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Abstract 
      In this research depending on inverse design method to investigate the objective focal 

properties for asymmetrical magnetic field by using  the axial distribution of the magnetic 

field for  (Grivet-Lenz model ) .  The influence of the magnetic field model parameters on 

the objective focal properties and the pole pieces profile of asymmetrical magnetic electron 

lenses has been taken into account .                                                                                            

           The results have shown that the most effective parameters on the design configuration 

are the two half widths of the axial magnetic field   distribution .Also , the pole pieces of 

various asymmetrical double pole piece magnetic lenses can be reconstructed according to 

the different half widths of the field on the object and image sides . 

 الخلاصة
ي للمجاال يئية لمجال مغناطيسي لامتناارر االاساتعا ة ااالتو يل المحاور في دراسة الخواص البؤرية الش  اعتمد هذا البحث طريقة التصميم العكسي    

كرفاال لناال د لقااد ارااذ تنااار الاعتبااار  اانمير معلماااد النمااو   المسااتخد  علااي الخااواص البؤريااة الشاايئية  الما اار الجااا بي  –المغناطيسااي م مااو   
 مقطاب العدساد المغناطيسية   اللامتناررة د 

ب المعاملاد امكثار  انميرا علاي  اكت التصاميم  تمثات اعرصاي النصا  لتو يال المجاال المغناطيساي المحاوري كاذل  إن أقطااأر رد النتائج إن     
 ة دالعدساد المغناطيسية منائية القطب اللامتناررة المتنوعة يمكن إعادة  ركيب ا حسب عرض النص  المختل  للمجال علي جا بي الجسم  الصور 

1.Introduction 
      The synthesis technique is considered to be on the best method for improving the work 

or performance of the magnetic lenses and its saves time in comparison with the analytical 

procedure which takes much more time. In this research an analytical function has been used 

(Grivet-Lenz model) for representing the axial magnetic scalar potential distribution through 

which its asymmetrical axial magnetic field distribution has been reached and its objective 

focal properties such as ( spherical and chromatic aberration coefficients and focal length) at  

two sides of asymmetrical  axial magnetic field distribution and then comparison between 

them under zero and infinite magnification conditions . 

      Depending on the similarity between the curve shapes of the axial magnetic field 

distribution and the hyperbolic tangent function,  this function has been used for representing 

the electron beam trajectory rz as shown by the following form [Szilagyi, 1988]: 













z
tanhrz                               zS ≤  z  ≤ zE                                                        (1) 

where zS and zE are the initial and final axial coordinates of the optical axis and      

(α=w.Bmax / 2μo),  (β=w / 2 ) , where μo is the space permeability and equal 4πx10-7 H.m-1 ,  w 

is the half width and Bmax is the maximum magnetic flux density.  
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      Since the magnetic lens is symmetrical,  the magnetic field also is symmetrical,  thus        

| zS |= zE ,  therefore the lens length L=2| zS | or L=2ZE or anther word Bz(z)=Bz(-z). Hence 

the lens length L is put as optimization parameter in above mentioned of the two parameters 

w and Bmax . The calculation of the magnetic flux density distribution along the optical axis 

has been calculate from the following  paraxial ray equation [Juma and Mulvey, 

1974;Zhigarev, 1975; Juma and Mulvy, 1978]:  

0r2
z

B

r
V8

r 


                                                                                               (2) 

where r  is the second derivative of the electron beam trajectory,  r is the electron beam 

trajectory,   is the charge -to- mass quotient of the electron, Vr is the relativistically-

corrected accelerating voltage and  Bz is the axial magnetic flux density distribution along 

the optical axis . Then we can re-write the equation (2): 








 












r

rV8
B r2

z                                                                                (3) 

Now by derivative the equation (1) twice we get: 






















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hsecr 2

                                                                                       (4) 


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
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

 zz
hr tanhsec
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2
                                                               (5) 

From substitution the equation (5) in the equation (3) we get :  
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This equation led to: 
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                                                     (7) 

Suppose the relations as shown by the following forms: 

2/1

2
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
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2

w
z                                                                                                                  (9) 

max2
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


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


                                                                                            (10) 

Put  the equations (8),  (9) and (10) in the equation (7) we get : 


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hBB                                                                          (11) 
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2
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


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


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w
                                                                                               (13) 
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The relationship between the half width and the half half width is (w=2a), then equation (16) 

becomes: 
















a

z

B

z
B

317.1

cosh

max                                                                                     (17) 

where Bz is the axial magnetic flux density distribution along the optical axis z,   Bmax the 

maximum magnetic flux density and a the half half width of the magnetic field. It can be 

seen that equation (17) representing the (Grivet-Lenz model) and has three main control 

parameters that Bmax,  a and z. In the present research the parameter has been studied  only a 

and other two parameters were kept constant   ( Bmax=1T and L=40mm ) .  
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2.Field Distribution 
 

The axial magnetic flux density distribution Bz along the optical axis z may be 

represented by the following well-known field model(Grivet-Lenz model) equation (17). The 

half width is the axial distance from the position of maximum field Bmax to the point where 

the field has fallen to half this value. In the present work various asymmetrical field 

distributions have been taken into account.  The maximum flux density (Bmax) is considered 

to be located at z=0; it is a point of inflection of the magnetic field and  the zero coordinate 

of the optical axis divides the asymmetrical field into two unequal parts. 

 It should be mentioned that in a symmetrical magnetic lenses Bmax is situated at the 

centre of the air gap separating the two pole pieces.  However, in asymmetrical lenses Bmax is 

situated in the vicinity of the smaller bore pole piece.  In terms of coordinates Bmax may be 

located at  a point on the optical axis other than zero.  

Equation (17) is applied to compute the asymmetrical axial flux density distribution BZ 

for the two unequal regions about the zero coordinate. In the present work the field 

asymmetry is obtained by varying the various parameters of the axial field such as its half 

width and its axial extension. The denominator of equation (17) is [cosh(1.317(-z /a1))] for 

the half width a1 on negative z and it is [cosh(1.317(z /a2))] for the half width a2 on      

positive z . 

The total half width a of the asymmetrical axial field is the sum of the two half widths a1 

and a2, i.e. a=a1+a2.  When a1=a2 the axial flux density distribution will be symmetrical 

whereas if a1≠a2 the distribution will be asymmetrical .  In an asymmetrical objective lens, 

one part of the axial field acts as a condenser and the other part acts as an objective.  The 

function of each part of the axial field depends on the direction of entry of the             

electron beam . 

Figure (1) shows a diagram of an asymmetrical axial magnetic field where Bmax is located 

at z=0.  The object side field extends along negative z and has a half width a1 whereas the 

image side field is along positive z and its half width is a2.  It is assumed to a good of 

accuracy that the axial extension of the field along the z-axis is represented by the distance L.   

The field at distances greater than L is neglected since its effect in practice is insignificant. 

The area under the curve of the axial asymmetrical flux density distribution is computed by 

using Ampere’s law [Grivet, 1972; Hawkes and Kasper , 1989]: 

)(
21

VVNIdzB
oo

Z

Z

Z

E

B

                                           (18) 

where NI is the excitation of the magnetic lens in ampere-turns, and V1 and V2 are the 

magnetic scalar potentials on the two ends of L . 

Computations on the two parts of the asymmetrical field have been carried out under 

various conditions.  By keeping Bmax, a2 and L constants, the object side field has been  

computed at various values of a1.  Similarly, the image side field has been computed at 

various values of a2 by keeping Bmax, a1, and L constants and also the effect of L on the focal 

properties has been investigated .  
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Figure (1): Asymmetrical axial field distribution 

                    of a double pole piece magnetic lens . 

 
3.Pole piece Reconstruction 

To determine the lens potential, the region of its axial extension is divided into (n-1) 

subintervals where n represents the points of the field along the z-axis. By numerical analysis 

the axial magnetic flux density distribution Bz is represented by a cubic spline function in 

each subinterval as shown in the following equation [Al-Obaidi, 1995]: 

dz
B

oz

z
dV

                                                                                         (19) 

and with the aid of the cubic spline technique, the axial magnetic scalar potential may be 

given by: 

kZkkZ
GVV 

 )1(                                                                              (20) 

where: 
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
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Here hk=zk+1- zk; it represents the width of each subinterval. When the lens is symmetrical 

VZ(n)= -VZ(1)=0.5 NI . 

Consider the magnetic field model given in equation (17) is determined under 

asymmetrical conditions along the optical axis.  Since the lens is asymmetrical, then the 

absolute value of the potentials at the lens terminals are not equal in magnitude                 

(see figure 2).  This indicates that the area under the condenser and objective fields are not 

equal.  At the plane where z=0 the potential is zero as shown in figure (2). The lens 

asymmetry is achieved by maintaining this plane and keeping the condenser field on its left-

hand side and the objective field on the right-hand side.  Equation (20) is applied on each of 

the two above-mentioned fields since these two fields are not identical. 

 

 

Bmax 

Bz 

  a1    a2 

Slowly decreasing field  Steeply decreasing field  

    -z                                   0                           +z     optical axis  
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Figure (2): Axial magnetic scalar potential 
 

 

 

 

 

 

Figure (2) :Potential distribution of asymmetrical double pole  piece  magnetic 

lens.                                             

4. Results and Discussion 
 

The maximum flux density Bmax,the two half widths of the asymmetrical field on the 

object and image sides a1 and a2 respectively, and the axial length of the field have been 

taken into consideration as optimization parameters for the asymmetrical lens. The objective 

focal properties of each lens of specific asymmetry parameters have been investigated under 

zero and infinite magnification conditions.  In the former the electron beam enters the lens 

field parallel to the optical axis and emerges after crossing the axis  once whereas in the latter 

the beam is on the axis before it enters the lens and emerges parallel to the optical axis. The 

electron beam experiences two different magnetic fields in the region of Bmax i.e. about the 

zero coordinate on the optical axis. The lenses are investigated in the absence of magnetic 

saturation where the flux density B(r, NI) generated by a coil of excitation NI ampere-turns is 

proportional to NI [Hawkes, 1982; Al-Saadi, 2007] : 

)(

),(B

)(

),(B

NI

NIr

NI

NIr





                                                                            (21) 

The linearity of equation (21) holds if the flux density within the pole pieces and 

shielding material is sufficiently low, and if the magnetic permeability is sufficiently high. 

The magnetic field strength H within the material may be neglected and the magnetic scalar 

potential is defined by the following equation:  

)r(Vgrad)r(H                                                                                 (22) 

     When the magnetic lens is symmetrical  about the mid-plane the absolute value of the 

magnetic scalar potential on the object side is equal to that on the image side i.e., the electron 

beam suffers the same refractive power on both sides of the magnetic field. However, in the 

case of asymmetrical double pole piece lens these two values are not equal to each other 

since the magnetic scalar potential on the object or image side would be greater or less than 

the other depending on the number of ampere-turns under the condenser and objective fields.  

The sum of the absolute values of the magnetic scalar potentials on the object and image side 

is equal to the total excitation of the lens according to Ampere's law ( see equation 18 ) .  
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Figure (3) shows the axial magnetic field distribution Bz for different values of the half 

width a1(a1=1, 2, 3, 4, 5mm) on the object side by maintaining Bmax=1T, a2=1mm and 

L=40mm.  It should be noted that the distribution of the field on the image side is not 

affected since a2 is kept constant. The total number of ampere-turns as well as the number of 

ampere-turns under the condenser field increase with increasing a1.  This means that the 

absolute value of the magnetic scalar potential on the object side increases with increasing a1 

as shown in figure (4) . 

 

 

 

 

 

 

 

 

 

  

 

 
 

 

 

Figure (3): The axial magnetic field distribution for different values of   a1(a1=1, 2, 

3, 4, 5mm) when Bmax=1T, a2=1mm, and L=40mm. 

 

 

 

 

 

 

 

 
 
 

 
 

 

 

 

Figure (4): The axial magnetic scalar potential distribution for different 

     values of a1(a1=1, 2, 3, 4, 5mm) when Bmax=1T, a2=1mm, and L=40mm. 

By using the reconstruction procedure of the magnetic lens pole pieces, figure (5) shows 

the upper half of the pole piece for various values of a1 when the other optimization 

parameters are kept constants.  It should be mentioned that when a1=a2=1mm the resulting 
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lens is symmetrical; however, for the other values of a1 the magnetic lens becomes 

asymmetrical with different bore diameters about the mid-plane and the distance between the 

two faces of the pole pieces increases with a1 [Al-Batat et al , 2005]. 

 

 

 

 

 

 

 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure (5): Profile of pole pieces for different values of a1(a1=1, 2, 3, 4, 5mm) when 

Bmax=1T, a2=1mm, and L=40mm. 
 

The half width a2 on the image side space is now given the same values as those on the 

object side space a1 in the mathematical model for calculating the axial magnetic field i.e. 

a2=1, 2, 3, 4, 5mm as shown in figure ( 6a ) . The other parameters remain the same as those 

used in calculating the axial magnetic field for different values of a1 i.e. a1=1mm, Bmax=1T, 

and L=40mm. It is found that the distributions of the axial magnetic field and its axial 

magnetic scalar potential distribution for different values of a2 are the same as those for a1, 

but the left side becomes right and the right side becomes left as shown in figure ( 6b ). This 

result means was found the corresponding of pole piece profile for different values of a2 as 

shown in figure (7).Variation of the lens excitation NI in ampere-turns with each of the two 

half widths a1 or a2 as shown in figure (8).  It indicates that in order to increase the width of 

a1 or a2 one should increase the lens excitation NI . 
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Figure(6): (a)The axial magnetic field distribution and (b)the axial magnetic   

      scalar potential distribution for different values of a2(a2=1, 2, 3, 4, when 

Bmax=1T, a1=1mm, and L=40mm. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure (7): Profile of  pole pieces  for different values of a2(a2=1, 2, 3, 4, 5mm) when 

Bmax=1T, a1=1mm, and L=40mm. 
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Figure (8): Variation of the lens excitation NI with the 

     half widths a1 and a2.                                       

 

Variation of the objective focal length fo, spherical aberration coefficient Cs, and 

chromatic aberration coefficient Cc with the object space side half width a1 and image space 

side half width a2 at the excitation parameter 30/ 2/1 rVNI for zero and infinite 

magnification conditions as shown in figure (9). It should be noted that the objective 

properties under zero magnification condition for different values of a1 are equal to those 

under infinite magnification condition for the same values of a2 on the image side.  Also 

these properties under infinite magnification condition for different values of a1 are equal to 

those under zero magnification condition for the same values of a2 on the image side. 

For asymmetrical axial magnetic field of different values of a1 and a2, it is noted that the 

maximum value of the flux density Bmax has no effect on the objective focal properties and 

the pole piece profile since the total half width is kept constant. Furthermore, there is no 

effect of the asymmetrical lens length on the focal properties and the pole piece profile when 

the lens length is changed by equal values on its two sides [Al-Batat et al , 2005]. 
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Figure (9): The objective focal length fo, the spherical aberration coefficient Cs, and the 

chromatic aberration coefficient Cc against the object space side   half width a1 and the 

image side half width a2 when Bmax=1T, and L=40mm: 

(a) zero magnification condition ; (b) infinite magnification condition. 

 

In tables (1) and (2) it was found that the values of the relative spherical and chromatic 

aberration coefficients   Cs/fo and Cc/fo respectively are quite favorable in high resolution 

electron microscopes since they are less than unity at various values of a1. This result 

indicates that the performance of such asymmetrical objective lenses is desirable in the field 

of electron microscopy [Al-Batat et al , 2005]. 
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Table (1): The objective focal properties for different values of a1 under zero 

magnification condition at NI / Vr 1/2 =30 .  
a1mm fo mm Cs mm Cc mm Cs/fo Cc/fo 

1 0.35 0.13 0.23 0.37 0.66 

2 0.70 0.26 0.46 0.37 0.66 

3 1.05 0.39 0.69 0.37 0.66 

4 1.41 0.52 0.92 0.37 0.65 

5 1.76 0.65 1.15 0.37 0.65 
 

Table (2): The objective focal properties for different values of a2 under zero 

magnification condition at 30/ 2/1 rVNI . 

a2mm fo mm Cs mm Cc mm Cs/fo Cc/fo 

1 0.24 0.24 0.19 1.00 0.24 

2 0.48 0.48 0.39 1.00 0.48 

3 0.71 0.72 0.58 1.01 0.71 

4 0.95 0.96 0.77 1.01 0.95 

5 1.19 1.19 0.96 1.00 1.19 

5. Conclusions 
      In the present work it was found the corresponding between the objective focal properties 

in the objective side under zero magnification condition with these properties in the image 

side under infinite magnification condition and vice versa . 

     The accuracy of the spline solution technique mainly depends on the spline interval    

width . However , as this width decrease the accuracy will increase and vice versa . This 

work can be extended further by using other models for asymmetrical axial magnetic fields.  
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