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Abstract

A computation investigation on the design of magnetic deflection and
focusing system using the synthesis approach of optimization method has
been done. By solving the paraxial ray equation using the Range-Kutta-
Nystrom method the trajectories of the electron beam and the optical
properties of the magnetic deflection and focusing system under infinite and

zero magnification conditions has been computed.

The synthesis approach of optimization method is used in the present
work to finding the optimum design of magnetic deflection and focusing
system which give rise to the minimum spherical, chromatic, spiral

distortion, and radial distortion aberration.

The toroidal deflection coil is used as the source of magnetic field, and
then the field distribution is determined by using an exponential function.
The moving objective lens concept is included in the computation of system

field.

The system aberration has been minimized by changing the geometrical
shape of the toroidal coil, where the length and angle of the coil varied. By
using the optimum axial field distribution, the pole pieces shape which gives

rise to these field distributions is found by using the reconstruction method.

Computation shows that the smaller aberration coefficients occur when
the length of the coil (H= 23mm) and angle of the coil (@=61°). The

relationship between the four coefficients and length and angle of the coil is



inverse proportional in the cases of zero and infinite magnification
conditions, therefore, provides us with the possibility of operating the

system with high efficiently in different operation conditions of the system.



List of Symbols

a The field width at half maximum B,,/ 2.

B(z) Magnetic flux density (Tesla).

B Maximum value of axial magnetic flux density distribution (Tesla).

B«(2) The deflection field at the axis of an air core toroidal yoke (Tesla).

C. Chromatic aberration coefficient (m).
Cs Spherical aberration coefficient (m).
D Distortion coefficient (m).

D(z) Deflection magnetic flux density (Tesla).

Drad Radial distortion coefficient (m).
Dy, Spiral distortion coefficient (m).

d Displacement by the first magnetic deflector (m).
E, Energy of electron beam.

e Electron charge (1.6 107" C).

F, Projector focal length (mm).

H The length of the toroidal coil (mm).
h Solution of paraxial ray equation.

L The length of the system field.

M Liner magnification.

m Electron mass (m=9.1 x 10" Kg).
NI Magnetic excitation (Ampere-turns).

NI/ (V)" | Magnetic excitation parameter (Ampere-turns/(Volt)"?).

R Radial displacement of the beam from the optical axis (m).

Ry(2) Radial height of the pole pieces along the optical axis (m).

r Distance of the corresponding object point from the axis (m).




I Fluctuation in the electron beam focus.

V. Accelerating voltage (Volt).

Vv, Pole piece potential (Volt).

A\ Relativistic corrected accelerating voltage (Volt).
V,=V(z) | Axial magnetic scalar potential (Volt).

X and Y | Two independent solutions of the paraxial-ray equation.
z Length of the optical axis along the system (m).
zZ; Image plane position (m).

Zo Object plane position (m).

o Trajectory angle with system axis (degree).

B Angle of the arriving electrons (degree).

AE, Fluctuation in the electron beam energy.

Ho Permeability of free space (=4 7*10” H.m™).

Angle of the coil (degree).
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Chapter One

Introduction

1.1 Introduction

In many electron beam instruments, such as scanning electron
microscopes and scanning electron beam lithography systems are usually use
a magnetic lens to focus a(charge) particle beam , and magnetic deflection
coils mounted with in the lens.

In particular, the relationship between focusing magnetic field of the
lens and the deflection field must be optimized for minimum aberration and

normal landing angle [Lencova and Wisselink 2001].

1.2 Magnetic Deflectors

The magnetic deflectors are used to steer the beam in the desired
direction [Philip Coane 1999].

The most common and classical type of deflection is used in cathode ray
tubes and scanning electron microscopes . Its purpose is to scan the beam

over a surface [Szilagyi 1988].

1.3 Types of Magnetic Deflector
In the magnetic deflectors, two geometries are common
a- Toroidal magnetic deflection system: Systems of this kind are used in
television tubes, and in scanning microscopes for deflecting the electron

beam. In toroidal structure figure (1-1).Two pairs of coils, rotated at 90:
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Figure (1-1) Toroidal deflection coil [Hawkes and Kasper 1989].

b- Saddle coil: saddle coil, shown in figure (1-2) is usually enclosed in a
ferrite sheathe, there by reducing the wastage of flux. The shielding is
omitted only in devices designed to function at high deflection

frequencies in order to decrease the inductance| Hawkes 1989].
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Figure (1-2) Saddle deflection coil (Hawkes and Kasper 1989).

1.4 Magnetic Lenses
To focus an electron beam, a magnetic lens employs the magnetic field

produced by a coil carrying a direct current [Egerton 2007].Manufacturing



of magnetic lenses is usually more complicated than that of electrostatic
lenses.
The magnetic lenses have extensive applications in such areas as

electron microscopy and cathode ray tubes [Humphries 1999].

1.5 Types of Magnetic Lenses

Magnetic lenses can be classified from various points of view. For
example, one can mention (a) thick or thin lenses, according to the change in
the slope of the trajectory of the beam passing through the lens, (b) strong or
weak lenses depending on whether their focal points are situated inside or
outside the magnetic field, (¢) symmetric or asymmetric lenses depending
upon whether there exists a middle plane perpendicular to the lens axis about
which the geometrical arrangement of the lens is symmetric or not, (d)
doublet or singlet depending on whether the lens has two or one air gap.
Furthermore, magnetic lenses may be long or short, iron-free or shrouded by
ferromagnetic materials.

Magnetic lenses may be classified according to the number of pole
pieces in the lens. According to the criteria magnetic lenses can be classified
into four types namely, single pole piece, double pole piece, triple pole

piece, and the iron-free [Szilagyi 1988].

1.6 Properties of Magnetic Lenses

The lens properties can be determined once the real lens field is
replaced by an ideal rectangular field of length L. Physically this ideal field
is that of a solenoid of length S and diameter 2/3D carrying the same ampere
— turns NI ( excitation) (i.e. number of turns x D.C. current). The diagonal

L of the solenoid is related to the real lens geometry by [Lencova 1997]:



L=./(5)?%+ (2/3D)? (1-1)

The maximum magnetic flux density Bp.x is given by [Lencova and

Wisselink 2001]:

Brax = (:UO X NI)/L (1-2)

where L is geometrical parameter, L, is the permeability of free space.
Therefore, the magnetic field generated by a magnetic lens depends on its
shape and excitation NI.

The distinctive feature of magnetic lenses is that their optical properties
are dependent on the charge to mass ratio of the particles. In magnetic lenses
the particle trajectories depend on the particles mass, where heavy particles
are less focused than light ones.

Magnetic lenses are used for forming electron optical system which

transforms an 'object’ into 'image' [Goodhew et al 2001].

1.7 Advantage of Magnetic Lenses and Deflectors
Compared with electrostatic lens and deflector, magnetic lens and
deflector have some advantages [Liu 2005]:
1- High stability
2- Low aberration

3- High sensitivity



1.8 Historical Review

Many researchers attempted to design and optimization of combined
magnetic deflector and lens systems with minimum aberrations, for
examples:

[Munro (1974)] derived the formula for calculating the first-order
optical properties, third-order aberrations coefficient, and first-order
chromatic aberrations for magnetic combined deflective focusing system.
His formulae are applicable to the general case in which the lens and
deflector field are superimposed on one another.

[Munro (1975)] introduced the methods for computing the optical
properties of any combination of magnetic lenses and deflection yokes,
including the most general case in which the lens and deflector fields may
physically be superimposed.

[Ohiwa (1977)] presented the considerations and results of designing air-
core scanning systems comprising round lenses and saddle type deflection
coils.

[Kuroda (1980)] introduced the method for calculating the deflective
aberration for deflection system with two deflectors and a lens by using the
independent aberration of each deflector. The method gives the deflective
aberrations without the calculation of deflection fields or paraxial
trajectories when the conditions (rotation angle and coil current) of each
deflector are changed.

The numerical analysis of magnetic deflector in electron beam
lithography system was carried out by [Munro and Chu (1981b)].
Formulae were derived for calculating the first and third harmonic
components of the magnetic deflection field, for both toroidal and saddle

yokes, either in free- space region by using the Biot- Saverd law on in



presence of rotationally symmetric ferromagnetic materials by using the
finite element method.

A combined system consisting of round lenses and magnetic deflector
with superimposed fields had been studied by [Jiye (1981)]. The general
expressions for superimposed fields and trajectories were obtained. The
Gaussian optical properties of the system were discussed and the effect of
magnetic deflector on the round magnetic and electrostatic lens might be
considered as the linear transformations for Gaussian trajectory parameters.
Then the expressions for calculating the aberrations were given in a compact
matrix form appropriate for numerical computation.

A focusing and deflection system with vertical landing and reduced
aberrations was developed by [Kuroda et al(1983)], for direct electron-
beam lithography. The system consisted of two magnetic lenses and a
magnetic deflector. The excitations of the lenses were opposite to each other.
The deflector, which had saddle coils, was set inside the first lens.

[Lencova (1988)] summarized some basic ideas used in the design of
combined deflection and focusing system.

The fifth order aberration coefficient formulas for deflective focusing
systems have been derived by several authors; [Yu Li et al (1993)];] Uno Y
(1995)]; and [ Kangyan and Tang (1999)].

[Wang et al (2000)] developed differential algebraic method (DA),
which implement the DA method to arbitrary high order in visual C'"", and
applied it to the analysis of electron lenses and deflection systems
separately.

[Wang (2002)] introduced a new mathematical method, differential

algebraic (DA) method, into the aberration of combined focusing-deflection



system. This method is first introduced by Berz (1989) into accelerator
physics and achieved great success.

[Teruo Hosokawa (2002)] derived the relationships between the third-
and fifth-order complex aberration coefficients in electron optical deflective
focusing system.

[Alamir (2003)] computed the spiral distortion of magnetic lenses with
field distribution in the form of an inverse power law.

[Alamir (2004)] computed the chromatic aberration of magnetic lenses
with a field distribution in the form of an inverse power law.

[Alamir (2005)] calculated the optical properties of monopole, multipole
magnetic lenses.

[Yan Ren et al (2007)] studied the aberration theory of combined
electron focusing-deflection system with a rotating deflection field following

the rotation of the electron.

1.9 Optimization Methods

The desire to produce electron and ion optical systems with prescribed
optical properties and as small aberrations as possible is as old as electron
and ion optics itself [Szilagyi 1988].

Optimization is the search for such electron and ion optical element that
would provide the required optical properties with minimum aberrations.
There are two different approaches to optimization: analysis and synthesis.

The method of analysis 1s based on trail and error. The designer starts
with certain set of given elements (electrodes or pole pieces) and tries to
improve their performance by analyzing the optical properties and varying

the geometrical dimensions as well as the electric or magnetic parameters of



the system until a  satisfactory performance is  achieved.
Owing to the infinite number of possible configurations this procedure is
extremely slow and tedious. It can yield quick and reliable results only if a
reasonable guess of the design is already available before the work
starts[Szilagyi 1988].

Optimization by synthesis has always been one of the most ambitious
goals of electron and ion optics. This approach is based on the fact that any
imaging field, its optical properties and aberrations are always totally

determined by axial field distribution.

1.10 Aim of the Thesis

The aim of this work is to find the optimum design of magnetic system
which consists of magnetic deflector and lens which gives rise to the
minimum spherical, chromatic, spiral distortion and radial distortion
aberration. The synthesis approach of optimization method is used in the
present work.

In the calculations; the toroidal deflection coil is used as the source of
magnetic field, then the exponential field distribution model is used. Also,
the moving objective lens concept is included in the computation of
deflection field.

Deflection aberrations can be minimized for the exponential field
distribution model by changing the shape of the deflection coil, where the
length and angle can be varied. By using the optimum axial field
distribution, the pole pieces design which gives rise to this field distribution

can be found by using reconstruction method.
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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
[Humphries 2002]. The high kinetic energy and directionality of
charged particles in beams make them useful for applications.

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.

2.2 Paraxial-Ray Equation in Magnetic Fields

The paraxial ray equation in axially symmetric magnetic fields can

be written as [Tsimring 2007]:

d*r eBE(2)
+ r=
dz?>  8mV,

(2-1)

where e and m are the charge and mass of electron respectively, and V;

is the relativistially corrected accelerating  voltage which is given

by[Szilagyi 1988].:

V. = (1+0.978 X 107°1,) (2-2)



where V, is the accelerating voltage.

Equation (2-1) is a second order differential equation. This equation
was solved numerically using Range-Kutta-Nystrom method
[Kreyszig 1983]. In present work we check our results to solve the
equation (2-1) analytically by the method of undetermined coefficients

using MATLAB program [Karris 2004].

2.3 Optical Parameters and Initial Conditions

Some definitions of the optical parameters used in the present work
are given in this section.
Object side: The side of optical design at which the charged particles
enter.
Image side: The side of optical design at which the charged particles
leave.
The object plane (Z,): The plane at which the physical object is placed,
or a real image is formed from a previous optical design, on the object
side.

The image plane (Z,): The plane at which the real image of the object
plane Z, is formed, on the image side.

Focal length (F): The focal length is the distance between the principle
plane and the foucs [Tsimring 2007].

Magnification ( M ): In any optical system the ratio between the
transverse dimension of the final image and the corresponding

dimension of the original object is called the lateral magnification”"M":



__lmage height

= — : (2-3)
object height

There are three magnification conditions under which an optical
design such as lens or deflector can operate, namely [Munro 1975]:

(1) zero magnification condition: In this operational condition Z,=-o

as shown in figure (2-1). As an example, the final probe-forming lens
in a scanning electron microscope (SEM) is usually operated under this

condition.

r(z,)-1 r(z;)=0

r(z.)=0 \r'{zn-co
Optical axis

Figure (2-1): Zero magnification condition.

(i1) Infinite magnification condition: In this case Z,=+o as shown in

figure (2-2). As an example, the objective lens in a transmission

electron microscope ( TEM ) is usually operated under this condition.

I’{Zo}= 0 I'I:Z;}=1

r'(z.)> 0 / r'(z;)=0
Optical axis M= oo

Figure (2-2): Infinite magnification condition.



(111) Finite magnification condition: Under this operational condition Z,
and Z, are at finite distances, as shown in figure (2-3). As an example

the electrostatic lens in field-emission gun is usually operated under

this condition.

rz.)=0 r(zi)=0

I"[_Zo}:-{} I"{Zi]dﬁ
/ — \\ M=Finite
Optical axis

Figure (2-3): Finite magnification condition.

2.4 Magnetic Deflection Fields

In magnetic deflector, two geometries are common: saddle and toroidal
coils. In the present work, the toroidal coil is taken as the source of magnetic
field.

The method used for calculating the deflection yoke fields depends on
whether the deflection coils are near the magnetic materials or not [Septier
1980]. If the deflection yoke is in a free-space region, its field can be
calculated using the Biot-savart's formula. The deflection field at the axis of
an air-cored toroidal coil, B,(z), is obtained using the formula given by

[Munro 1975]:

Nipgsin@[Viz +r2 Vh2+7r2 +hZ+R%2 2+ R?
Bi(2) = On e T -4




where NI is the magnetic excitation, O is the angle of the toroidal coil, R
and r are the outer and inner radius of the toroidal coil, respectively, By(z) is
deflection field of toroidal yoke and h and / are defined in figure (1-1).

If the deflection coil is near magnetic materials, the Biot-savart's formula
is no longer applicable. Instead, some numerical technique must be used,
such as the finite-element method. This method can be used for either
toroidal or saddle yokes, wound on magnetic formers or placed inside

magnetic circuits.

2.5 Magnetic Scalar Potential Calculation
The magnetic scalar potential is an essential factor for finding the pole
piece shape. Thus, it is important to determine the magnetic scalar potential
distribution along the lens and deflector system length At the lens axis the
axial flux density distribution is given by. [Al-Obaidi1995].
dav,

B, = —uo dz (2-5)

where B, is the axial flux density distribution , V, is the axial potential
distribution, and L, is the permeability of free space. The magnetic scalar

potential V,can be calculated by integrating equation (2-5) along the lens

and deflector system axis.

[} dV, = ——[’B,dz (2-6)

a Ko

1.e.,



1 b
Vob = Vza = _H_ofa B,dz (2-7)

where a and b are the axial magnetic field limits.

It is intended to find the magnetic scalar potential along the lens and
deflector system as a tabulated data set. Thus the lens and deflector system
axis (1.e. the interval where the axial magnetic field exists) is divided into (n-
1) subintervals where n is the number of points (z , B,). The axial magnetic
flux density B, can be approximated by the well-known cubic spline for each

subinterval as follows:

B, = B; + Bi(z — ;) + 0.5B; (z — z;)* — 1L

— 233 (.
6(Zit+1—Z¢) (Z Zl) (2-8)

where z; <z < 7., and 1 =1, 2, 3, .... , (n-1). Equation (2-6) can be

executed over each subinterval with the aid of equation (2-8); the result is

the following recurrence formula,

Vaen = Ve i [Bih + B () + 87 () + (Z22) (%) 29

where h;= ( zi+1 — z;) 1s the width of each subinterval. Equation (2-9) can be

written in the following simplified form

Vai+) = Vu — E; (2-10)



Where
~ x hiN? BTN hyC
b oo () i 3) + (5 3)

Since the axial magnetic flux density considered in this work is symmetrical,

one can put

Vz(n—l) = _Vzi = 0.5NI

The recurrence formula (2-10) can thus be written in the following form,
Vz(i+1) = —0.5NI — Ei (2-11 )

for each subinterval z; <z < z;,,. Therefore, one can get the magnetic scalar
potential V (z) along the lens and deflector system interval z; <z <z, . The

above algorithm has been formulated into a MATLAB 2008.

2.6 Pole Piece Reconsideration

The pole piece shape can be design by using the following equation,
1/2
V.=V,
R,(z) =2 [(ZV—”)] (2-12)
z

where R, is the radial height of the pole piece and V, is the value of the
potential of the pole piece.
This equation used by [Szilagyi 1984] to reconstruct the pole piece shape

of magnetic deflector and lens.



2.7 The Moving Objective Lens (MOL) Concept

The concept of moving objective lens (MOL) was introduced first by

[Ohiwa et al 1971]. Ohiwa pointed out that the aberrations of a combined
focusing and deflection system can be greatly reduced by using an
arrangement of the type shown in figure (2-4).
A point source of electrons, emitted from z,, is imaged by a lens at z;. The
beam is deflected by the first deflector so that it enters the lens off axis, a
second deflector, placed inside the lens. This so- called "moving objective
lens" (MOL) reduces the effect of the off axis lens aberrations. The spherical
and chromatic aberration of the lens can be kept small by having a short
working distance L, (see figure 2-4). At the same time the deflection
aberrations can be kept small by having a large distance L; from the first
deflector to the image plane [Marton 1980]. This concept has been analyzed
theoretically by [ Ohiwa et al. 1971] and [Goto and Soma 1977], and has
been used in practical designs by [Munro 1975] , [Ohiwa 1978], and [Goto
et al. 1978].

————————————————————————— N —— 1

e
=a
gl
——
C
;

First Deflector Second Deflector Lens

Figure (2-4) The moving objective lens concepts [Ohiwa 1978].



Let B(z)the axial flux density distribution for lens and D(z) the
deflection flux density required at the axis. Then, the following relation

holds [ Ohiwa 1978 and Lencova 1987].

D(z) = %dB'(z) (2- 13)

where d is the displacement by the first deflector (pre deflection).
2.8 Aberrations of Axially Symmetric Electron Optical

Systems

The theory of aberrations is the most extensively studied area in both
light optics and electron optics. Intensive investigations of aberrations
in axially symmetric electron-optical systems were carried out since 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. Let us recall these assumptions: (1)
rigorous axial symmetry; (2) paraxial trajectory approximation; (3) energy
homogeneity, including the absence of time-dependent processes; and (4)
negligible space-charge fields and small effects of electron diffraction.
Violation of at least one of these conditions leads to aberrations that are
responsible for blurred or distorted images and complicate beam transport

problems [Tsimring 2007].
2.8.1 Spherical Aberration

The spherical aberration is one of the most important geometrical
aberrations; result from violation of paraxial trajectory approximation.

The problem of spherical aberration is fundamental in electron
microscopy, in which objects are very small and arranged close to the optical

axis [Tsimring 2007].



The effect of spherical aberration can be defined by means of the a
diagram that shows electrons arriving at a lens after traveling parallel to the
optic axis but not necessarily along it; see figure (2-5). Those that arrive
very close to the optic axis (paraxial rays, represent by dashed lines in figure
(2-5)) are brought to a focus F, a distance f from the center of the lens, at the
Gaussian i1mage plane. When spherical aberration is present, electrons
arriving at an appreciable distance x from the axis are focused to a different

point F; located at a shorter distance f; from the center of the lens[Egerton

2007].

disk of least Gaussian
confusion plane

—_—
_______ \
——— ] rs
> ——
———pmm e —=— =TT T T et
rS
...... I L

Figure(2-5):Definition of the disk of confusion due to spherical
aberration, in terms of focusing parallel rays by a lens

[Egerton 2007].



When these non-paraxial electrons arrive at the Gaussian image
plane, they will be displaced radically from the optic axis by an
amount 1, given by[Egerton 2007].:

r, = Coad (2-14)

where C;is the spherical aberration coefficient .

Figure (2-5) illustrates a limited number of off-axis electron
trajectories, the formation of an aberration circle, with electrons
arriving at the lens with all radial displacements (between zero and
some value x) within the x-z plane, within the y-x plane (perpendicular
to the diagram), and within all intermediate planes that contain the
optic axis. Due to the axial symmetry, all these electrons arrive at the
Gaussian image plane within the disk of confusion (radius r;) [Egerton
2007].

The spherical aberration coefficient C, of an axially symmetric

magnetic optical element is given by [Tahir 1985]:

Cs = (e/128mY;) ['7* {(3e/mV,)B?(2) + 8B%(2) —
8Bz(z)(r'/r)2} dz (2-15)

where r 1s the solution of the paraxial-ray equation with an initial
condition depending on the operation mode. The integration covers the

whole interval from object plane z, to image plane z;.



2.8.2 Chromatic aberration

In light optics, chromatic aberration occurs when there is
spread in the wavelength of the light passing through a lens,
coupled with a variation of the refractive index with wavelength
(dispersion). In the case of an electron, the de Broglie wavelength
depends on the particle momentum, and therefore on its kinetic
energy E,, So if electrons are present with different kinetic
energies, they will be a chromatic disk of confusion rather than a
point focus. The spread in kinetic energy can arise from several
causes.

1-Different kinetic energies of the electrons emitted from the
source. For example, electrons emitted by a heated-filament
source have a thermal spread (= k T, where T is the temperature
of the emitting surface) due to the statistics of the electron-
emission process.

2-Fluctuation in the potential V, applied to accelerated electrons.
Although high-voltage supplies are stabilized as well as possible,
there is still some drift (slow variation) and ripple (alternating
component) in the accelerating voltage, and therefore in the
kinetic energy e V,.

3-Energy loss due to inelastic scattering in the specimen, a process
in which energy is transferred from an electron to the specimen.
This scattering is also a statistical process: not all electrons lose
the same amount of energy, resulting in an energy spread within
the transmitted beam.

Consider an axial point source P of electrons (distance u from

the lens) that is focused to a point Q in the image plane (distance



v from the lens) for electrons of energy E, as shown in figure (2-
6).

-

Figure(2-6):Ray diagram illustrating the change in focus and
the disk confusion resulting from chromatic aberration. With
tow object points, the image disks overlap [Egerton 2007].
Electron of energy E, - AE, will have in image distance v - Av and
arrive at the image plane a radial distance r; from the optic axis. If the

angle B of the arriving electrons is small[Egerton 2007].

r; =Avtanf = [Av (2-16)

The loss of spatial resolution due to chromatic aberration is therefore

[Egerton 2007].
7. = aC.(AEy/Ey) (2-17)

where C.is the chromatic aberration coefficient [Egerton 2007].
The chromatic aberration coefficient C, of an axially symmetric

magnetic optical element is given by [Tahir 1985]:

c. = (e/8mY) [, B*(2)h*(2)dz (2-18)



The integration covers the whole interval from object plane z, to

image plane z;.

2.8.3 Radial and spiral distortions

The presence of image distortion is equivalent to a variation of
the magnification factor with position in the object or image there
are: two types of radial distortion Pincushion distortion and barrel
distortion.

The pincushion distortion corresponding to M increasing with
radial distance away from optical axis as in figure (2-6a), barrel
distortion corresponds to M decreasing away from the axis as in
figure (2-7b). Many electron lenses cause a rotation of the image,
and if this rotation increases with distance from the axis, the result

1s spiral distortion figure (2-7¢) and (2-8) [Egerton 2007].

Q

(a) () (c)

Figure(2-7):(a) Square mesh (dashed lines ) image
with pincushion distortion (solid curves); magnification M is
higher at point Q than that at point p. (b) Image showing
barrel distortion, with M at Q lower than at P. (c) Image of a
square, showing spiral distortion; the counterclockwise rotation

is higher at Q than at P [Egerton 2007].



Figure(2-8): A triangle imaged by an ideal lens, with
magnification and invertion. Image point A, B, and C are
equivelent to the object points a, b, and c, respectively

[Egerton 2007].

In an undistorted image, the distance R of an image point from
the optic axis is given by R=M r , where r is the distance of the
corresponding object point from the axis , and the image
magnification M is a constant. Distortion changes this ideal

relation to[Egerton 2007]:

R = Mr + Dr3 (2-19)

where D is distortion coefficient (Ds, for spiral distortion and

Dy.q for radial distortion ).



If D >0, each image point is displaced outwards, particularly
those further from the optical axis , and the entire image suffers
from pincushion distortion figure as in (2-7a). If D < 0, each
image point is displaced inward relative to the ideal image and
barrel distortion is present as in figure (2-7b).

For most purposes, distortion is a less serious lens defect than
aberration (spherical and chromatic aberrations), because it does
not result in a loss of image detail. In fact, it may not be
noticeable unless the microscope specimen contains straight-line

feature [Egerton 2007].

The spiral and radial distortion coefficient of an axially symmetric

magnetic optical element is given by [Tsuno 1981]:

oo =g i) [ {0+ (7)) e

—0o0

e)xB%@—

Drad - 8_]3”5 (162:”/1) fjooo {BIZ (Z) + (S;Vr

I\ 2
B2(z2) (YV) }Y3Xdz (2-21)

where, x and y are two independent solutions of the paraxial-ray

equation with an initial condition depending on the operation



mode, the primes denote derivatives with respect to z and f; is the

projector focal length .
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Chapter Three

Results and Discussion

3.1 The Behavior of the Magnetic Deflector and Lens at
Different Values of Length and Angle of Coil

In the present work, the properties of a magnetic system (deflector and
lens) have been studied. The toroidal yoke coil is used as the source of the
magnetic field. The optimum design is found by changing the geometrical
shape of the coil via changing the values of length and angle of the coil to
give minimum values of relative spherical, chromatic, spiral distortion and
radial distortion aberration coefficients. The exponential function is given by
[Hawks1982] used for the shape of magnetic field distribution. The
procedure of the calculations is divided into four steps: The first; calculating
the magnetic field of the system, second: calculating the trajectory of the
electron beam, third calculating the relative spherical, chromatic, spiral
distortion and radial distortion aberration coefficients, and forth design the

pole piece shape .



3.2 Design Using Exponential Model
According to exponential function the axial flux density distribution is
given by [Hawks1983]:

B (z) = B., exp - (z/a)’ (3-1)
where B, is the maximum value of magnetic field, z is the length of the
optical axis along the system and it is calculated using eq. (2-4), and a is the
field width at half maximum B,,/2. The axial flux density distribution of the
deflector D (z) is computed using equation (2-13) where B/(z) is computed
with aid of equation (3-1). The field of deflector, lens and the superimposed
field (system field) has been calculated for different values of lengths and
angles of the coil as shown in figures (3-1— 3-6). From these figures one
can note that when the length and angle of the coil increases the field
increases. The field is directly proportional to the length and angle of the

coil.
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Figure (3-1): The field of the magnetic deflector at angle of the coil 0=61°
for different values of length of the coil.
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Figure (3-2): The field of the magnetic deflector at length of the coil H=23
mm for different values of angle of the coil.
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Figure (3-3): The field of the magnetic lens at angle of the coil 6=61° for
different values of length of the coil.
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Figure (3-4): The field of the magnetic lens at length of the coil H=23 mm
for different values of angle of the coil.
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Figure (3-5): The field of the magnetic system at angle of the coil 0=61°
for different values of length of the coil.
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Figure (3-6): The field of the magnetic system at length of the coil H=23
mm for different values of angle of the coil.



3.3 Electron Beam Trajectory

The electron beam path along the magnetic system field under infinite
magnification condition has been computed using equation (2-1). Figures (3-
7) and (3-8) shows the trajectories of an electron beam traversing the

magnetic system field at various values of both length and angle of the coil.
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Figure (3-7): The electron beam trajectory in the magnetic system under
infinite magnification condition at NI/(Vr)"’=32.27 for the angle of the
coil 0=61° and different values of length of the coil H.
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Figure (3-8): The electron beam trajectory in the magnetic system under
infinite magnification condition at NI/(Vr)"’=32.27 for the length of the
coil H=23mm and different values of angle of the coil e.
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Figure (3-9): The electron beam trajectory in the magnetic system
under zero magnification condition at NI/(Vr)"’=32.27 for the angle of the
coil 8=61° and different values of length of the coil H.
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Figure (3-10): The electron beam trajectory in the magnetic system under
zero magnification condition at NI/(Vr)"’=32.27 for length of the coil
H=23 mm and different values of angle of the coil o .

The effect of the length and angle of coil has been investigated at value of
excitation parameter NI/(Vr)’>(=32.27Amp.turns/(volt)’>. Computation has
shown that as the beam emerges from magnetic field it diverges away from
the optical axis. The trajectories of electron beams are deflecting more away
from the optical axis as the values of length of the coil (H) and angle of the
coil (@) decreases. The effect of change the length of the coil (H) and angle
of the coil (@) on the electron beam trajectory is due to the effect of the field
of the magnetic system, where as length of the coil (H) and angle of the coil
(9) decrease the field decreasing too as shown in figures (3-5) and (3-6).
Figure (3-9) and (3-10) shows the trajectory of an electron beam
traversing the magnetic field of the system at various values of the length of

the coil (H) and angle of the coil (). These trajectories have been



computed with the aid of equation (2-1) under zero magnification condition
and the constant value of the excitation parameter NI/(Vr)*™® = 32.27 Amp.
turns/(volt)>. The computation shows that the beam emerges from system
field converges near the optical axis. The trajectories of electron beams are
deflect near the optical axis as the values of length of the coil (H) and angle
of the coil (@) increases. The effect of changing the length of the coil (H)
and the angle of the coil (0) on the electron beam trajectory is due to the
effect of the magnetic field , where as length of the coil (H) and angle of the
coil(Q) increases the field is increasing too as shown in figures (3-5) and (3-
6).

3.4 Infinite Magnification Condition

3.4.1 Effects of changing the length

a- Relative spherical and chromatic aberration coefficients

To study the effects of variation of the length of the coil (H) on the
spherical and chromatic aberration coefficients C_ /f, and C_/f, the
different values of the length of the coil H=23, 24, 25 and 26mm with angle
of the coil @ = 61° are taken into account. Figure (3-11) shows this effect on
the spherical aberration coefficient. This figure shows that the length

H=23mm gives the lower value of spherical aberration coefficient C_ /£ .
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Figure (3-11): The relative spherical aberration coefficient C,/f, as a
function of NI/(Vr)"’ for the angle of the coil 0=61° and the lengths of the
coil H= 23, 24, 25 and 26 mm.

Figure (3-12) shows the effect of variation of the length of the coil (H)

on the chromatic aberration coefficient C_/f, . Figure (3-12) shows that

the length of the coil H =23mm gives the best value of chromatic aberration

coefficient C_/f,. In both spherical and chromatic aberration coefficients

one can find that the values of relative aberration coefficient increase as the
ratio of the excitation parameter NI/(Vr)™® increases. Also, at the lower
values of the excitation parameter NI/(Vr)™> one has the best values of both
spherical and chromatic aberration coefficients , and one can select the

values of NI and Vr to keep this ratio small.



1 40E-06
1 20E-06 -
1 QOE-06 -
— —H=23 mm
g BOOEOTYL H=24 ram
S — - H=25 mm
O ¢ooE07 — H=26mm,
4.00E-07 -
2 00E-07 -
0.00E+00 r r r r .
32 325 33 335 34 345 35

NI/(Vr)*0.5 (Amp. turns/(Volt)*0.3).
Figure (3-12): The relative chromatic aberration coefficient C./f, as a

function of NI/(Vr)"’ for the angle of the coil 0=61° and the lengths of the
coil H= 23, 24, 25 and 26 mm.

The relation between spherical and chromatic aberration coefficients
C,/f, and C,/f, and the length of the coil (H) is shown for the excitation
parameter NI/(Vr)"> =32.27 Amp. turns/(volt)™ in figures (3-13) and (3-14),
respectively. The values of spherical and chromatic aberration coefficients
C,/f, and C_/f, increase when the length of the coil (H) increases and at
the length H=23mm one can find the best result. Therefore, to reduce the
values of relative spherical and chromatic aberration coefficients the

designer can use the shorter lengths to design the toroidal deflection coil.
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b- Relative radial and spiral distortion coefficients

Figure (3-15) shows the relative radial distortion coefficient Drad"‘fp2 of
the magnetic system as a function of the excitation parameter NI/(Vr)™’.

From the figure (3-15) one can note the values of the relative radial
distortion coefficients Drad*fp2 are decreasing as the length of coil (H)
decreases. Also the values of the relative radial distortion coefficients
Dmd*fp2 increase as the excitation parameter NI/(Vr)"® increases. The best
values of the radial distortion coefficients Dmd*fp2 occur at the low values of

the excitation parameter NI/(Vr)’> and the length of the coil H = 23 mm

and 6=61° gives the minimum values of the aberration coefficients.
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Figure (3-15): The relative radial distortion coefficient D, , *ﬁ,z asa
function of NI/(Vr)"’ for the angle of the coil 6=61° and the lengths of the
coil H= 23, 24, 25 and 26 mm.



The effect of changing the length of the coil (H) on spiral distortion
coefficient is shown with different values of length of the coil H= 23, 24, 25,
and 26 mm, this effect appears in figure (3-16). The calculations show that
the coil length H = 23mm gives us the lower value of relative spiral
distortion coefficient Dsp*foz. The values of  relative radial distortion
coefficient Dsp*f02 increase as the values of the excitation parameter

NI/(Vr)*® increase.
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Figure (3-16): The relative spiral distortion coefficient Dy, “f2as a
function of NI/(Vr)"’ for the length of the coil 6=61° and lengths of the
coil H=23, 24, 25 and 26 mm.

The relation between radial and spiral distortion coefficient Drad*fpzand
Dsp"‘fp2 with the length of the coil is shown in figures (3-17) and (3-18). In
these two figures, one can find that the values of radial and spiral distortion

coefficient Drad*fp2 and Dsp*fozincrease as the length of coil increases.
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Figure (3.17): The relative radial distortion coefficient D, , *j;,z asa
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Figure (3.18): The relative spiral distortion coefficient Dy, “f2asa

Sfunction of the coil length (H) for the angle of the coil 0=61° .



3.4.2 Effects of changing the angle

a- Relative spherical and chromatic aberration coefficients

The effect of changing the angles of the coil (@) on the spherical and
chromatic aberration coefficients is investigated and following angles @ =
61°, 63°, 65°, and 67° of coil, with coil length H = 23mm, are taken into
account of aberration coefficients. Figure (3-19) shows the relation between

relative spherical aberration coefficient C_ /f, and the excitation parameter

NI/(Vr)*® .This figure shows that @ = 61° gives the lower values of spherical

aberration coefficient C_/f . Also the relative spherical aberration

coefficient increases with increasing the excitation parameter NI/(Vr)™.

250E-02

2.00E-02 {

1.50E-02 A

Csifo.

1.00E-02 A

5.00E-03 +

0.00E+00

32 325 23 335 34 345 25
NI/(Vr)*0.5 (Amp.turnsi/(volt)*0.5).

Figure (3-19): The relative spherical aberration coefficient C/f, as a
function of NI/(Vr)"’ for the length of the coil H=23mm and the angle of
the coil 0=61°, 63°, 65°, and 67°.

Figure (3-20) shows the relation between chromatic aberration

coefficient C,/f, and the excitation parameter NI/(Vr)*. From the figure



the angle of the coil @ = 61° gives us the minimum value of chromatic

aberration coefficient C_,/f, and the lower values of the excitation

parameter NI/(Vr)" give us the best values of the relative chromatic
aberration coefficient. From the calculations two parameters can be used to
reduce the spherical and chromatic aberration coefficients by selection the
best angle and the best value of the ratio of the excitation parameter

NI/(Vr)’? ( by changing NI and Vr).
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Figure (3-20): The relative chromatic aberration coefficient C./f, as a
function of NI/(Vr)"’ for the length of the coil H=23mm and the angle of
the coil 0=61°, 63°, 65’, and 67".



The relation between spherical and chromatic aberration coefficient

C,/f., and C_/f, with the angle of the coil (@) is shown in figures (3-21)

and (3-22), respectively at the excitation parameter NI/(Vr)*® = 32.27 Amp.
turns/(volt)’”. Both cases have the same behavior, where the spherical and

chromatic aberration coefficient C_/f, and C,/f, decrease as the angle of

the coil decreases.
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Figure (3-21): The relative spherical aberration coefficient C/f, as a

function of the angle of the coil (o) for the length of the coil
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Figure (3.22): The relative chromatic aberration coefficient C./f, as a
Sfunction of the angle of coil (o) for the length of the coil H=23 mm.

b- Relative radial and spiral distortion coefficients

Different angles, ¢=61°, 63°, 65°, and 67°, of the coil are taken in

computation the radial and spiral distortion coefficients. Figure (3-23)

explain the results of these calculations. In this figure, the values of the

. . . . 2 . .
radial distortion coefficients D,,q*f,” decreases as the excitation parameter

NI/(Vr)’” decreases. Also, the angle of the coil @ = 61° and lower values of

the excitation parameter NI/(Vr)"” gives us the lower value of relative radial

distortion coefficient Drad"‘fp2 )
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Figure (3-23): The relative radial distortion coefficient D,,, *fpz asa
function of NI/(Vr)"’ for the length of the coil H=23mm and the angle of
the coil 0=61°, 63°, 65°, and 67"

Figure (3-24) explain the relation between the spiral distortion
coefficients with the excitation parameter NI/(Vr)*>. From the calculations
of four angles one can find that the minimum values of relative spiral
distortion coefficient Dsp*fo2 occur at angle @ = 61° and the lower value of

the excitation parameter NI/(Vr)"”.
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Figure (3-24): The relative spiral distortion coefficient Dsp*fo2 as a
function of NI/(Vr)"’ for the length of the coil H=23mm and the angle of
the coil 0=61°, 63°, 65', and 67

The relation between the radial and spiral aberration coefficients
Drad*fp2 and Dsp*fozwith the angle of coil (0) is shown in figures (3-25) and
(3-26), respectively with the excitation parameter NI/(Vr)*0.5 =32.27 Amp.
turns/(volt)’”. In both cases the radial and spiral aberration coefficient

2 2. :
D..*f,” and Dg,*f, increases as the angle increases.
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Figure (3.25): The relative radial distortion coefficient D, *j;,z asa
Sfunction of the angle of the coil (o) for the length of the coil H=23 mm.
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Figure (3.26): The relative spiral distortion coefficient Dy, “2as a
function of the angle of the coil (o) for the length of the coil H=23 mm.



3.5 Zero Magnification Condition
3.5.1 Effects of changing the length

a-Relative spherical and chromatic aberration coefficients

The variation of the length of the coil has been studied to find the
optimum length of the coil which gives us the minimum values of spherical
and chromatic aberration coefficients under zero magnification condition.
The calculations for different values of the length of the coil, H = 23, 24, 25,
and 26mm, are made for the angle of the coil @ = 61°. Figure (3-27) shows
the results of spherical aberration coefficients. In this figure one can find that
the length of the coil H = 23mm gives the lower values of spherical

aberration coefficient C,/f at lower value of excitation parameter

NI/(Vr)*.
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Figure (3-27): The relative spherical aberration coefficient C/f, as a
function of NI/(Vr)" for the angle of the coil 6=61° and the length of the
coil H= 23, 24, 25 and 26 mm.



The effect of variation of the coil length on the relative chromatic
aberration coefficient is shown in figure (3-28). One finds that at the length
of the coil H = 23mm gives the best value of spherical aberration coefficient
C./f. at lower value of excitation parameter NI/(Vr)* . One can note that
the relation from the figure is linear between C_/f, and the length of the

coil H.
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Figure (3-28): The relative chromatic aberration coefficient C./f, as a
function of NI/(Vr)" for the angle of the coil 0=61° and the length of the
coil H= 23, 24, 25 and 26 mm.

The relation between spherical and chromatic aberration coefficients
C,/f, and C,/f, with the length of the coil (H) is shown in the figures
(3-29) and (3-30), respectively at constant value of the excitation parameter
NI/(Vr)*® =32.72 Amp. turns/(volt)™> . The values of spherical and

chromatic aberration coefficients C_ /f, and C_/f, increase when the



length of the coil increases and the length of the coil H = 23mm gives us the

lower values.
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Figure (3-29): The relative spherical aberration coefficient C/f, as a
function of the coil length (H) for the angle of the coil 6=61"°.
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Figure (3-30): The relative chromatic aberration coefficient C./f, as a

function of the coil length (H) for the angle of the coil 6=61°.



b- Relative radial and spiral distortion coefficients

The different values of length of the coil, H= 23, 24, 25, and 26 mm with
the angle of the coil =61°, are studied to find the optimum length which
give us the best values of radial and spiral distortion coefficient Drad*fp2 and
Dsp*foz. The results of radial distortion are shown in figure (3-31). In this
figure, the length of the coil H = 23mm represent the optimum length. The
effect of changing the length of the coil on spiral distortion is shown in
figure (3-32). In this figure it appears that the length of the coil H =23mm
gives the best result. Both radial and spiral distortion aberration coefficients
have the same relation with the length of the coil, where the relative radial
and spiral distortion coefficients increase as the length of the coil increase

and this relation appears in figures (3-33) and (3-34).
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Figure (3-31): The relative radial distortion coefficient D, *fpzas a
function of NI/(Vr)"’ for the angle of the coil 0=61° and the length of the
coil H= 23, 24, 25 and 26 mm.
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Figure (3-32): The relative spiral distortion coefficient Dy, “f2as a
function of NI/(Vr)"’ for the angle of the coil 0=61° and the length of the
coil H= 23, 24, 25 and 26 mm.
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Figure (3-33): The relative radial distortion coefficient D, , *ﬁ,z asa
function of the coil length (H) for the angle of the coil 6=61"°.
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Figure (3.34): The relative spiral distortion coefficient Dy, “f2asa
function of the coil length (H) for the angle of the coil 6=61°.

3.5.2 Effects of changing the angle

a- Relative spherical and chromatic aberration coefficients
Different angles of coil, @ = 61°, 63°, 65° and 67° with constant length of
coil H = 23mm, are used in calculations to study the effect of changing the
angle of the coil on both spherical and chromatic aberration coefficients.
Figure (3-35) shows the relation between spherical aberration coefficient

C, /f, and the excitation parameter NI/(Vr)’”. In this figure, the angle of the

coil @ = 61° give the lower value of aberration coefficients. From the figure

one can also see that the quotient spherical aberration coefficient C_ /1,

increases when the ratio of the excitation parameter NI/(Vr)"” increases.
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Figure (3-35): The relative spherical aberration coefficient C/f, as a
function of NI/(Vr)" for the length of the coil H= 23mm and the angle of
the coil 0=61°, 63°, 65', and 67°.

Figure (3-36) shows the relation between chromatic aberration

coefficients C_/f, and NI/(Vr)’” . In this figure, the angle of the coil @ =
61° give us the best value of the chromatic aberration coefficients C,/f, at

the lower value of excitation parameter NI/(Vr)’”. The value of relative
chromatic aberration coefficients has the same behavior as relative spherical
aberration coefficients in figure (3-35). At the smaller values of the
excitation parameter NI/(Vr)™® one can find the minimum values of both
spherical and chromatic aberrations and by choosing the values of NI and

Vr one can keep aberration coefficients small.
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Figure (3-36): The relative chromatic aberration coefficient C./f, as a
function of NI/(Vr)"’ for the length of the coil H=23mm and the angle of
the coil 0=61°, 63°, 65', and 67°.

The relation between the spherical and chromatic aberration

coefficients C,/f, and C,/f, with the angle of coil (@) 1s shown in

figures (3-37) and (3-38), respectively with the excitation parameter
NI/(Vr)*® = 32.27 Amp. turns/(volt)*>. In both cases the spherical and

chromatic aberration coefficients C/f, and C_./f, values decreases as

value of the angle of the coil @ decreases. The optimum values of the

spherical and chromatic aberration coefficients C_ /f and C_/f, at the

angle of the coil @ = 61° and lower value of excitation parameter NI/(Vr)’~.
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Figure (3-37): The relative spherical aberration coefficient C/f, as a

function of the angle of the coil (o) for the length of the coil H=23mm.
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Figure (3-38): The relative chromatic aberration coefficient C./f, as
afunction of the angle of the coil (o) for the length of the coil H=23 mm.



b- Relative radial and spiral distortion coefficients

The different angles of coil, @ = 61°, 63°, 65° and 67° with constant
length of coill H = 23mm, are used in calculations to study the effect of
changing of the angle of the coil on both radial and spiral distortion
coefficients. Figure (3-39) shows the relation between radial distortion
coefficients Dmd”‘fp2 and NI/(Vlr)O'5 . In this figure, the angle of the coil @ =
61° gives the optimum value of radial distortion coefficients Dmd*fp2 . Also
the ratio of the radial distortion coefficients Drad*fp2 increases as the

excitation parameter NI/(Vr)"’ increases.
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Figure (3-39): The relative radial distortion coefficient D, , *f;,z asa

function of NI/(Vr)" for the length of the coil H= 23mm and the angle of
the coil 0=61°, 63°, 65’, and 67°.



Figure (3-40) shows the relation between spiral distortion coefficients
Dsp*f02 and NI/(Vr)’” for different angles of coil @ = 61°, 63°, 65° and 67°,
respectively. In this figure, the values of spiral distortion coefficients Dsp*f02
are reduced when the excitation parameter NI/(Vr)’® decreases and the

lower value of the Dsp*fo2 occur at the angle of the coil @ = 61°.

1.40E-02

1.20E-02 {

1.00E-02 {

8.00E-03 1

Dsp.*fo*2.

6.00E-03 1

4.00E-03 1

2.00E-03 1

0.00E+00

32 325 33 335 34 345 35
NI/(Vr)*0.5 (Amp.turns/(volt)*0.5).

Figure (3-40): The relative spiral distortion coefficient Dy, “f2as a
function of NI/(Vr)"’ for the length of the coil H= 23mm and the angle of
the coil 0=61°, 63°, 65°, and 67°.

The relation between the radial and spiral distortion coefficient Dmd*fp2
and Dsp”‘fo2 with the angles of coil(@) is shown in figures (3-41) and (3-42),
respectively at the excitation parameter NI/(Vr)’”> = 3227 Amp.
turns/(volt)’>. Both cases have the same behavior, where the radial and
spiral distortion coefficient Drad*fp2 and Dsp*fo2 are increases as the angle

of the coil @ increases.



Drad *{fp)*2.

9.10E-02

9.00E-02

8.90E-02 4

8.80E-02

8.70E-02

8.60E-02 1

8.50E-02 4

8.40E-02

8.30E-02

8.20E-02 4

8.10E-02

60 61 62 63 64 65 66 &7 63
angle (degree).

Figure (3.41): The relative radial distortion coefficient D, , *f;,zas a

function of the angle of the coil (o) for length of the coil H=23 mm.
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Figure (3-42): The relative spiral distortion coefficient Dy, “f2as a
function of the angle of the coil (o) for length of the coil H=23 mm.



3.6 pole pieces Reconstruction
The pole piece shape is found by using the reconstruction method with
aid of equation (2-12) and figure (3-43) shows the shape of the pole piece
for the angle of the coil @ = 61° and the length of the coil H = 23mm. The
parameters (L) in the figure represent the length of the system field.
In the figure the lower part represent the pole piece shape of the lens and

the upper parts represent the pole piece shape of the deflector.
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Figure (3.43): The pole piece shape when the length of the coil H=23 mm
and the angle of the coil 0=61°.
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Chapter Four

Conclusions and Suggestions for Future Work

4.1 Conclusions
From the results one can conclude that:-

1 - The length and angle are inversely proportionate with the four coefficient
of aberrations in the cases of zero and infinite magnification conditions.
therefore the smaller size coil of the deflection has improved the values

of aberration.

2 - The relationship between the four coefficient of aberrations and length
and angle of the coil is inversely proportional in the cases of zero and
infinite magnification conditions, therefore, provides us with the
possibility of operating the system with high efficiently in different

operation conditions of the system.

3 - The field is increasing as the values of angle and length of the coil

Increases.

4- The aberration coefficients are directly proportional to the field, also the
field is increasing when the length and angle of the coil increase
therefore the aberration coefficients are increasing when the length and

angle of the coil increase.

4.2 Recommendations for Future Work

There are following topic put forward for future investigations



(a) We recommend using different types of axial magnetic field model.

(b) We recommend using different types of coils as sources of magnetic

field.
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