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Abstract  

A theoretical investigation is carried out by using an analytical expression 

for paraxial trajectory of an electron in a magnetic lens to estimate the 

optimum properties of the magnetic lens.  

The aberration coefficients of the magnetic lens are studied, such as the 

spherical, chromatic, radial distortion and spiral distortion aberration 

coefficients. The Glaser's bell-shaped model is adopted to represent the 

axial field distribution of magnetic lens. The initial momentum of the 

electrons is taken into account, where the calculations are made for two 

cases: when the electrons have zero and non-zero initial momentum 

values .  

     The optimization role is achieved by changes some of the effective 

parameters at the range of the half-width at half maximum (a = 2.01, 

2.02, 2.03 and 2.04 mm), the maximum magnetic flux density (Bm = 

0.001, 0.002, 0.003 and 0.004 Tesla) and the electron emission angle (θ = 

0.2, 0.4, 0.5 and 0.6 rad).  

     In the present results the optimum values for both cases of the initial 

momentum is found at the half-width at half maximum equal to 2.04 mm, 

and the values of the spherical, chromatic and spiral distortion aberration 

coefficients decreased as the half-width at half maximum (a) increased, 

while the minimum values of the spherical and radial distortion aberration 

coefficients are found at Bm = 0.004 Tesla in the first case.  

     However the best angle is found at θ = 0.2 rad which is directly 

proportional which chromatic and spiral distortion aberration coefficients.  

     On the other hand the calculations appeared that the negative values 

for both spherical and radial distortion aberration coefficients are 

estimated and these coefficients can be used as corrector in the optical 

systems.  
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Chapter Three  

Results and Discussion  

3-1 Introduction   

In the present work the analytical method is used to study the optical properties of 

the magnetic lens which give rise to the minimum aberration coefficients. 

     The calculations are achieved by writing a computer program using 

MATHCAD 14. The calculations are divided into two parts: the first, when the 

initial momentum of electrons is equal to zero, i.e. the electrons start from the 

object displaced outside the magnetic field. The second, when the initial 

momentum of electrons doesn't equal to zero. 

     The optimization is made by changing some parameters as the maximum 

magnetic flux density and the half-width at half maximum of the magnetic lenses. 

Also the effect of change the electron emission angle is taken into account in the 

study of the optical properties when the initial momentum doesn't equal to zero.   

3-2 Magnetic Flux Density Distribution  

The axial flux density distribution of lens B(z) is computed by using Eq. (2-1) for 

many values of the maximum magnetic flux density (Bm = 0.001, 0.002, 0.003 and 

0.006 Tesla)  and the results are shown in figure (3-1). 
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  Figure (3-1): Axial flux density distribution of the magnetic lens for               
                        Bm= 0.001, 0.002, 0.003 and 0.006 Tesla.  
      

3-3 Zero Initial Momentum  

Different values of the half-width at half maximum (a) such as a = 1, 1.5, 2, 2.5 

and 3 mm are tested and the calculations show that the value of the half-width at 

half maximum at a = 2 mm gives the best results for all aberration coefficients 

acceptable. Also, it was found that the calculation is very sensitivity to the slightly 

changing in values of the half-width at half maximum. Therefore, different values 

of the half-width at half maximum around these values (a = 2.01, 2.02, 2.03 and 

2.04 mm) are taken into account to find the best results.   

3-3-1 The effects of changing the half-width at half maximum 

The aberration coefficients are computed for different values of the half-width at 

half maximum (a = 2.01, 2.02, 2.03 and 2.04 mm) at constant maximum magnetic 

flux density (Bm = 0.001 Tesla) and the results are shown as following: 
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3-3-1-1 electron beam trajectory   

The analytical solution was found for rb/ro for equation (2-9) with the Glaser field, 

electron trajectories (basic trajectories) start normal to the specimen with different 

values of the half-width at half maximum. The electron beam trajectory along the 

magnetic field has been computed using Eq. (2-14), and the effects of changing the 

half-width at half maximum has been investigated  at constant values of the 

maximum magnetic flux density (Bm= 0.001 Tesla) and excitation parameter 

( ��
���	)=11.068 (Amp.turn/ (Volt)0.5), and the results are shown in figure (3-2). 

 

  Figure (3-2): Electron beam trajectory for the magnetic lens at excitation     

                        parameter ( ��
���	) =11.068 and Bm= 0.001 Tesla for different values  

                       of the half-width at half  maximum (a).  

 
The computations appear that when the values of the half width at half maximum 

(a) increase from 2.01 to 2.04 mm the electron beam trajectory becomes smoother, 

i.e. the fluctuation between the upper and lower values of the displacement from 

the optical axis is reduced.  
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The variation in the upper and lower values of rb/ro of the trajectory for whole 

range of the relative optical path z/a is small when the values of the half-width at 

half maximum (a) are high. 

In general the results of the present work illustrated in figure (3-2) have the same 

behavior as the results of in the work of Melnikov and Potapkin [2].       

3-3-1-2 spherical aberration coefficients  

The relative spherical aberration coefficients are computed by using Eq. (2-20) and 

the effects of variation of the half-width at half maximum (a) are studied, as shown 

in figure (3-3).  

 

  Figure (3-3): Relative spherical aberration coefficients as a function of   

                        the excitation parameter 	 ��
���	
for different values of the half-width           

                        at half  maximum. 

 

     From this figure one can observed that at the low values of excitation parameter 

	 ��
���	
, the values of the relative spherical aberration coefficients are closed to each 

other for different values of the half-width at half maximum, and the relative 
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spherical aberration coefficients values is  diverge at the range of high excitation 

parameter 	 ��
���	
. 

      Also in figure (3-3), the values of the relative spherical aberration coefficients 

Cs/fo are decreased when the half-width at half maximum (a) increases and at the 

half-width at half maximum (a = 2.04 mm) one can find the lowest values. This 

behavior is shown clearly in figure (3-4), where the relative spherical aberration 

coefficients are plotted as a function of the half-width at half maximum for 

constant value of the excitation parameter 	 ��
���	
 = 11.068 (Amp.turn/(Volt)0.5).    

     The results show that the values of the spherical aberration coefficients are 

negative and this results can be used to design the magnetic lens which can be 

achieved the role of the corrector in the electron optical system, where the 

researches in the last 10 years interest by the benefits of the negative spherical 

aberration coefficients in the design of high resolution electron microscopy [see in 

44, 45, 46, 25, 1, 43, 27, 28, 42, 29 and 31].  

  
      Figure (3-4): Variation of the relative spherical aberration coefficients                     
                            Cs/fo as a function of the half-width at half maximum.  
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3-3-1-3 chromatic aberration coefficients  

The relative chromatic aberration coefficients are calculated by using Eq. (2-23), 

as shown in figure (3-5). 

 

  Figure (3-5): Relative chromatic aberration coefficients as a function of  

                         the excitation parameter 	 ��
���	
for different values of the half-width     

                         at half maximum. 
      

      From this figure one can found that the values of the relative chromatic 

aberration coefficients Cc/fo increase as the excitation parameter  ( ��
���	) increases. 

Also, the results show that the values of the relative chromatic aberration 

coefficients Cc/fo increase when the values of the half-width at half maximum (a) 

decrease and at the range of the half-width at half maximum (a = 2.01, 2.02, 2.03 

and 2.04 mm) the best values of the relative chromatic aberration coefficients are 

found at the half-width at half maximum equal to 2.04 mm. This behavior is shown 

clearly in figure (3-6), where the relative chromatic aberration coefficients are 

plotted as a function of the half-width at half maximum for constant value of the 

excitation parameter 	 ��
���	
 = 11.068 (Amp.turn/(Volt)0.5).     
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 Figure (3-6): Variation of the relative chromatic aberration coefficients   Cc/fo                                                      
                       as a function of the half-width at half maximum.  
 

3-3-1-4 spiral distortion aberration coefficients 
  
The relative spiral aberration coefficients are computed by using Eq. (2-29), as 

shown in figure (3-7).      

 

 Figure (3-7): Relative spiral aberration coefficients as a function of the  

                       excitation parameter ( ��
���	)for different values of the half-width at       

                       half  maximum.  
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      It is noticed from figure (3-7) that the values of the relative spiral aberration 

coefficients Dsp/fo increase as the excitation parameter  ( ��
���	) increases. Also, the 

results are shown that the values of the relative spiral aberration coefficients Dsp/fo 

increase when the half-width at half maximum (a) decrease. The minimum values 

of the relative spiral aberration coefficients are found at half-width at half 

maximum equal to 2.04 mm. This behavior is illustrated in figure (3-8), where the 

relative spiral aberration coefficients are plotted as a function of the half-width at 

half maximum for constant value of the excitation parameter 	 ��
���	
 = 11.068 

(Amp.turn/(Volt)0.5).     

 

   Figure (3-8): Variation of the relative spiral aberration coefficients    
                         Dsp/fo as a function of the half-width at half maximum.  

 

3-3-1-5 radial distortion aberration coefficients  

The relative radial aberration coefficients are computed by using Eq. (2-26) which 

the effects of variation of the half-width at half maximum (a) are studied. and the 

results are shown in figure (3-9). 
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  Figure (3-9): Relative radial aberration coefficients as a function of the  

                         excitation parameter ( ��
���	)for different values of the half-width at      

                         half  maximum.   
     

      From this figure it is noticed that the values of the relative radial distortion 

coefficients Drad/fo decrease as the excitation parameter  ( ��
���	)  increases. Also, the 

results show that the values of the relative radial distortion coefficients Drad/fo 

increase when the half-width at half maximum (a) increases and at the range of the 

half-width at half maximum (a = 2.01, 2.02, 2.03 and 2.04 mm) the best values of 

the relative radial distortion coefficients are found at the half-width at half 

maximum equal to 2.01 mm. figure (3-10) illustrated the relative  radial aberration 

coefficients as a function of the half-width at half maximum for constant value of 

the excitation parameter 	 ��
���	
 = 11.068 (Amp.turn/(Volt)0.5).      
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 Figure (3-10): Variation of the relative radial aberration coefficients Drad/fo       
                          as a function of the half-width at half maximum.  

    

 3-3-2 The effects of changing the maximum magnetic flux density  

The aberration coefficients are investigated for different values of the maximum 

magnetic flux density (Bm= 0.001, 0.002, 0.003 and 0.004 Tesla) at the constant 

value of the half-width at half maximum (a = 2.04 mm), and the results are shown 

as following:  

3-3-2-1 spherical aberration coefficients  

The relative spherical aberration coefficients are computed by using Eq. (2-20) and 

the effects of variation of the maximum magnetic flux density (Bm) are 

investigated, and the results are shown in figure (3-11).  
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  Figure (3-11): Relative spherical aberration coefficients as a function of          

                           the excitation parameter 	 ��
���	
	for different values of the          

                           maximum  magnetic flux density. 
   
      
      From this figure one can see that the values of the relative spherical aberration 

coefficients Cs/fo decrease as the excitation parameter  ( ��
���	) increases.   

     Also, the results show that at the low values of excitation parameter		 ��
���	
,  the 

values of  relative spherical aberration coefficients are closed to each other for 

different values of the maximum magnetic flux density (Bm= 0.001, 0.002 and 

0.003 Tesla) and the values of the relative spherical aberration coefficients values 

are diverge at the range of high excitation parameter 	 ��
���	
.    

      In figure (3-11), the values of the relative spherical aberration coefficients Cs/fo 

are decreased when the maximum magnetic flux density (Bm)  is increasing, and at 

the maximum magnetic flux density (Bm= 0.004 Tesla) one can find the best 

results. This behavior is shown clearly in  figure (3-12), where the relative 

spherical aberration coefficients are plotted as a function of the maximum 
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magnetic flux density for constant value of the excitation parameter 	 ��
���	
 =

11.068 (Amp.turn/(Volt)0.5).     

 

 Figure (3-12): Variation of the relative spherical aberration coefficients               
                         Cs/fo as a function of the maximum magnetic flux density.    
    
                      

3-3-2-2 chromatic aberration coefficients 
  
The relative chromatic aberration coefficients are calculated by using Eq. (2-23) 

and the effects of variation of the maximum magnetic flux density (Bm) are 

investigated, as shown in figure (3-13).  
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 Figure (3-13): Relative chromatic aberration coefficients as a function of the                          

                         excitation parameter ( ��
���	)for different values of the maximum   

                         magnetic flux density. 
      

     From this figure it is founded that the values of the relative chromatic aberration 

coefficients Cc/fo increase as the excitation parameter  ( ��
���	) increases. However, 

the values of the relative chromatic aberration coefficients Cc/fo increase when the 

maximum magnetic flux density (Bm) increase, and at the range of the maximum 

magnetic flux density (Bm= 0.001, 0.002, 0.003 and 0.004 Tesla) the best values 

are found at the maximum magnetic flux density equal to 0.001 Tesla.  And this 

behavior is shown clearly in figure (3-14), where the relative chromatic aberration 

coefficients are plotted as a function of the maximum magnetic flux density for 

constant value of the excitation parameter 	 ��
���	
 = 11.068 (Amp.turn/(Volt)0.5).    
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Figure (3-14): Variation of the relative chromatic aberration coefficients  Cc /fo           

                         as a function of the maximum magnetic flux density.     
                         

 3-3-2-3 spiral distortion aberration coefficients  
      
The relative spiral aberration coefficients are computed by using Eq. (2-29) and the 

effects of variation of the maximum magnetic flux density (Bm) are investigated, 

and the results are shown in figure (3-15).  

 

 Figure (3-15):  Relative spiral aberration coefficients as a function of the     

                         excitation parameter ( ��
���	)	for different values of the maximum  

                         magnetic flux density. 
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     It is noticed from this figure that the values of the relative spiral aberration 

coefficients Dsp/fo increase as the excitation parameter  ( ��
���	) increases. The values 

of the relative spiral aberration coefficients Dsp/fo increase when the maximum 

magnetic flux density (Bm) increase and the minimum values are found at the 

maximum magnetic flux density equal to 0.001 Tesla. This behavior is shown 

clearly in figure (3-16), where the relative spiral aberration coefficients are plotted 

as a function of the maximum magnetic flux density for constant value of the 

excitation parameter 	 ��
���	
 = 11.068 (Amp.turn/(Volt)0.5).     

 

Figure (3-16): Variation of the relative spiral aberration coefficients Dsp /fo      
                        as a function of the maximum magnetic flux density.   

 

3-3-2-4 radial distortion aberration coefficients  
       
The relative radial aberration coefficients are estimated by using Eq. (2-26), and 

the effects of variation of the maximum magnetic flux density (Bm) are investigated 

and the results are shown in figure (3-17).  
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   Figure (3-17): Relative radial aberration coefficients as a function of the  

                           excitation parameter 	 ��
���	
	for different values of the maximum  

                            magnetic flux density.  
     

     It is founded from figure (3-17) that the values of the relative radial aberration 

coefficients Drad/fo decrease as the excitation parameter ( ��
���	) increases. However, 

the results show that the values of the relative radial aberration coefficients Drad/fo 

decrease when the maximum magnetic flux density (Bm) increase and at the range 

of the maximum magnetic flux density (Bm= 0.001, 0.002, 0.003 and 0.004 Tesla) 

the best values are found at the maximum magnetic flux density equal to 0.004 

Tesla. This behavior is shown clearly in figure (3-18), where the relative radial 

aberration coefficients are plotted as a function maximum magnetic flux density 

for constant value of the excitation parameter 	 ��
���	
 = 11.068 (Amp.turn/(Volt)0.5).     
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 Figure (3-18): Variation of the relative radial aberration coefficients  Drad /fo         
                         as a function of the maximum magnetic flux density.  
 

 
The best values of the aberration coefficients are shown in table (1and 2): 
 
Table 1:  The minimum aberration coefficients for different values of the half       
                width at half maximum (a = 2.01, 2.02, 2.03 and 2.04 mm). 
 

Aberration coefficients  Half width at half maximum (a) 

Cs = -9.271 2.04 mm 

Cc = 0.215 2.04 mm 

Dsp = 8.99 ˟ 10-7 2.04 mm 

Drad = -1.152 2.01 mm 
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Table 2:  The minimum aberration coefficients for different values of the     
                 maximum magnetic flux density (Bm = 0.001, 0.002, 0.003 and    
                0.004 Tesla). 
 

Aberration coefficients  Maximum magnetic flux density (Bm) 

Cs = -3.136 0.004 Tesla 

Cc = 0.215 0.001 Tesla 

Dsp = 8.9 ˟  10-7 0.001 Tesla 

Drad = -13.889 0.004 Tesla 

 

3-4 Non-Zero Initial Momentum  

3-4-1 The effects of changing the electron emission angle 

The aberration coefficients are computed for different values of the electron 

emission angle (θ = 0.2, 0.4, 0.5 and 0.6 rad) at constant maximum magnetic flux 

density (Bm= 0.006 Tesla) and constant value of the half-width at half maximum (a 

= 2.01 mm), and the results are as following:    

3-4-1-1 electron beam trajectory  
       
The analytical solution can be obtained for r/ro for equation (2-5) with Glaser's 

field, since the adjacent trajectories with different values of the angular component 

of the momentum pθ has been taken into account. The electron beam trajectory 

along the magnetic field has been computed using Eq. (2-12), and the effects of 

changing the electron emission angle has been investigation at constant value of 

the excitation parameter ( ��
���	)  =11.068 (Amp.turn/(Volt)0.5 ), and the results are 

shown in figure (3-19).  
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Figure (3-19): Electron beam trajectory for the magnetic lens at excitation           

                         parameter 	 ��
���	
= 11.068(Amp.turn/(Volt)0.5) for different values of the 

electron emission angles.                                   
          

    The computations appear that when the values of the electron emission angle (θ) 

decrease the electron beam trajectory becomes more smooth , i.e. the fluctuation 

between the upper and lower values of the displacement from the optical axis 

reduce.    

The variation between the upper and lower values of r/ro of the trajectory for 

whole range of the relative optical path z/a is increasing when the electron 

emission angle (θ) increase. 

3-4-1-2 spherical aberration coefficients  

The relative spherical aberration coefficients are calculated for different values of 

the electron emission angle, and the results are shown in figure (3-20).  
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  Figure (3-20): Relative spherical aberration coefficients as a function of the      

                           excitation parameter 	 ��
���	
	for different values of the electron   

                           emission angle. 
   

     From this figure one can observed that at the low values of excitation parameter 

( ��
���	) the values of the relative spherical aberration coefficients are closed to each 

other for different values of the electron emission angles, and the relative spherical 

aberration coefficients values diverge at the range of high excitation parameter 

	 ��
���	
.The values of the relative spherical aberration coefficients Cs/fo decrease 

when the electron emission angle (θ) increase and at the electron emission angle 

equal to 0.6 rad one can find the lowest values of the relative spherical aberration 

coefficients. This behavior is shown clearly in figure (3-21), where the relative 

spherical aberration coefficients are plotted as a function of the electron emission 

angle at constant value of the excitation parameter 	 ��
���	
 = 11.068 

(Amp.turn/(Volt)0.5).  
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   Figure (3-21): Variation of the relative spherical aberration coefficients  Cs/fo     
                           as a function of the electron emission angle.  

 
3-4-1-3 chromatic aberration coefficients  

The relative chromatic aberration coefficients are calculated for different values of 

the electron emission angle, and the results are shown in figure (3-22).   

  

 Figure (3-22):  Relative chromatic aberration coefficients as a function of     

                           the excitation parameter ( ��
���	)for different values of the electron  

                          emission angle. 
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      From this figure one can find that the values of the relative chromatic 

aberration coefficients Cc/fo increase as the excitation parameter  ( ��
���	) increases. 

The relative chromatic aberration coefficients Cc/fo has minimum value at the 

electron emission angle equal to 0.2 rad. From these results one can be observed 

that the increasing of the electron emission angle leads to increase the relative 

chromatic aberration coefficients. In figure (3-23), the relative chromatic 

aberration coefficients are plotted as a function of the electron emission angle at 

constant value of the excitation parameter 	 ��
���	
 = 11.068 (Amp.turn/(Volt)0.5). 

 

 Figure (3-23): Variation of the relative chromatic aberration coefficients      
                          Cc/fo as a function of the electron emission angle.  
  

3-4-1-4 spiral distortion aberration coefficients  

The relative spiral aberration coefficients are calculated for different values of the 

electron emission angle, and the results are shown in figure (3-24).   
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   Figure (3-24): Relative spiral aberration coefficients as a function of the                        

                           excitation parameter 	 ��
���	
	for different values of the electron                             

                           emission angle.     
      

     From this figure one can find that the values of the relative spiral aberration 

coefficients Cc/fo increase as the excitation parameter  ( ��
���	) increases. Also the 

relative spiral aberration coefficients Cc/fo has best value at the electron emission 

angle equal to 0.2 rad. From these results one can observed that the increasing of 

the electron emission angle leads to increase the relative spiral aberration 

coefficients. This behavior is shown clearly in figure (3-25), where the relative 

spiral aberration coefficients are plotted as a function of the electron emission 

angle at constant value of the excitation parameter 	 ��
���	
 = 11.068 

(Amp.turn/(Volt)0.5). 
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 Figure (3-25): Variation of the relative spiral aberration coefficients  Dsp /fo as     
                         a function of the electron emission angle. 

 

3-4-1-5 radial distortion aberration coefficients  

The relative radial aberration coefficients are found for different values of the 

electron emission angles, and the results are shown in figure (3-26). 

  

Figure (3-26):  Relative radial aberration coefficients as a function of the     

                         excitation parameter 	 ��
���	
	for different values of the electron   

                         emission angle. 
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     Figure (3-26) shows that the relative radial aberration coefficients Drad/fo 

decrease as the excitation parameter  ( ��
���	)  increases. Also the relative radial 

aberration coefficients Cc/fo at the range of the electron emission angle (θ = 0.2, 

0.4, 0.5 and 0.6 rad) has optimum value at the electron emission angle equal to 0.6 

rad. From these results one can observed that the increasing of the electron 

emission angle leads to decrease the relative radial aberration coefficients. This 

behavior is shown clearly in figure (3-27), where the relative radial aberration 

coefficients are plotted as a function of the electron emission angle at constant 

value of the excitation parameter 	 ��
���	
 = 11.068 (Amp.turn/(Volt)0.5 ). 

 

Figure (3-27): Variation of the relative radial aberration coefficients  Drad /fo     
                        as a function of the electron emission angle. 
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The best values of the aberration coefficients are shown in tables (3, 4 and 5): 
 
Table 3:  The minimum aberration coefficients for different values of the     
                 electron emission angles (θ =0.2, 0.4, 0.5 and 0.6 rad ). 

 
 

Aberration coefficients  Electron emission angle (θ) 

Cs = -4.918 0.6 rad 

Cc = 0.346 0.2 rad 

Dsp = 4.83 ˟ 10-5 0.2 rad 

Drad = -12.265 0.6 rad 

 

 

3-4-2 The effects of changing the half-width at half maximum  

The aberration coefficients are computed for different values of the half-width at 

half maximum (a = 2.01, 2.02, 2.03 and 2.04 mm) at constant maximum magnetic 

flux density (Bm = 0.006 Tesla) and constant value of the electron emission angle 

(θ = 0.2 rad), and the results are shown as following: 

3-4-2-1 spherical aberration coefficients 

The relative spherical aberration coefficients are calculated for different values of 

the half-width at half maximum, and the results are shown in figure (3-28).   
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   Figure (3-28): Relative spherical aberration coefficients as a function of the      

                          excitation parameter 	 ��
���	
	for different values of the half-width at      

                           half maximum. 
    

      From this figure one can observed that at the low values of excitation 

parameter ( ��
���	)  the values of the relative spherical aberration coefficients are 

closed to each other for different values of the half-width at half maximum, and the 

relative spherical aberration coefficients take the negative values up to excitation 

parameter 	 ��
���	
	equal to 8.5. 

      Also, the values of the relative spherical aberration coefficients Cs/fo decrease 

when the half-width at half maximum (a) increase, and at the half-width at half 

maximum equal to 2.04 mm one can find the lowest values, but this behavior is 

true up to excitation parameter 	 ��
���	
 equal to 8.5, and the opposite behavior occurs 

for high values of the excitation parameter. 
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3-4-2-2 chromatic aberration coefficients  

The relative chromatic aberration coefficients Cc/fo have been computed for 

different values of the half-width at half maximum and the results are shown in 

figure (3-29). 

  

Figure (3-29): Relative chromatic aberration coefficients as a function of the     

                        excitation parameter 	 ��
���	
	for different values of the half-width at   

                        half maximum. 
  
      
     This figure appears that the values of the relative chromatic aberration 

coefficients Cc/fo increase as the excitation parameter  ( ��
���	) increases. Also, the 

results show that the values of the relative chromatic aberration coefficients Cc/fo 

decrease when the values of the half-width at half maximum (a) increase, and at 

the range of the half-width at half maximum (a = 2.01, 2.02, 2.03 and 2.04 mm) 

the lowest values of the relative chromatic aberration coefficients are found at the 

half-width at half maximum equal to 2.04 mm 
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3-4-2-3 spiral distortion aberration coefficients  

The relative spiral aberration coefficients have been computed for different values 

of the half-width at half maximum and the results are shown in figure (3-30). 

   

    Figure (3-30): Relative spiral aberration coefficients as a function of the    

                           excitation parameter 	 ��
���	
for different values of the half-width at   

                           half maximum. 
   

           
      From this figure one can find that the values of the relative spiral aberration 

coefficients Dsp/fo increase as the excitation parameter  ( ��
���	) increases. Also, the 

results show that the values of the relative spiral aberration coefficients Dsp/fo 

decrease when the half-width at half maximum (a) increase. The lowest values of 

the relative spiral aberration coefficients are found at half-width at half maximum 

equal to 2.04 mm. 

 
3-4-2-4 radial distortion aberration coefficients 

The relative radial aberration coefficients have been computed for different values 

of the half-width at half maximum and the results are shown in figure (3-31).  



Chapter Three                                                                                                 Results and Discussion 

 

56 

 

 

Figure (3-31): Relative radial aberration coefficients as a function of the    

                        excitation parameter 	 ��
���	
	for different values of the half-width at  

                        half maximum. 
 
     
     From this figure one can find that the values of the relative radial distortion 

coefficients Drad/fo decrease as the excitation parameter ( ��
���	)  increases. Also, the 

results show that the values of the relative radial distortion coefficients Drad/fo 

increase when the half-width at half maximum (a) increases and at the range of the 

half-width at half maximum (a = 2.01, 2.02, 2.03 and 2.04 mm) the best values of 

the relative radial distortion coefficients are found at the half-width at half 

maximum equal to 2.01 mm.  

 
Table 4:  The minimum aberration coefficients for different values of the     
                 half width at half maximum (a = 2.01, 2.02, 2.03 and 2.04 mm). 

Aberration coefficients  Half width at half maximum (a) 

Cs = -0.087 2.04 mm 

Cc = 0.095 2.04 mm 
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Dsp = 3.44 ˟ 10-5  2.04 mm 

Drad = -7.747 2.01 mm 

 

3-4-3 The effects of changing the maximum magnetic flux density  

The aberration coefficients are computed for different values of the maximum 

magnetic flux density (Bm= 0.002, 0.003, 0.004 and 0.006 Tesla) at constant value 

of the half-width at half maximum (a = 2.01 mm) and constant value of the 

electron emission angle (θ = 0.2 rad) and the results are shown as following:  

 3-4-3-1 spherical aberration coefficients 
      
The relative spherical aberration coefficients are calculated for different values of 

the maximum magnetic flux density, and the results are shown in figure (3-32).   

 

 Figure (3-32): Relative spherical aberration coefficients as a function of the  

                         excitation parameter ( ��
���	)for different values of the maximum  

                         magnetic flux density.  
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      From this figure one can find that the values of the relative spherical aberration 

coefficients Cs/fo increase as the excitation parameter ( ��
���	) increases. The results 

show that the values of the spherical aberration coefficients are negative and these 

results can be used to design the magnetic lens which can be achieved the role of 

the corrector in the electron optical system. 

      In figure (3-32), the values of the relative spherical aberration coefficients Cs/fo 

increase when the maximum magnetic flux density (Bm)  is increasing, and at the 

maximum magnetic flux density equal to Bm= 0.002 one can find the  best results. 

 
3-4-3-2 chromatic aberration coefficients  

The relative chromatic aberration coefficients Cc/fo are calculated for different 

values of the maximum magnetic flux density, the results are show in figure (3-33). 

  

 Figure (3-33): Relative chromatic aberration coefficients as a function of the  

                         excitation parameter 	 ��
���	
for different values of the maximum  

                         magnetic flux density. 
       

     From this figure one can find that the values of the relative chromatic aberration 

coefficients Cc/fo increase as the excitation parameter ( ��
���	) increases. Also, the 
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results show that the values of relative chromatic aberration coefficients Cc/fo 

increase when the maximum magnetic flux density (Bm) increase, and at the range 

of the maximum magnetic flux density (Bm= 0.002, 0.003, 0.004 and 0.006 Tesla) 

the best values are found at the maximum magnetic flux density equal to 0.002 

Tesla. 

 
3-4-3-3 spiral distortion aberration coefficients  

The relative spiral aberration coefficients are computed for different values of the 

maximum magnetic flux density and the results are shown in fig (3-34). 

 

Figure (3-34): Relative spiral aberration coefficients as a function of the  

                        excitation parameter ( ��
���	)for different values of the maximum   

                        magnetic flux  density. 
   

     From this figure one can find that the values of the relative spiral aberration 

coefficients Dsp/fo increase as the excitation parameter  ( ��
���	) increases. Also, the 

results show that the values of the relative spiral   aberration coefficients Dsp/fo 

increase when the maximum magnetic flux density (Bm) increase and the minimum 

values are found at the maximum magnetic flux density equal to 0.002 Tesla. 



Chapter Three                                                                                                 Results and Discussion 

 

60 

 

3-4-3-4 radial distortion aberration coefficients 

The relative radial aberration coefficients have been computed for different values 

of the maximum magnetic flux density, and the results are shown in figure (3-35). 

 

 Figure (3-35): Relative radial aberration coefficients as a function of the  

                         excitation parameter 	 ��
���	
for different values of the maximum   

                         magnetic flux density. 
    
     From this figure one can find that the values of the relative radial aberration 

coefficients Drad/fo decrease as the excitation parameter  ( ��
���	) increases. Also, the 

results show that the values of the relative radial aberration coefficients Drad/fo 

decrease when the maximum magnetic flux density (Bm) increase and the best 

values are found at the maximum magnetic flux density equal to 0.006 Tesla. 

Table 5:  The minimum aberration coefficients for different values of the     
                 Maximum magnetic flux density (Bm =0.002, 0.003, 0.004 and        

                0.006 Tesla). 

Aberration coefficients  Maximum magnetic flux density (Bm ) 

Cs = -0.317 0.002 Tesla 
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Cc = 0.034 0.002 Tesla 

Dsp = 1.58 ˟ 10-6  0.002 Tesla 

Drad = -7.747 0.006 Tesla 
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Chapter Two   

Theoretical Considerations  

2-1 Introduction 

A charge particle beam is a group of particles that have about the same kinetic 

energy and move in about the same direction. The high kinetic energy and 

directionality of charge particles in beams make them useful for application [32]. 

 Charged particle beams have continually expanding applications in many 

branches of research and technology recent active areas include flat-screen 

cathode-ray tubes, and beam lithography for microcircuits, scanning electron 

microscopy SEM and transmission electron microscopy TEM [32]. 

2-2 Flux Density Distribution Models of Magnetic Lenses: 

The equation of the paraxial ray equations reveals that there is no way for 

determining electron beam trajectory without knows the axial magnetic field 

distribution B(z). Different mathematical models are used to explain the axial 

flux density distribution of the magnetic lenses and in the following the some of 

these models [9]: 

1- Glaser's bell-shaped model: 

In this model, the axial distribution of magnetic field B(z) is given by [33]: 

        
2)/(1

)(
az

B
zB m

+
=                                                                                  (2-1) 

where Bm is the maximum magnetic flux density, z is the optical axis of system 

and a is the half-width at half maximum.   
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2- Related bell-shaped curves: 

In particular to the case   , the field of a single turn,  and  , 

for which the distribution becomes Gaussian with suitable weighting  and given 

by [33]. 

        
n

m

az

B
zB

)/1(
)(

22+
=                                                                            (2-2) 

 3- Grivet- lens model: 

In this model B(z) is given by : 

       )/(sec)( azhBzB m=                                                                              (2-3) 

4- The exponential model: 

      )/(exp)( azBzB m −=                                                                               (2-4) 

 
2-3 Paraxial - Ray Equation in Magnetic Field  

The paraxial ray equation in axially symmetric magnetic fields can be written as 

[34, 35]: 

        0
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where e and m are the charge and mass of electron  respectively, Pθ is the initial 

canonical angular momentum which is given by: 

       
m

rzBe
P oo

2

)( 2−=θ                                                                                     (2-6) 

and r(z) is the radial displacement of the beam from the optical axis z, r ''(z) the 

second derivative of r(z) with respect to z, ro is the object plane, Vr is the 

relativistically corrected accelerating voltage which is given by [9]: 
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       )10978.01( 6
aar VVV −×+=                                                                    (2-7) 

where Va is the accelerating voltage. 

     If Pθ =0, i.e. electron start from the object displaced outside the magnetic 

field, equation (2-5) becomes linear using the substitution, , 

where α is the additional angle of rotation of meridian plane which is given by 

[2]:  

        ∫=
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)(α                                                                        (2-8) 

and  

one can express the trajectory adjacent to it and get a linear equation: 

        0)(
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                                                                           (2-9) 

      It can be easily realized from equation (2-9) that the force driving the 

electrons towards the axis which  is directly proportional to the radial distance r. 

This is the principle of a focusing field. Futhermore, this force is proportional to 

the square of the magnetic flux density which means that if the direction of the 

magnetic field is reversed by reversing the current, the direction of the force 

towards the axis should not change, i.e. there will be no change in the focus [8].  

     If u1  and  u2 are the linearly independent solutions of the linear equation with 
the initial conditions.  
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     The paraxial equations which describe electron trajectories in the axial 

magnetic lens which are given by equation (2-5) and equation (2-9) can be solved 

by considering the initial conditions for r and Ø is given by [2]: 
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Then the solution of equation (2-5) can be written as: 
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 And the basic trajectory is described by: 
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      Since ro is the object point and θo is the initial angle. Let the trajectory of an 

electron starting from the specimen go through the magnetic lens described by 

Glaser's bell-shaped field distribution [33]: 
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=                                                                                    (2-15) 

     This lens has field strength with maximum value Bm at the origin of the 

coordinate system, and a is the half-width at half maximum, w is the full width at 

half maximum of the field. Then u1 and u2 have the following form: 
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2-4 Aberration of an Axially Symmetric Magnetic Lens 

The theory of aberrations is the most extensively studied area in both light optics 

and electron optics. Intensive investigations of aberrations in axially symmetric 

magnetic lenses were carried out since in the 1930 in connection with studies of 

the electron transmission microscope problem. Their implementation provides 

the creation of an ideal lens that forms stigmatic and similar images, these 

assumptions: 

1- Rigorous axial symmetry.  

2- Paraxial trajectory approximation.  

3- Energy homogeneity, including the absence of time dependent process. 

4- Negligible space-charge fields and small effect of electron diffraction.                   

      Violation of at least one of these conditions leads to aberrations that are 

responsible for blurred or distorted images and complicate beams transport 

problems [36]. 

     The importance of a particular aberration depends on the function of the 

magnetic lens. For an objective lens, only the spherical and chromatic aberrations 

are important, since the electron-optical limit of resolution is set by the combined 

effects of electron wavelength and the spherical aberration. For intermediate and 

projector lenses, the radial and spiral distortions are the most important; they 

cause a shift of the image point with no blurring. Hence, in the present work 

computation will be made for these important defects [36].         
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2-4-1 Spherical aberration 

The origin of this defect can be described with aid of diagram shown in figure (2-

1), which reveals two different sorts of electrons rays interring a thin lens parallel 

to the optical axis, but converges to different axial points. From figure (2-1) one 

may see that electrons traveling close to the optical axis (so-called paraxial rays, 

r ≈ 0) are brought to a focus F (a distance f from the centre of the lens) at the 

Gaussian image plane, whereas electrons which arrive with a non-zero r-

coordinate are focused closer to the lens (at point F1, a distance f1 from the centre 

of the lens) resulting the spherical aberration defect [37]. 

 

  Figure (2-1): The diagram of spherical aberration [37]. 

      
     When these non paraxial electrons arrive at the Gaussian image plane, they 

will be displaced radically from the optic axis by an amount rs given by [37]:  

        3αss Cr =                                                                                               (2-19) 

where Cs is known as the coefficient of spherical aberration of the lens and α is 

acceptable half angle. Note that since α (in radian) is dimensionless, Cs must 

have the dimensions of length.       



Chapter two                                                                                                       Theoretical Considerations 

 

19 

 

     Thereby, all of the electrons confined within a redial distance r are arrived at 

the Gaussian image plane within a disk of radius rs usually named by disk of 

confusion. The spherical aberration defect is the same for all of the points in the 

image and is the only geometrical aberration that does not disappear on the axis 

[38].  

     The spherical aberration coefficients Cs of an axially symmetric magnetic 

field is given by [36]: 

[ ]∫ −+=
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where r is the solution of the paraxial ray equation with an initial condition 

depending of the operation mode. The integration covers the whole interval from 

object plane zo to image plane zi. 

2-4-2 Chromatic aberration  

In light optics, chromatic aberration arises from the spread of wavelengths of 

light passing through a lens, coupled with a dependence of refractive index with 

wavelength which known as dispersion. In electron optics, electron wavelength 

depends on the momentum or kinetic energy of each particle, so if the electrons 

have a spread in kinetic energy, one might expect a variation in focusing power 

of a magnetic lens [1]. 

    Actually, Spread in kinetic energy may be due to: 

1- Variation of kinetic energy of the electrons emitted from the electron source. 

For example, electrons emitted by a heated-filament source have a thermal spread 

(~kT, where T is the temperature of the emitting surface) due to statistics of the 

thermionic emission process. 
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2- Fluctuations in the potential applied to accelerate the electrons. Although high-

voltage supplies are stabilized as well as possible, there is always some 

remaining drift (slow variation) and ripple (ac component) in the voltage. 

3- Energy losses due to inelastic scattering in the specimen, in the case of 

imaging lenses which follow the specimen in a TEM column. This is also a 

statistical process: not all electrons lose the same amount of energy, resulting in 

an energy spread. Chromatic aberration would result in additional image blurring 

which can be characterized in terms of disk confusion, in away similar to that of 

spherical aberration. Its radius can be estimated with the aid of the lens equation 

and simple geometric optics. Consider an axial point source of electrons (object 

distance u) which is imaged to a point (image distance v) for electrons of energy 

E0 as is shown in figure (2-2).  

                    

        Figure (2-2): The diagram of chromatic aberration [1]. 

     Resulting from chromatic aberration. With two object points, the image disks 

overlap [37].      
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     Electron of energy Eo- ∆ Eo will have in image distance v- ∆ v and arrive at 

the image plane a radial distance r i from the optic axis. If the angle β of the 

arriving electrons is small [37]. 

      vvri ∆≈∆=∆ ββtan                                                                            (2-21) 

     The loss of spatial resolution due to chromatic aberration is therefore [37].        

     )/( oocc EECr ∆=∆ α                                                                            (2-22) 

      The chromatic aberration coefficients Cc of an axially symmetric magnetic 

optical element is given by [1]: 
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∫=                                                            (2-23) 

 Thus, h(z) is given by [20]: 

     h(z)= f r(z)                                                                                         (2-24) 

 where f is the focal length. The integration covers the whole interval from object 

plane zo to image plane zi. 

2-4-3 Radial distortion 
  
The problem of aberration in the projector lens is different from that in the 

objective, since the aperture angle of imaging pencil entering the projector lens is 

very small. However, the spherical and chromatic aberration which have been 

shown to be proportional to the aperture angle do not in practice affect the 

reliable resolving power (i.e., the sharpness of the final image) because the 

magnification required by the projector is only of the order of 300X [39]. While 

the presence of spherical aberration in the projector lens doesn’t cause a 

significant spread of each image point, another geometrical aberration called 

radial distortion produces a variation in magnification across the image as a 

whole. Since the outer parts of the magnetic field of the lens are relatively strong, 
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pencils of rays which pass this region are refracted more sharply than paraxial 

pencils. This results in the off-axial pencils crossing the axis earlier and thus 

striking the image plane at a greater distance from the axis than expected for 

ideal lens, as shown in figure (2-3a).  

 

     Figure (2-3): (a) Square mesh (dashed lines) imaged with pincushion   
     distortion (solid curves); magnification M is higher at point Q than at point  
     P. (b) Image showing barrel distortion, with M at Q lower than at P[1]. 

 

     As a result, the peripheral region of the image is more magnified than the 

paraxial region. When this is the case the resultant distortion is known as 

pincushion distortion which is observable especially when the power of the 

projector lens is high [39]. It has been shown that the radial distortion r)/( ρρ∆  

is given by (see figure 2-4) [13]:  

      2)()(
R

r
Crr =∆

ρ
ρ

                                                                                    (2-25) 

where Cr is the radial distortion constant and R is the bore radius of the projector 

lens. For the pincushion distortion the value of Cr is positive. When Cr is 

negative the radial distortion is called barrel distortion. This is illustrated in 
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figure (2.3b). This sort of radial distortion occurs when the lens is used as a DE 

magnifying lens [40]. In order to compare different projector lenses, the radial 

distortion has been expressed in terms of a dimensionless quantity called radial 

quality factor Qr [41], as follows: 

      22 )()(
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                                                                                  (2-26) 

 

 

 

 

 

 

 

 
             
      Figure (2-4): The diagram illustrates the effect of radial 
                                             distortion [40]. 

 
     The quality factor is given by Qr= (D rad)

1/2 fp, where Drad= Cr /R
2 is the radial 

distortion coefficient and fp is the projector focal length. 

      In the present work the radial distortion coefficient Drad has been calculated 

using the following integral equation [8]: 
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where rα and rγ are the two linearly independent solutions of the paraxial-ray 

equation (2-10). The limits of integration are the two terminals points  zo and zi of 

the magnetic field. 

2-4-4 Spiral distortion 

This sort of geometrical aberration has more than one name, such as anisotropic 

distortion and rotational distortion. It occurs in magnetic lenses only as shown in 

figure (2-5). 

 

              Figure (2-5): The diagram of spiral distortion [13]. 
          
    
      The broken lines represent the Gaussian image while the spiral solid lines  

show the distorted image from which the name is derived. When the lens current 

is reversed the direction of the field B(z) is reversed and the sense of rotation of 

the electron is also reversed. As a consequence, the image had shown in figure 

(2-5a) changes to that of figure (2-5b). 

       It has been shown that the spiral distortion sp)/( ρρ∆  is given by [13]:  

      2)()(
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                                                                                  (2-28) 
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 where Csp is the spiral distortion constant. In a manner similar to that of radial 

distortion, spiral distortion can be expressed in terms of the spiral quality factor 

Qs as follows [41]: 

      22 )()(
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                                                                                   (2-29) 

      The quality factor is given by Qs= (Dsp)
1/2fp,  where Dsp= Csp/R

2 is the spiral 

distortion coefficient which is determined in this work by means of  the 

following formula [16]: 
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2-5 Aberration Correction 

The correction of aberration coefficients of the electron microscope was started 

at 1936 by Scherzer. Aberration correction is the long story of many seemingly 

fruitless efforts to improve the resolution of electron microscopes by 

compensating for the unavoidable resolution-limiting aberrations of round 

electron lenses over a period of 50 years. The successful breakthrough, in 1997, 

can be considered as a quantum step in electron microscopy because it provides 

genuine atomic resolution approaching the size of the radius of the hydrogen 

atom [42].  

      From analysis of the basic properties of electric and magnetic field. The 

German Scientist Otto Scherzer showed that a conventional electron lens must 

suffer from spherical and chromatic aberration, with aberration coefficients that 

are always positive, therefore one cannot eliminate lens aberrations by careful 

shaping of the lens polepieces, where a spherical lens can be fabricated with zero 

Cs. [1]. 
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     With the realization of the Rose corrector the old dream of electron optics to 

be able to construct spherical aberration-corrected lens systems has come true. 

Today, a new generation of commercial transmission electron microscopes is on 

the market making aberration-corrected high-resolution imaging available to a 

growing group of researchers, in particular and in materials science [43]. 

     Aberration-corrected transmission electron microscopy allows us to image the 

structure of matter at genuine atomic resolution. A prominent role for the 

imaging of crystalline samples is played by the negative spherical aberration 

imaging (NCSI) technique. The especially high contrast observed under these 

conditions owes its origin to an enhancing combination of amplitude contrast due 

to electron diffraction channeling and phase contrast [28]. With the extraordinary 

results presented therein, this study has demonstrated the potential of the new 

technology. On the other hand, it has also shown that the techniques which have 

to be applied to obtain optimum results are quite elaborate and are by far not 

routine. Interesting, also from a science-sociological point of view, is the fact that 

the general scientific community appears not to be prepared for the new qualities 

offered by aberration-corrected transmission electron microscopy [44, 45, and 

46]. The benefit of the negative-spherical-aberration imaging technique is used to 

correct the aberration transmission electron microscope to reach a high-resolution 

transmission electron microscope (HRTEM). Where the spherical aberration Cs 

was be tuned to negative values, resulting in a novel imaging technique, which is 

called the negative spherical aberration coefficients Cs imaging (NCSI) technique 

[29].    
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 Chapter One  

Introduction  

Electron optics has much in common with light optics. We can imagine 

individual electrons leaving an object and being focused into an image, 

analogous to visible-light photons. As a result of this analogy, each electron 

trajectory is often referred to as a ray path. 

     At the end of nineteenth century, it was found that an axially symmetric 

magnetic field has a focusing effect on an electron beam in a cathode ray 

oscillograph, it acts as a lens. The effect is similar to that of a glass lens on 

light. This effect was first investigated by Busch in 1926 [1].  

     The theory of electron movement through magnetic fields attracted 

scientists' attention before electron optics was established as a discipline, it 

may be noted that in 1922 the Russian physicist Boguslawski considered 

non-uniform magnetic fields where the angular rotation momentum is 

conserved [2]. 

     Electron optics, in fact is based on two fundamental discoveries presented 

by De Broglie in 1925 and Busch in 1927. De Broglie postulated on ground 

of theoretical considerations that one must attribute a wave with each moving 

particle. Two years later, Busch discovered that the magnetic field of 

solenoid acts upon an electron in a way exactly similar to that of a glass lens 

on the light rays [3].                                  

     That lead Ruska and Knoll to invent the transmission electron microscope 

(TEM) in 1932, were the first to recognize the importance of the 

concentration of the field distribution by an iron yoke and applied it to the 

production of lenses. The concentration of the magnetic field made it 

possible to produce an electron microscope with magnification higher than 
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the optical microscope. Their idea of the magnetic lens is still the basis of 

lenses at present [4, 5]. 

      In 1943, Grunberg developed a general theory of the focusing action of 

electrostatic and magnetic fields by describing the path of the main trajectory 

and knowing the potential distribution along the main paths of adjacent 

trajectories in the field of arbitrary form [6].  

     In many electron beam instruments, such as scanning electron 

microscopes and scanning electron beam lithography systems are usually use 

a magnetic lens to focus electron beam, and magnetic deflection coils 

mounted within the lens [7]. 

     According to that, electron optics becomes a theory and practice of 

production, controlling and utilization of charged particle beam. In other 

word, one may say that the branch of physics that deals with the properties of 

charged particle beams motion throughout electromagnetic field is known as 

electron optics [8].  

     With the analogy between light and electron optics there are fundamental 

limitations that should be taken into account. Some of these limitations are 

listed as follows [8]:   

1-  In light optics, refractive index of light lenses changes abruptly between   

    materials of different indices of refraction.  In electron optics, the  

    changes are continuous.    

 2- Both the energy and momentum of the electron are continuously   

     variable and can be changed arbitrarily. This is not the case in light                

     optics. 

3-  A good vacuum must be satisfied for traveling of charged particle beams  

    due to the rapid absorption and scattering of particles by gases, while light  

    rays are free. 

4- Almost all lenses in electron optics are convergent, while in light optics  
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     convergent as well as divergent lenses can be used. 

1-2 Electron Lenses                                                                                                              
         
Electron lens can be defined as an instrument which collects a moving beam 

of charged particles or focuses them to the same point. Therefore, the action 

of electron lenses on an electron (or any charged particle) beam is a close 

analog to that of convex glass lenses or eye on ray of visible light passing  

through it. The essential difference between the electron lens and the glass 

lens is that the electron lenses are concerned with continuously varying 

index of refraction that always changes abruptly [9].  

      Electron lenses can be categorized into three main types namely, 

Electrostatic Lenses, Permanent Magnetic Lenses and Magnetic Lenses [9].  

 
1-2-1 Magnetic lenses  

Magnetic lens can be defined as an axially rotational symmetrical magnetic 

field that acts upon a charged particle beam passing through it, in a way 

similar to that of a converging lens when it deals with light passing through 

it. Hence, any rotationally symmetric magnetic field has imaging properties. 

The simplest magnetic lens is an axially symmetric iron-free coil. Whereas in 

the modified lenses this coil will be counterpane by iron circuit [10]. 

There are two effects of a magnetic electron lens on the moving electron 

beams, the first one, is a deflection towards the optical axis identically to the 

focusing effect of a converging lens in light optics. The second is an 

additional rotation around the optical axis [11]. 
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1-2-2 Types of magnetic lenses 
 
Magnetic lenses can be classified from many various points of view, for 

example: 

 
 1- One can talk about bounded lenses whether the boundaries of the lens   

      can or cannot found. 

 2- Strong or weak lenses depending on whether their focal points are  

       situated inside or outside the field. 

 3- Thick or thin lenses. 

 4- Symmetrical or asymmetrical lenses depending upon whether their exist     

      middle plane perpendicular to the optical axis about which the  

      geometrical arrangement of the lens is symmetrical or not [10 and  9].  

  5- Magnetic electron lenses can be classified according to the number of  

       their polepiece in to three types: single polepiece lens, double pole  

       piece lens and triple polepiece lens, also iron-free lenses are one of  

       magnetic lenses types. So these types will be explained as the  

       following [9]: 

 
a- Single pole piece magnetic lens 

     In 1972 Mulvey introduced a new design of magnetic lens named 

‘Snorkel’ lens. When the double polepiece magnetic lens is divided into two 

halves from the middle a single polepiece magnetic lens can be obtained by 

removing one half. The single polepiece magnetic lens has been taken a great 

interest in the electron optical instruments. The absence of the bore in the 

single polepiece lens makes fabrication of the lens easier. The single 

polepiece lens has the advantage that the entire lens can be physically 

situated outside the vacuum chamber as shown in figure (1-1). The axial 

magnetic flux density distribution of the single polepiece lens can be pushed 

away from the lens profile itself making the optical properties of the lens less 
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Figure (1-1): Cross

 
b- Double pole piece magnetic lens

    This type of magnetic lenses consists of insulate

made of conducting material (usually copper) surrounded by a ferromagnetic 

material core of high magnetic permeability which was designed by Ruska in 

1933.  The core has coaxial circular bore of diameter 

axis to allow the electrons beam to pa

formed in the iron circuit betwee

2). The properties of these lenses are expressed in terms of the ratio 

[13].                         

                                                                                                 Introduction

5 

dependent on the imperfections in the iron circuit and the energizing coil

): Cross-section of single polepiece magnetic lens

ouble pole piece magnetic lens 

This type of magnetic lenses consists of insulated wire or tape windings 

conducting material (usually copper) surrounded by a ferromagnetic 

material core of high magnetic permeability which was designed by Ruska in 

1933.  The core has coaxial circular bore of diameter “d”  along the optical 

axis to allow the electrons beam to pass through an air gap of width 

formed in the iron circuit between the two polepieces as shown in f
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d wire or tape windings 

conducting material (usually copper) surrounded by a ferromagnetic 

material core of high magnetic permeability which was designed by Ruska in 

along the optical 

ss through an air gap of width “ S”  
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Figure (1-2): Cross-section of double polepiece magnetic lens [                               
13] 

      
     Symmetrical double polepiece magnetic lens could be achieved when the 

axial bores between the two polepieces are identical, while asymmetrical lens 

be held when the axial bores are not identical. 

c- Triple pole piece magnetic lens 

     Doublet lens consists of two magnetic electron lenses of two air gaps and 

it is also called triple polepiece magnetic lens [14]. The two magnetic lenses 

of the triple lens may be symmetrical or asymmetrical depending on the 

design of each lens as in figure (1-3).  

 

 

 

 

          

  

 

Figure (1-3): Cross-section of triple polepiece magnetic lens [14]. 

coil

iron

polepiece
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d- Iron-free lens 

    This lens is the simplest probe

from metallic conductor wire or tape windings wound on non

as in figure (1-4).  

             Figure (1-4): Cross-

 
One advantage of the iron

the iron circuit lenses. It is therefore desirable to describe some recent 

investigations of iron-free objective lenses that offer the possibility of 

developing electron optical instruments, both with and without the use of 

superconducting windings [

1-3 Advantages of a Magnetic L

Magnetic lenses are generally

has higher accelerating 

Magnetic lenses also provide
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resolution, lens aberrations are also
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specimen present within the lens field
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from metallic conductor wire or tape windings wound on non-magnetic core

-sections of Iron-free rectangular [15]. 

One advantage of the iron-free coils is their size reduction with resp

It is therefore desirable to describe some recent 

free objective lenses that offer the possibility of 

developing electron optical instruments, both with and without the use of 

onducting windings [15].    

Advantages of a Magnetic Lens 

Magnetic lenses are generally preferred for electron microscopy,

 voltages this permit better image resolution

Magnetic lenses also provide the lower aberrations, for the same focal length

by comparison with electrostatic lens, further improving the image

ens aberrations are also reduced by making the focal length of 

the objective lens small, implying a magnetic immersion lens with the 

specimen present within the lens field [1]. 
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it consists of coils made 

magnetic core 

  

reduction with respect to 

It is therefore desirable to describe some recent 

free objective lenses that offer the possibility of 

developing electron optical instruments, both with and without the use of 

eferred for electron microscopy, because it 

better image resolution. 

aberrations, for the same focal length 

, further improving the image 

reduced by making the focal length of 

magnetic immersion lens with the 
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1-4 Comparison between Numerical and Analytical Method  

A part from the measurement procedure, lens properties may be determined 

by means of two entirely different approaches namely, analytical and 

numerical approach. The numerical approach is used to be a powerful 

technique for determination of the electron lens properties. However, in 

practice numerical approach still considered to be the best, but its results are 

less accurate than the analytical approach, because it provides a large degree 

of freedom to handling the considered problem. The analytical solutions have 

very definite advantages over numerical approach. There are numerous 

reasons for this [9]:  

1- Numerical solutions always give a more or less accurate approximation            

      while analytical is exact. 

2- Analytical solutions provide insight and allow classification according to         

     the influence of different parameters on the solution. 

3- They can be verified by inversion. 

4- They extend the frontiers of tractability. 

5- They provide simple means for comparing different numerical techniques. 

     The disadvantages of the analytical approach can be given by the 

following [9]: 

1- The axial field distribution of practical electrode and polepiece   

configurations can very seldom be expressed in analytical functions. 

2- Even if we know the exact form of rays, it is unlikely that we will be able       

     to deduce analytical expressions for the aberration coefficients. The 

analytical approach was the taken choice. 
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1-5 Literatures Survey 

Theoretical and experimental studies of the magnetic lens have been 

attempted by many researchers as:  

     Tsuno and Harada in 1981 studied the minimization of radial and spiral 

distortion in electron microscopy through the using of a triple polepiece lens 

[16].  

     Mulvey studied the use of a single pole electromagnetic lens and showed 

that it had good electron optical properties [10]. 

     Preikzas and Rose in 1995 introduced a procedure called time dependent 

perturbation formalism which enables the aberrations of any arbitrary 

electron optical systems to be calculated [17]. 

      In 1996 Crewe and Kielpinski found that the focal length, spherical and 

chromatic aberration coefficients of dipoles magnetic lenses could be 

expressed simply by normalized the dipole moment [18].  

     Subsequently, Crewe extended the study of two multipole magnetic lenses 

through numerical and digital methods and obtained some interesting result 

on the electron optical properties of monopole, dipole and quadrapole lenses 

[19]. 

     Hawkes in 2002 used the properties of Bessel function to predict the most 

of the results which were found by Crewe for the same magnetic lenses, 

where the analytical method was included to obtain the optical properties 

which were found by Crewe [20]. 

     In 2003 the optical properties of monopole, dipole and quadrupole 

magnetic lenses had been demonstrated by Liu. The differential algebraic 

(DA) method and analytical expression were adopted in this study [21]. 
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     Cheng et al. had applied the differential algebra method to analyze and 

calculate arbitrary order curvilinear-axis combined geometric-chromatic 

aberrations of electron optical systems [22]. Also, the spiral distortion of 

projector magnetic lenses had been studied by Alamir [23]. 

     In 2004 Crewe studied the focusing properties of magnetic fields of the 

form B(z) α zn for all integer n except the  cases when � = −1and	� = 0. The 

calculations in this study were achieved by using numerical ray tracing 

which were carried out for first and second indexes of the zero only [24]. 

     In 2004 Chun-Lin et al. studied the high resolution transmission electron 

microscopy using a negative spherical aberration.  The novel imaging mode 

for high-resolution transmission electron microscopy was described. The 

novel imaging mode was based on the adjustment of a negative value of the 

spherical aberration of the objective lens of a transmission electron 

microscopy equipped with a multi pole aberration corrector system [25].        

      In 2005 the spherical and chromatic aberration coefficients for the 

objective and projector magnetic lenses with the field distribution in the 

forms of inverse power law were calculated by Alamir to express the 

magnitude analytically. The results of this study were presented in a Tretenr's 

form to determine the optimum performance of magnetic lenses [26].  

     The novel aberration correction concepts were shown by Berend and 

Harald in 2008. An alternate concept for improving spatial resolution for 

some experiments in TEM mode was studied with the aid of the spherical 

aberration correction and monochromatization; in this case the loss in 

resolution caused by a wide-gap objective lens was compensated by a 

smaller energy width of the electron beam [27]. 
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      Also, an analytical expression for the paraxial trajectory of magnetic 

lenses was derived by using the analytical approach. And the comparison 

was made with the results of the numerical approach [2].       

     One year later, aberration-corrected of transmission electron microscopy 

was made to allow imaging the structure of matter at genuine atomic 

resolution. A prominent role for the imaging of crystalline samples was 

achieved by using the negative spherical aberration imaging (NCSI) 

technique [28].        

     The benefit of the negative spherical aberration imaging technique for 

quantitative HRTEM (High resolution transmission electron microscopy) had 

been studied by Jia, et al. in 2010. They found that the image contrast which 

is obtained with the (NCSI) technique was compared quantitavialy with the 

image contrast formed with the traditional positive Cs imaging (PCSI) 

technique [29].       

        In 2012 Clemens and Peter studied the temporal distortion in magnetic 

lenses. They studied the temporal aberration of femtosecond electron pulses 

in magnetic lens system [30]. 

     The theoretical and experimental investigation was made to correct the 

spherical and chromatic aberration by Funio et al. at 2013. The asymmetric 

spherical aberration correctors were designed for use in the prop and image 

forming systems at 300 kV to diminish undesired parasitic aberrations. Also 

the chromatic aberration corrector was investigated using a 30 kV 

transmission electron microscope [31].  
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1-6 Aim of work 

The aim of present work is to study and determination the optimum optical 

properties of magnetic lens using analytical method. This aim can be 

achieved via reduction the values of aberration coefficients or reach to 

negative values of these aberration coefficients, which can be used as 

corrector in the optical systems.  

    The analytical expression is used to find the paraxial trajectory of electron 

beam in a magnetic lens and this trajectory will be used to study the optical 

properties of magnetic lens; the axial flux density distribution is represented 

by Glaser's bell-shaped model which gives rise to the minimum spherical, 

chromatic, spiral and radial distortion aberration coefficients.    
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Chapter Four  
 
Conclusions and Recommendations for Future Works 
 
4-1 Conclusions 
 
From the results one can conclude that:- 

1- The analytical method can be used to give good description to the electron 

beam trajectory, and this trajectory can be used to find the best optical 

properties of the magnetic lens.  

2- The optimization role can be achieved via changing some effective 

parameters as the half width at half maximum (a), the maximum magnetic 

flux density (Bm) and the electron emission angle (θ). Also, the calculations 

appear that the values of the aberration coefficients are very sensitive to the 

changing of the effective parameter. 

3- One can reach to the negative values of the spherical and spiral distortion 

aberration coefficients by using the solution electron beam trajectory which 

due to the analytical solution of the paraxial ray equation, and these negative 

values can be used as a corrector in the optical system. 

4- One can notice that for: 
  
   a- The case of zero initial angular momentum 
 
1- The results of calculations show that the relative spherical, chromatic and 

spiral aberration coefficients decrease as the half-width at half maximum 

increase and the lowest results are found at the half-width at half maximum 

equal to 2.04 mm.  

2- The best values of the relative spherical and radial aberration coefficients 

are occurred at the maximum magnetic flux density equal to 0.004 Tesla. 
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One can notice that the relative chromatic and spiral aberration coefficients 

increase when the maximum magnetic flux density (Bm) increase, and the 

optimum results occurred at the maximum magnetic flux density equal to 

0.001 Tesla. 

 
   b- The case of non-zero initial angular momentum 
   
1- From the results one can notice that the relative spherical and radial 

aberration coefficients decrease as the electron emission angle is increasing 

and the chromatic and spiral aberration coefficients increase as the electron 

emission angle increase and the best results are found at the electron 

emission angle equal to 0.2 rad.  

 
2- The lowest results of the relative spherical, chromatic and spiral distortion 

aberration coefficients can be obtained at the half width at half maximum 

equal to 2.04 mm, One can notice that the relative spherical, chromatic and 

spiral distortion aberration coefficients decrease when the half-width at half 

maximum increase, and the best values of the radial aberration coefficients 

can be obtained at the half-width at half maximum equal to 2.01 mm.     

 
3- The results of calculations indicate that the relative spherical, chromatic 

and spiral aberrations coefficients increase at the maximum magnetic flux 

density (Bm) increase and the best values at maximum magnetic flux density 

equal to 0.002 Tesla. But the lowest values of the radial distortion aberration 

coefficients at the maximum magnetic flux density equal to 0.006 Tesla. 
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4-2 Recommendations for Future Works 
   
The following topics are put forward as future investigations:  

1- One can suggest different methods such as differential algebraic method 

(DA) method to study the optical properties of the magnetic lenses in order 

to compare this procedure with the calculated results. 

2- One can use the analytical method to find the solution of the paraxial ray 

equation for different models as the Grivet-Lens model, to reach to the 

optimum optical properties which give the minimum aberration coefficients. 

3- The time dependent magnetic field method can be use to find the optimum 

optical properties for the magnetic lens. 
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α Additional angle of rotation meridian plane (rad). 
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∆Eo Fluctuation in the electron beam energy (Joule). 
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ρ  Total charge density. 
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