاءة ال( ميكروميتر 100 - 10)

 -ضمممعي ) الآتيمممة  اراسمممة او مممما  تممممت  يمممة.لكترو لحزممممة ال فعلمممزيعممممل كمصمممار  المممذي  بعمممار حمممراري .ا ذيلكترو مممز ا. اليممماذفالمتكو مممة اا مممل 
  ممم  فممز ا.لكتممرو   حزمممة وقةممر الكلممز للتصمملير قيمممة  فضممل علمم  الحصممو  تممم(  ضممعي  -قمموي ) و ،(قمموي  -قمموي ) ،( قمموي  -ضممعي ) ،( ضممعي 

 - ضمعي ) الوضم  فمز قيممة  سممممو  تحيميمق تم  ي ما ،d2 = 49.3 nm)) و   (dMt = 1014.199) المعلمات بالميااير كا ت حير  (قوي  - قوي )
 للعاسمة التصملير زيمااة  مل  مم  بن مه وجما ليما  nm (d2 = 1584.15 ( و ) (dMt = 31.56267  حيمر كا مت المعلممات بالميمااير(ضمعي 
 علم  الحصمو  لمذلك  يمكم   تيجمة  إيجما ز بشمكل تمنمرت قما المزاوجة العاسة  ظام ي تج ا التز ال  ائية الحيييية الصورة تصلير فإ   اوول  المكمفة
   يممر؛ا  وجمما     للمسممبار صمملير إلكترو ممز شممعاا قةممر علمم  والحصممو  قمموي( –)قمموي  التشممليل   ممم  فممز ال ظممام هممذا تشممليل  ممل  ممم  عاليممة اقممة

 ليةمر المةلمو  التصملير الكلمز علم  للحصمو  معمايرة كم ح م  اسمت اام ا يمكم  التيمار وكمافة مياار التصلير  ي  علي ا الحصو  تم التز العلقات
  المرغو  التة يق م  لللرض وفي؛ا  م  وي ا.لكترو ية الحزمة

 
 


