Synopsis

A computational investigation has been carpatin the field of charged-
particle optics. The work is concerned with theiglef electrostatic lenses
with and without misalignment effect operated unddferent magnification

conditions.

The potential field distributions of einzeldarmmersion electrostatic lenses
have been represented by analytic functions. Thexg ray equation has been
solved for the proposed fields to determine thgettary of the charged
particles traversing each lens. From the axial gakdistribution and its first
and second derivatives, the optical properties saglthe focal length and
spherical and chromatic aberrations have been ctanpbe electrode shape of
each electrostatic lens has been determined inwbend three-dimensions.
The aberration of the electrostatic lens is higldpendent on the alignment of
the electrodes and it has been found to be an tamioparameter affecting the

geometry of the electrostatic lens system.

The results of this investigation not only yan theory the possibility of
designing electrostatic lens systems with low &g but also show the

possibility of constructing such lenses in practice
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1. INTRODUCTION

1.1. Electrostatic Lenses

Any axially symmetric electrostatic field isfact a lens. Electrostatic fields are
produced by sets of electrodes held at suitablenpads; in other words, any
axially symmetric electrode system constitutes lacteostatic lensElectrostatic
lenses are finding increasing application in mamaa and technology, because of
the rapid development of modern instrumentatiorectbstatic lenses have the

following most important featurdSzilagyi 1988, Hawkes and Kasper 1989)

(a) For the non-relativistic cases the focusingoprties as well as the aberrations
are independent of the charge-to-mass quotienauictes, therefore electrostatic

lenses may be used focusing various ions.

(b) Potential ratio have influence on the lens praps. Therefore, if particles of
the opposite sign have to be focused, the sigradl @lectrode potential must be
reversed to arrive at the same properties. Thecfgmtrajectory remains the same

if both the sign of the particles charge and tleetebde potentials are reversed.

(c) Electrostatic lenses are characterized by thienple electrodes fabrication,
alignment, small size, and relatively light weighurthermore, their low power
requirement suggest the need of lighter and matdespower supplies. The major
manufacturing problems are electric breakdown aswirmulation of charges on

the insulating surfaces.



1.2. Type of Electrostatic Lenses

There are various types of electrostatic lensesditferent electron and ion
optical systems, each with its own optical progsrtand domain of application.
The lenses can be classified from many differemttgoof view, for example, one
can talk about (a) strong or weak lenses depenaing/hether their focal points
are situated inside or outside the field, (b) thorkthin lenses, (c) symmetric or

asymmetric lenses.

In classical texts of electron optics electrostdéinses were classified into
group according to the relationships between thleictrode potentials, figure 1-1
depicts how the plot of the potentidl(z) behaves along the z-axis for several

kinds of electrostatic lenses. The main groupgSrdagyi 1988)

(a) The immersion lens, with two different constpatential at the different sides.

(b) The unipotential (einzal) lens, having the sarmaastant potential at both the
object and image sides.

(c) The cathode lens, having a field abruptly teated on the object side by the
source of the charged particles.

(d) The diaphragm (signal-aperture) lens, witltoembgeneous field on at least one

side.

(e) The foil lens. It consists of thin metal filniansparent to the particle and

possessing discontinues field distributions.
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Figure 1-1: Distribution of the axial potential electrostatic lenses (a) to (d)-
immersion lenses; (e)-cathode lens; (f) to (i)-wbgmtial lenses; and (j) to (m)-

diaphragm lense$aszkowski 1968)

1.3. Historical Development

The optimization of electron optical element is lgpem which is easy to
formulate but rather difficult to solvéSzilagyi 1977a) Its aims to find such
electrostatic field distributions which produce small aberrations as possible.
Several approaches have been proposefHbykes 1973) and(Munro 1975).
The calculus of variations was applied successhyiyoses 1970, 1971but its
mathematical complexity puts a limit to the praatiapplications.

Szilagyi (1977a)roposed a simple approach to the optimizatioblpro based

on dynamic programming and the linear electron laonslels. The first results of



the application of dynamic programming principlestectron optical optimization
were presented b§zilagyi (1977b)

Szilagyi (1984) described a computational technique for optimahticd
problems arising in the synthesis of electron amdlenses. The method provides

an effectivesearch algorithm for electrostatic field with minim aberrations.

A novel approach to electlbon optical synthesis and optimization was

presented bySzilagyi (1985. Low-aberration field distributions are sought by
dynamic programming or optimal control procedunedhe form of continuous
curves constructed of cubic splines.

Tsumagari (1986)developed an aberration theory for analyzing fifiects of
machining error of electrostatic ion-optical syssecomprising round lenses and
octupole deflectors. The relationship has beensigated between the machining
error and the induced perturbation.

A thorough investigation of axially symmetried-electrode electrostatic lenses
was presented b$zilagyi, Szep, and lugosi (1987)he study is based on the
analysis of axial potential distributions, accoglin the principle of synthesis.

Glatzel and Lenz (1988pndopted a method which has been successfullyegppli
in light optics, by describing the charged-partigfgical system by a finite number
of parametersP(k=1, .....n). Some of these parameters may be geometricalheg
described the shapes and positions of the elecyqudepieces and some other
operational parameters such as electrode potentiaisbers of amperes-turns or
other lens strength parameters.

Szép and Szilagyi (1988)resented a novel approach to the synthesis aflyaxi
symmetric electrostatic lenses with minimum aberat The method uses
computer optimization to determine the electrodéepiials of a multielectrode
lens. The same method can be used for designirgesefor many different

applications.



Kiss (1989)discussed a computerized systematic investigatoiind axially
symmetric electrostatic lens potential with accbl@dfirst-order properties and
small spherical aberration. The calculation of ¢$p&aerical aberration is based on
the direct solution of the relativistic traject@guation in paraxial and nonparaxial
approximation.

The aberration of electrostatic lens and etstétic deflection systems due to
misalignment was analyzed Byrihara (1990) for the design of microfabrication
system. The potential for lens and deflector havamgelectrode axis shift was
approximated by introducing a shift function thapeessed the electrode shift
from the optical axis. On the basis of this appmadion, mixed aberrations due to
misalignment of lens and deflector electrodes @armlyzed, including the effect
of a nonuniform electrode axis shift.

The use of the electron beam trajectory asjarmarameter for determining the
design of electrostatic lens at zero and infinigmfication operational conditions
was investigated in detail Whmad (1993 in the absence of space charge-effect
and byAl-Ani (1996) in the presence of space charge.

The near-axis aberration for electrostatic eayst caused by the presence of a
localized potential defect (i. e., a path fieldjanehe edge of an aperture was
investigated byread (1998)

Aberrations for two types of multiplets basead electrostatic quadrupole and
octupole lenses: mid-acceleration systems in wiaichaccelerating potential is
applied to the middle lenses of a set of quadrupeises and systems in which
some of the quadrupole lenses are replaced by ocewbguadrupole-octupole
lenses were investigated and compare@démanova and Read (1999)it is shown
that for systems consisting of three lenses theaoa®leration type has the smaller

aberration.



Image aberration resulting from small misaligmin in quadrupole lenses
multiplets had been analysed Bgranova and Read (2001)Analytical formulas
for the coefficients of the beam displacement,gassitism and coma associated
with misalignments in a general quadrupole lensesghave been derived.

A computational investigation was carried outAl-Mudarris (2001) in the
field of non-relativistic charged-particle optidhe work was concentrated on the
simulation of a transport and focusing ion-optisgstem consisting various types
of electrostatic lenses.

Two aspects of the design of electrostatic raltien correctors for low voltage
scanning electron microscopes are considereBdranova , Read and Cubric
(2004)The first is that of optimizing the geometry amdle size so that the fields
at the surfaces of the electrodes do not exceethrrakdown value. The second
aspect is that of providing an accurate computati@mulation of the paraxial

fields of the lens system.

1.4. Optimization: Analysis and Synthesis

Any reasonable design of an electron or ion optsystem must take the
aberrations into account. There are two fundameagpgloaches to optimize the
parameters of a charged-particle optical systamilje analysis (ii ) the synthesis
of electron and ion system&Szilagyi 1985) The optimization approach is
searching for such electron and ion optical eleméhat would provide the
required optical properties with minimum aberrasion

The first approach is based on trial and erfére designer starts with given
simple sets of electrodes or pole pieces and toesmprove the design by
analyzing the optical properties and changing tengetrical dimensions as well
as the electric and magnetic parameters of theersysiThis process must be
repeated until it converges to an acceptable swlubdue to the infinite number of

possible configurations, the procedure is extrersklw and tedious.
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In the second approach, the word synthesisiwisi sometimes called inverse
problem of charged-particle optics, i.e. for finglifield distribution that would
produce given trajectorigSzilagyi 1988) This approach is based on the fact that
for any imaging field, its optical properties anaeearations are totally determined
by the axial distribution of the field.

Only the axial distributions and their derivas appear in those expressions.
Then, instead of analyzing a hopelessly vast amoiudifferent electrode and pole
piece configurations we can take the criteria defjran optimum system as initial
conditions and try to find the imaging field disttion ( and hence synthesis the
electrodes or pole pieces ) that would produadeeitin synthesis approach, one try
to find the best axial field distribution or bestapes of these axial distributions

that would satisfy the given constraints.

1.5. Aim of the Thesis

The present work aims at finding the designelactrostatic lens with and
without misalignment effect, which give rise to tmeinimum spherical and
chromatic aberrations. Synthesis approach of opatian method is used in the
present work.

The suggested types of electrostatic lensesiazel and immersion lens where
their electrodes configuration and optical progsrare determined from suggested
mathematical models representing the potentiatibigton.

Two of the various magnification conditionattare well-known in electron
optics have been taken into account in the prgz®eptct, namely, the infinite and
zero magnification conditions due to their resembdato the lens trajectory.

The space charge effects are neglected inr dodsatisfy Laplace’s equation
0°U =0 where 0% is called the Laplacian operator amnds the electrostatic
potential (scalar potential) measured in volts. lae@’'s equation determined the

functionu in charge-free regions.



2. THEORETICAL CONSIDERATIONS
2.1. Axially Symmetric Electrostatic Fields

Axially symmetric fields (or rotationally synetric fields) are of particular
interest in electron optics. The most common etecienses are round, which
means that they are built up from rotationally syetmge fields (Hawkes and
Kasper 1989)

The most suitable coordinate system to fielth wotational symmetry is the
cylindrical polar coordinate system. The z-axithis optical axis which represents
the axis of symmetry. The value of the potentiahry point can be expressed in
terms of the three coordinates z, r ahd.e. U=U(z,rp). The condition for
rotational symmetry in cylindrical coordinates danexpressed by U(Z))=U(z,r),
where the values of z and r uniquely define theiealf U, regardless of the angle
of rotation. In rotationally symmetric space-chafigee fields, Laplace’s equation,

Is reduced to the following forifZhigarev 1975)

- 2-1
ror| or 072 (2-1)

2
Ei[rau}+a U =0
The solution of equation (2-1) can be written is form of a power series of r as
in the following form:

ur,z)=U, @+U,@r*+U, @r*+ ........

=3U, @™ (n=0,1,2,.....) (2-2)

n=0

This series contains only even powers of r, silntational symmetry implies that
U must be an even function, and hence, all odd powaist vanisi{El-Kareh
and El-Kareh 1970) By differentiating the series twice with respexiz one time

and then twice with respect to r, and utilizingnito equation (2-1) an expression
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for the potential of rotationally symmetric fieldan be obtaine(@higarev 1975)

umai%m U, (2

r re
=uo(z)—7ug(z)+aug”— ......... (2-3)

The first term §[z) determines the potential distribution along #xés of the
system (r=0), i.e. {z) = U(0,z). The power series expansion allowsaigulation
of the fields in the entire space provided thatakial potential distribution §z) is
known, and this distribution is a function whicldifferentiable an infinite number
of time.

The potential of rotationally symmetric fisldlue to misalignment effect is
approximated by introducing a shift function thapeesses the electrode shift from
the optical axis, i.e. by substituting r by r5f{Z) in equation (2-3) results
(Kurihara 1990):

U(r,2) =U,(2) —%u W(@)[r-Ug @] +éU""o[l’ Uy @ -...... (2-4)

where W (z) is the shift function which has following swesged form :
Ug (2)= tan){az} [ﬂ +h (2-5)

The constants d, e and h effect the propertiehisfsuggested function and have
been the following values: d=4mm, e=800mm and hménh5 The values of the
constants are suggested to fit for the suggestea clihe constants d, e and h has

the units of millimeter to match the unit of, (2) .

2.2. Paraxial-Ray Equation in Electrostatic Field
The trajectory of electrostatic symmetricatotfon or ion optical system is
given by the following equatiofSzilagyi 1988)

LT, (2-6)
2U 4U



wherer is the radial displacement of the beam from thgcapaxis z, and the
primes denote a derivative with respectt®&=U(2) is the electrostatic potential
distribution along the optical axia Equation (2-6) is a linear homogeneous
second-order differential equation, known as theaxal-ray equation which
describe the paths of charged particles movingutiinca roationally symmetrical
electrostatic field characterized by the potenfiaiction U. The paraxial-ray
equation was first derived by Busch in 1926. Mamparfant deductions can be
made from this equation:

a. The quotient of charge-to-mass (g/m) does noeapin the equation. Therefore,
the trajectory is the same for any charged partcleterning the field with the
same initial kinetic energy, but arrive to the sdowis at different times.

b. The equation is homogeneoudinTherefore, an equal increase (or decrease) in
the potentialJ at all the points of field (multiplying the potesitby any constant)
does not change the trajectory.

c. The equation is homogeneous endz which indicates that any increase in the
dimensions of the whole system produces a corredpgnincrease in the
dimensions of the trajectory, since the equipo&sitthough of the same form, are
enlarged. If the object is doubled in size, thegmavill be doubled in size; the

ratio between the two remains constant.

The paraxial ray equation including the misalignimeffect is given by
(Kurihara 1990):

r"+U_r'+ir:—VFl(Z)+U_USL (2_7)
4 2U 4U

where
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R@=Y f,@expix), (2-8)

and

V=V +iV, (2-9)
Herefy; is the first harmonic field function for thjéh deflector, xis the rotation
angle, and/, andV, are thex andy directional deflector voltages.

In the present work the aberration due to misaligmineffect in the deflector
electrodes is neglected, hence the first termerrigiht hand side of equation (2-7)

was neglected.

2.3. Definitions and Operating Conditions
Some definitions and operating conditions lwdrged-particle optical systems
are given in this section.
Object side: The side of lens or deflectowhich the charged patrticles enter.
Image side: The side of lens or deflector laictv the charged particles leave.

The object planez(): The plane at which the physical object is placada

real image is formed from a previous lens or dédle®n the object side.

The image planez(): The plane at which the real image of the obpahe z,

Is formed, on the image side.

Magnification (M): In any optical system thatio between the transverse
dimension of the final image and the correspondingension of the original

object is called the lateral magnification:

M = |n1§gehqght (2-10)
object height

There are three magnification conditions unatbich a lens or deflector can

operate, namely:

11



(i) Zero magnification condition: In this operatedrconditionz,=-«~ as shown

in figure 2-1. As an example, the final probe-famgilens in a scanning electron
microscope (SEM) is usually operated under thigldamm.

Object :
Side Image T axis
Side
Figure 2-1: Zero magration condition.

(ii) Infinite magnification condition: In this case =+« as shown in figure 2-2. As

an example, the objective lens in a transmissienteln microscope ( TEM ) is

usually operated under this condition.

Image
/ ) Side
— Optical
Object axis

Side
Figure 2-2 : Infinite magndtion condition.

(i) Finite magnification condition: Under this epational condition z, and z,

are at finite distances, as shown in figure 2-3aAsxample the electrostatic lens

in field-emission gun is usually operated undes ttundition(Munro 1975).

Lo Zi

Optical
axis

Figure 2-3 : Finite magad#tion condition.
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2.4. Defects of Electron Optical System

The electron paths, which leave points ofdbgect close to the axis at small
inclinations with respect to the axis, interse@ tmage plane in points forming a
geometrically similar pattern. This ideal imagekmown as the Gaussian image,
and the plane in which it is formed as the Gaussizage plane. If an electron
leaving an object point at finite distance from thes with a particular direction
and velocity intersects the Gaussian image plang point displaced from the
Gaussian image points, this displacement is defasdtie aberration (El-Kareh
and El-Kareh 1970)

The quality of an electron optical system aesenot only upon the wavelength
of electrons, but also upon the aberrations fromclwht may suffer. These
aberrations can arise from a number of differerstsoas. If the accelerating
potential fluctuate about his mean valder,omatic aberration will mar the image.

If the properties of the system are investigatetihgia more exact approximation
to the refractive index than is employed in the €38an approximation, one would
find that the geometrical aberrations affect bdth quality and the fidelity of the
Gaussian image. When the properties of the systemaaalyzed using the
nonrelativistic approximation, the disparities beén the relativistic and
nonrelativistic can be conveniently regardedaativistic aberration. If, finally,

the properties of the system are calculated oagsamption that mechanically, the
latter is perfect (i.e. the machining and alignmehall its parts are faultless) the
properties of any real system will disagree, toreagor lesser extent, with the
calculated values; this is called thechanical aberration. These are the most
important types of aberration in electron optiogtems, unless there are regions
where the electron current density is very highsuich system, the space-charge
aberration produced by the interaction betweenetaetron charges may have to
be considereHawkes 1967)

13



An example of an optical system with misaligamnin the electrodes is shown
in figure 2-4. In this figure the lens and deflec&dectrode shifts to thre andy
direction from the z-axes are approximated usingt &lnction s (2) and s5(2),
respectively(Kurihara 1990). Quadrupole lens systems are more sensitive to

mechanical defects than round oi@garanova and Read 2001)

o Zj

Figure 2-4 : Schematic of the electrostatic sysietin misalignment. The lens and
deflector displacement causes their axis to stofinfthe optical axis bg (2) and

So(2), respectivelyKurihara 1990).
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2.5. Aberrations of Axial Symmetrical Optical System
2.5.1 The Spherical Aberration

The spherical aberration is one of the mogtairtant geometrical aberrations;
this aberrations is sometime, callagerture defect and it is one of the principal
factors that limit the resolution of the opticaksym. This defect occurs because
the power of the optical system (electrostaticagtsystem) is greater for off-axis
rays than the paraxial rays, i.e. the beams pasgthgn the optical system area at
a considerable distance from the axis more (or) lesfsacted than the paraxial
beams so that they intersect closer to (or farfitoen) the image planézhigarev
1975) as is shown in figure 2-5.

The radius of the spherical aberration digksdgiven byEl-Kareh and El-
Kareh 1970):
d, =C.a’ (2-11)

where G is the spherical aberration coefficient an the aperture angle.

Figure 2-5 : spherical aberratioigin (Ahmad 1993)
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The spherical aberration coefficie@qf, of an axially symmetric electrostatic

optical element referred to the object side is gibg (Scheinfein and Galantai
1986, Szilagyi 1987)

U3 s/u" 5(U'\ 14(U\’r 3(U"\r?
Co=-2 (|2 | +2| = | +2|=—| —=2| = | — WU r*dz 2-12
© 16r;4ﬂ4(uj 24(uj 3(uj r 2(uj r? ( )

whereU=U(2) is the axial potential, the primes denote denxegtiwith respect to
z, andU, =U (zo0) is the potential at the object whezgZO0,
The spherical aberration disk due to misalignment in an axially symmetric

electrostatic optical element referred to the abgde is given by(Kurihara
1990:

1 Z
ds =—— [VUr(C,+C, -C,)dz (2-13)
Uoro Z,
where
1 1 ! 1 -2
Cl=—w(r—U&2)(U UMY U= S0 2UT),
ce- L Auurr-ug)r-us)+ L Eu s au i),
2 \/U 4 S S 2%\
and
U" UII 1 , UIIII
C,= (E(r _Us_))(g(r -Ug)? ST 2)“@0 ~Ug)?) (2-14)

for more details see appendix (A).

2.5.2. Chromatic Aberration
The main reason for chromatic aberration esfdct that particles with higher
initial energy are less influenced by the imagimddf than lower-energy patrticles.

Therefore, if all particles leave the object pomith the same slope, the high-
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energy particles will form an image at a greatstatice from the object than the
particles of low energy and the image will be bddrrlike in case of spherical
aberration. There are several reasons for the grsprgad of the particles; first of
all, no source can produce a monochromatic beanpaoficles. The initial
velocities of different particles of the beam alleddferent, which corresponds to
different value of | in the axial potential distribution. This effect especially
harmful for low-energy beams where the magnitudénefenergy spread may be
comparable with his average beam end&gilagyi 1988)

Chromatic aberration can be simplified with ¢ghé of the following example. If
a parallel beam is incident on a lens, leavestit wiomentum "p" then for perfect
lens it will be focused at a focal pointan th z-axis. Particlesith momentum
(p+Ap) on the other hand are focused ati 2=¢Af/Ap)Ap as shown in figure 2-6
where f is the focal length of the lens. If the l@ngf convergence of the raysds
then the radius of least confusion(cadius of chromatic aberration disk), is given
by, (Lawson 1977.

i, H,

(P) and (P+4P)
>

Z. zj+1ﬂf‘fﬂPlﬂP

Figure 2-6 : chromatic aberration origAhmad 1993)
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Af Ap

d. = a[A—p}Ap =of {Tp}—p (2-15)
The coefficient of chromatic aberratior G :
Cc/ f = @/2)(p/ f)(Af /Ap) (2-16)
from equations (2-15) and (2-16) it follows for then relativistic case that:

d. =CcalAE/E (2-17)
where E is the potential energy through which tharged-particles have been

accelerated to reach the momentum p, MBdefers to half the total energy spread
in the bean{Lawson 1977)

The total radius of the aberration disksd

d =,d’+d’ (2-18)

The chromatic aberration coefficient Cc ofctlestatic optical element, with
axial symmetric field condition, is given biBcheinfein and Galantai 1986,
Szilagyi 1987, Kiss 1988)

Coo :,£20 ?i F(U—'jr’+£(unjr}Ldz (2-19)

w2 52lu) 4l

where the parameters in this equation are the senbose used in equation (2-
12).

The chromatic aberration disk due to misalignment in an axially symmetric
electrostatic optical element referred to the abmde is given by(Kurihara
1990:

18



d =- ,IJUerz (2-20)
UOrOZO
where
AE U' , U" VE
P. =y Er +E(r—U&)+El) (2-21)

In the present work the effect of misalignment @flector was neglected, hence

the last term in right hind side of equation (2-B&jlected.

2.6. Immersion Lens

In the optical sense the two-cylinder lengpisperly of the immersion type,
since object and image space differ in potentidl la@nce in refractive index. It is
convenient in electron optics, howefer, to reseheetitle to those lenses in which
the object is deeply immersion in the field, sotth@e refractive index varies
rapidly in its neighborhood.

An immersion lens, as almost every other ebectens, consist of two or more
thin lenses of different properties. On the lowegmiial side, the lens is of a
converging character whereas on the high-potesitig it is diverging. Its overall
action, however, is convergirf§aszkowski 1968)Immersionlenses accelerate or
retard the charged particles while the beam isdediand may consist of as few as

two electrode¢Baranova and Yavor 1984)

2.7. Einzel (Unipotential) Lens

The most commonly used einzel (unipotenteskes have three electrodes. The
distinctive feature of einzel lenses is that thayéhthe same constant potential U
at both the object and the image side, the cealieatrode is at a different potential
U,, therefor, they are used when only focusing isuiregl but the beam energy
must be retained.
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Einzel (unipotential) lenses are symmetricghwespect to the center of the
lens for both of its foci. Hence, they are freqeralled symmetrical lenses
(Paszkowski 1968 The symmetrical lens is usually possible, of coutselestroy
the symmetry by applying different voltages to tiv® outer electrodes and still
have a practicable lens. The focusing action ofsygtem remains essentially the
same in the symmetrical case, but it is not in ganesed owing to the obvious
advantages of the latt@Cosslett 1950)

2.8.Computer Programs

2.8.1. Computer Programs for Computing the Beam Trajectory and the Optical
Properties

A computer program written bMunro (1975) and then modified byAhmad
(1993)has been used to determine the trajectory of lheged particles using the
Runge-Kutta method, with initial conditions depargibn the magnification of the
lens. Optical properties such as the focal lengith @berration are calculated by
integrating the paraxial-ray equation. The integratwas performed using
Simpson’s rule. A Personal Computer has been usegkecuting the above work.

2.8.2. Electrode Shape Progam

With the aidof the computerprogram written byAhmad (1993)in Fortran 77
the profile of the electrodes producing a certalacteostatic lens can be
determined by the following equation of an equiptitd surface(Szep and
Szilagyi 1987)

R=2((U(2) - u(r,2))/U" (2)) 2 (224)
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where u(r,z) is the off-axis potential, U(0,z) Isetaxial potential function whose
number of its inflection points are counted. Thdiahdisplacement r approaches
infinity at each inflection point where U"(0,z)=6he number of electrodes is
greater than the number of inflection points by .olighe value of the second
derivative is negative between two inflection psint between the start/end point
and the nearest inflection point, then the ele@noatential which is slightly higher
than the maximum value of the axial potential irs timterval is chosen. If the
second derivative is positive, the chosen electpmtential must be lower than the

minimum value of the axial potenti¢bzilagyi 1988)
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3. RESULTS AND DISCUSSION
3.1. Immersion Lens Without Misalignment Effect

The potential distribution of an immersionddmas been suggested to represent
an immersion electrostatic lens and it has theowalg form to fit for the curve
shown in figure 1-1a which represent the poterdiatribution along the optical
axis of an immersion lens:

U(z) =a+btanhz+1) (3-1)
where a and b are constant effecting the valuehefvbltage ratio of the two
electrodes that form an immersion lens. The constamd b has the unit of volt to

match the unit of U(z).

The potential distribution of the immersion lensi®wn in figure 3-1 with the
corresponding first and second derivatives alorggdptical axis z based on the
proposed expression given in equation (3-1).

Figure 3-1 shows the case of an acceleratntgnpial (accelerating lens) since
U2/U1 is greater than unity (= 4), with constant and b=3.6 hear. The second
derivative of U(z) has one inflection point thisuét suggests that the lens has two
electrodes since the number of electrode is gréhter the number of inflection
point in U"(z) by one as mention in chapter twoeTdlectrodes profile shown in
figure 3-2a. It is obvious that the two electrodes different in size but identical in

shape and have a shape of a letter L.

Figure 3-2a also shows the values of therirame outer radii of the two
electrodes in term of the lens lengthwvhich is equal to 20mm,iR=0.05L and Rut
=0.38L respectively. The air gap separating the éhaxtrodes is 0.04L and this
gap is enough to avoid the electrical breakdowrwéeh the two electrodes.
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Under usual condition of vacuum the electrodes rhasgteparated from each other
so that the maximum field strength dose not exceedV/mm (Szilagyi 1988)
Rotation of the electrodes profile about the optecas produces a 3-D diagram is

shown in figure 3-2b.
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Figure 3-1: The axial potential distribution U(and its first and second

derivatives Uz) and U(z) respectively of the immersion lens.
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The electrode voltage ratio U2/U1 of the imsi@m lens whose axial potential
distribution is shown in figure 3-1 can be variéthe constant lgiven inequation
(2-22) is changed. The relation between the cohdtaand the electrode voltage
ratio U2/Ulis shown in figure 3-3. It can be seen that U2/fddreases with
increasing the constant b. However, at values efttinstant b>4.68, the variation
of the voltage ratio becomes more significant.

The beam trajectories for the two electrode imso@ lens under zero and

infinite magnification condition are shown in figasr 3-4a and 3-4b respectively.
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Figure 3-3 : Variation of the electrodes voltagga with the constant b for two
electrode immersion lens.

The focal length of the immersion lens hasnbeermalized in terms of the
length of lens field L. The relative image-and ayjside focal lengths of the
immersion lens depend on the electrode voltage td#/U1 as shows in figure
3-5a and 3-5b respectively. It is clear that tHatnee image-and object-side focal
lengths decreases with increasing voltage ratioUll2/i.e. the lens become

stronger or its refractive power become longer.
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Figure 3-4 : The trajectory along the optical axighe two electrode immersion
lens under (a) Zero magnification condition and (b) mi# magnification

condition.
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Figure 3-5 : The relative focal length of the twleatrode immersion lens as a
function of voltage ratio Under (a) Zero magnificat condition and (b) Infinite

magnification condition.
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The spherical and chromatic aberrations haenlgiven considerable attention
in the present work since they are the most impbgarameters in electron optical

systems.

Figures 3-6 and 3-7 represent the behaviaspdierical, chromatic and total
aberration disks gld. andd; respectively for the immersion lens on a logarithm
scale as functions of the voltage ratio U2/U1. higkinto account the values of the
half acceptance angle =5mrad and the energy sprea8/E=1*10" which are
usually taken in to consideration in the literat(S8eheinfein and Galantai 1986;
Szilagyi 1988)

Figure 3-6 shows the behavior of sphericakomatic and total aberration
disks d, d. andd, respectively under zero magnification conditidns lobvious that
the spherical, chromatic and total aberration didksreases with increasing
voltage ratio U2/U1. At values of U2/¥8, the spherical aberration disk is the
dominant factor while at U2/U1>8 the chromatic abeon disk becomes the
dominant factor. The minimum values of spherichlomatic and total aberration
disk are 1.67um at U2/U1=22, 17.229um at U2/Ul=1@l 47.301pym at
U2/U1=18 respectively.

Figure 3-7 shows the behavior of sphericalomatic and total aberration
disks q, d. andd; respectively under infinite magnification conditidt is seen that
the spherical, chromatic and total aberration didksreases with increasing
voltage ratio U2/U1, i.e. the same behavior atlénzero magnification condition.
The total aberration disk; @ very close to the spherical aberration disk at
U2/U1<6; but when U2/U1 exceeds 6 the chromatic aberration disk becomes
dominant. The minimum values of spherical, chromatid total aberration disks
are 0.256um, 4.091um and 4.098um respectively A 1322.
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Figure 3-6 : The spherical, chromatic and totalredti®mn disks of a two-electrode
immersion lens as a functions of voltage ratio UR/Operated under zero

magnification condition.
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Figure 3-7: The spherical, chromatic and total ediem disks of a two-electrode
immersion lens as a functions of voltage ratio UR/bperated under infinite

magnification condition.
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3.2. Immersion Lens With Misalignment Effect

The electrostatic lens which including the migainent effect approximated by
introducing a shift function &(z) given in equation (2-5) that expresses the
electrode shift from the optical axis. The behawbshift function W.(z) is shown

in figure 3-8.

Figure 3-9 shows the behavior of the two etetts immersion lens which they

shift from the optical axis z due to misalignmefieet.
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Figure 3-8: The behavior of the shift function tledpresses the electrode shift

from the optical axis z.
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Figure 3-9 : The profile of the two electrode immen lens with and without

misalignment effect.

The beam trajectories for the immersion laingch including misalignment
effect under zero and infinite magnification cormahs are shown in figure 3-10a
and 3-10b respectively.

The relative image-and object-side focal lasgbf the immersion lens which
including misalignment effect depends on the etetgrvoltage ratio U2/U1 as
shown in figure 3-11a and 3-11b, respectivelysitlear that the relative image-
and object-side focal lengths decreases with isomgavoltage ratio U2/U1, i.e. the

lens become stronger or its refractive power beclomger.
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Figure 3-10: The trajectory along the optical aafsthe immersion lens which
including misalignment effectinder (a) Zero magnification condition and (b)

Infinite magnification condition.
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Figure 3-11: The relative focal length of the tweatrode immersion lens which
including misalignment effect as a function of age ratio under (a) Zero
magnification condition (b) Infinite magnificatiaondition.
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The relation between spherical, chromatictatal aberration disks;adl. andd;
respectively for the immersion lens which includingsalignment effect on a

logarithmic scale with voltage ratio U2/U1 is shoimrfigures 3-12 and 3-13.

Figure 3-12 shows the behavior of spherichlpmatic and total aberration
disks d, d. andd; respectively under zero magnification conditiomeTspherical
aberration disk gdecreases and chromatic aberration diskindreases with
increasing voltage ratio U2/U1. The spherical armlomatic aberration disk
become equal and have a value of 4.434um at U2/Q3=At values U2/U1<8,
the spherical aberration disk is the dominant factdnile at U2/U1>12 the
chromatic aberration disk becomes dominant. Tharmim values of spherical,
chromatic and total aberration disks are as follows
ds = 0.25um at U2/U1= 22.
d.=0.68um at U2/U1 = 2.

d; =4.667um at U2/U1 = 22.

Figure 3-13 shows the variation of sphericéliomatic and total aberration
disks d, d. andd; respectively with U2/U1 under infinite magnificati condition.
It is clear that the spherical and chromatic aliemmadisks are increases with
increasing voltage ratio U2/U1. The curvesadd d coincide indicating that the
value of spherical aberration diskid always dominant. The minimum values of
spherical, chromatic and total aberration disks &fe91lum, 0.468um and
51.912um respectively at U2/U1=2.
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Figure 3-12: The spherical, chromatic and totakiton disks of a two-electrode
immersion lens which including misalignment effasta functions of voltage ratio

U2/U1 operated under zero magnification condition.
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Figure 3-13: The spherical, chromatic and totakat®n disks of a two-electrode
immersion lens which including misalignment effasta function of voltage ratio

U2/U1 operated under infinite magnification conuliti
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3.3. Einzel Lens Without Misalignment Effect

It is aimed in the present work to find a memaple analytic expression that
would describe the axial potential distribution @hzel lenses with electron
optically acceptable aberrations. The following megsion is suggested to fit for
the curve shown in figure 1-1f which representpbéential distribution along the
optical axis of an einzel lens:
U(2) = a+be) (3-2)
where a, b and c are constant effecting the vaflileeoratio of voltage applied on
the central and outer electrodes. The constantlddras the unit of volt and ¢ has
the unit of mn¥to match the unit of U(z).

The axial field distribution givem equation (3-2) for an einzel lens is shown
in figure 3-14 with its first and second derivasvalong the optical axis z. This

field has been used for determining the trajectorg the aberration of the lens.

The potential distribution U(z) is constantthé boundaries, hence its first
derivative U(z) is zero. This indicates that there is no eledield outside the lens
l.e. there is a field-free region away from thesléerminals where the trajectory of
the charged particles beam is a straight line dube absence of any force acting
on it. The lens has three electrodes since thensederivative of the potential

U”(z) has two inflection points.

The profile of the three electrodes formimgedectrostatic einzel lens is shown
in figure 3-15a. The lens is symmetrical about ¢genter in addition to the

rotational symmetry.

A three-dimensional (3-D) diagram is shownfigure 3-15b for the three

electrodes forming an electrostatic lens. The etelectrode is in the form of disk
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with central hole of a radius equivalent to 0.001@L allow passing for the
accelerated charged particles beam and with oatkus equal to 0.093. The two
outer electrodes are geometrically identical inpghaimilar to that of central
electrode, and both have an inner hole of a raglqusl to 0.04L and outer radius

equal to 0.2L. Two equal gaps of 0.02L are founddparate each of the outer
electrodes from central one.
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I | I | I | I
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Figure 3-14

. The axial potential distribution U(and its first and second
derivatives Uz) and U(z)respectively of an einzel lens.
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Figure 3-15 : (a) The profile of the three-elecwoeinzel lens. (b) A three-
dimensional diagram of the three-electrode eirzes |
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The effect of the electrode voltage rationg of the most important parameter
on the optical properties of various electrostéditses. If the constant b given in
equation (2-23) is changed the electrode voltagie td2/Ul of an einzel lens
whose axial potential distribution is shown in figu3-14 is changed. The
dependence of the electrodes voltage ratio on ¢imstant b is shown in figure
3-16. It is clear that the voltage ratio is a linéanction of the constant b, the

voltage ratio increases with increasing the coridian

Figures 3-17a and 3-17b show the beam t@ajes under zero and infinite

magnification condition respectively.
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Figure 3-16 : Variation of the electrodes voltagéo with the constant b for
three-electrode einzel lens.
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Figure 3-17 : The trajectory along the optieadis of the einzel lensnder (a)
Zero magnification condition and (b) Infinite mafyeation condition.
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The focal length of the einzel lens has bemmalized in terms of the length of
lens field L, thus the focal length is a dimensessl quantity. The relative image-
and object-side focal lengths of the einzel lengetie on the electrode voltage
ratio U2/U1 as shown in figure 3-18a and 3-18b eefipely. It is clear that the
relative image-and object-side focal lengths desgsavith increasing voltage ratio

U2/U1, i.e. the lens become stronger or its reivagbower become longer.

Figures 3-19 and 3-20 represent the behafispherical, chromatic and total
aberration disks (dd. andd; respectively for an einzel lens on a logarithnuals
as functions of the voltage ratio U2/U1.

Figure 3-19 shows the behavior of spherichfomatic and total aberration
disks d, d. andd; respectively under zero magnification conditidns lobvious that
the spherical, chromatic and total aberration didksreases with increasing
voltage ratio U2/U1. At low values of voltage ratit2/U1, the decrease of both
spherical and chromatic aberration disks is rapik values of U2/U1>5, the
variations are less sensitive. The total aberratiisk d is close to the spherical
aberration disk gat U2/UX3; but when the electrode voltage ratio U2/U1 exceeds
3 the chromatic aberration disk llecomes dominant, approaching the value.of d
The minimum values of spherical, chromatic and lt@herration disks are
0.376um, 6.557um and 6.567um respectively at U21d1=

Figure 3-20 shows the behavior of spherichlomatic and total aberration
disks d, d. andd; respectively under infinite magnification conditidt is clear that
the spherical and chromatic aberration disks hagesame behavior. At low value
of U2/U1, the spherical and chromatic aberratioskslid andd. respectively
decreases. At U2/U1 exceeds 7, the variations;@&ndd. increases. At values
U2/U1<4 the spherical aberration disk is the domirfactor. The minimum values
of spherical, chromatic and total aberration diske 0.637um, 0.815um and
1.034um respectively at U2/U1=7.
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Figure 3-18 : The relative focal length of the threlectrode einzel lens as a
function of voltage ratio under (a) Zero magnifioat condition (b) Infinite

magnification condition.
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Figure 3-19 : The spherical, chromatic and totakrediion disks of a three-
electrode einzel lens as a functions of voltage ra2/Ul operated under zero

magnification condition.
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Figure 3-20 : The spherical, chromatic and totaéreddion disks of a three-
electrode einzel lens as a functions of voltagm® 1d2/U1 operated under infinite

magnification condition.
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3.4. Einzel Lens With Misalignment Effect

The behavior of the three electrodes eineak Iwhich they shift from the
optical axis z due to misalignment effect which mppmated by introducing a
shift function W (z) given in equation (2-5) is shown in figure 3-21

The beam trajectories for an einzel lens whiatiuiding misalignment effect
under zero and infinite magnification conditiare shown in figure 3-22a and

3-22b respectively.
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Figure 3-21 : The profile of the three electrodazei lens with and without

misalignment effect.
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Figure 3-22 : The trajectory along the optical afian einzel lens which including
misalignment effectunder (a) Zero magnification condition and (b) itk

magnification condition.
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Figure 3-23a and 3-23b shows the variatiorii/bf and fo/L under zero and
infinite magnification conditions respectively withe voltage ratio U2/U1. It is
seen that fi/L and fo/L decreases with increasioljage ratio U2/U1, i.e. the lens
become stronger or its refractive power becomedang

The relation between spherical, chromatic anal aberration disksst. andd;
respectively for an einzel lens which including atignment effect on a
logarithmic scale with voltage ratio U2/U1 is shoimrfigures 3-24 and 3-25.

Figure 3-24 shows the relation spherical, claticrand total aberration disks d
d. andd; respectively with U2/U1 under zero magnificatioondition. It is clear
that the spherical and chromatic aberration diskseiases as U2/U1 increases. The
ds andd, become equal and have a values of 0.95um and @2a2 U2/U1=2.1
and 8.8 respectively. At U2/U1 <8, thedlbse to the ¢ but when U2/U1 exceeds
9 the d becomes dominant, approaching the value.oflde minimum values of
spherical, chromatic and total aberration disk @& pm, 0.825um and 1.22um
respectively at U2/U1=2.

Figure 3-25 shows the relation spherical, chrometid total aberration disks, d.
andd, respectively with U2/U1 under infinite magnifiaati condition. It is clear
that the spherical and chromatic aberration diskseiases with increasing voltage
ratio U2/U1. The curvessdind d coincide indicating that the value of spherical
aberration disk ds always dominant. The minimum values of sphéraomatic
and total aberration disks are 1.09um, 0.128um BO7um respectively at
u2/u1=2.
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Figure 3-23 : The relative focal length of the thdectrode einzel lens which
including misalignment effect as a function of age ratio under (a) Zero

magnification condition (b) Infinite magnificatiazondition.
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Figure 3-24 : The spherical, chromatic and totdbereation disks of a three-
electrode immersion lens which including misaligmieffect as a functions of

voltage ratio U2/U1 operated under zero magnifocationdition.
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Figure 3-25 : The spherical, chromatic and totdbereation disks of a three-
electrode immersion lens which including misaligmieffect as a functions of

voltage ratio U2/U1 operated under infinite magrafion condition.
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4. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

4.1.Conclusions

It appeardrom the present investigation that it is possitiedesign various
types of electrostatic lenses with small aberratiaperated under different
potential ratios and magnifications conditions. Twe functions that have been
put forward are to approximate the axial potendigtribution introduced einzel

and immersion electrostatic lenses.

It has been found that it is possible to desan einzel and immersion
electrostatic lenses with small aberrations witk #xistence of misalignment
effect operated under zero and infinite magnifmatconditions due to the choice

of the proper function &.

It has been shown that the aberration disk of \dstdtic lens without
misalignment effect decreases as voltage ratio U2Adreases, and it increases in
electrostatic lens which including misalignmenteetf as voltage ratio U2/U1l

increases.
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4.2 .Future Work

The following topics may be suggested for futuragkvo

(a) An investigation on the design of a system letteostatic lens and deflector

due to misalignment effect as aberration correction

(b) Design of a magnetic optical systems due taligsment effect as aberration
correction.

(c) Design of an electrostatic lens taking intocaot the space charged effect with

misalignment effect.
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Appendix

The spherical aberration disk due to misaligntreffect in electrostatic lens
reffered to object side is given by:

" jUrsz (A-1)
where
Jra (rUv) - (55 (r-Ug)+ *l)v+<*(r “Ug) - S)’ +ng (r-S,)°
- 3\2’5 (r-S,)%),
(A-2)
Yoy FIv L.
Y= -V (o L VE(r-s,)) = A-3)
F.(2) = Z f; (2) expx;),
j=1
Fo(2)= Y, (2)exp@ix), (A-4)
j=1
and
Vv :VX + |Vy (A-S)

f,(z)and f, (z) are the first and third harmonic field functions tbe jth deflector,

Xiis the rotation angle, and,\and \{ are the x and y directional deflector voltages.
In the present work the aberration due to misaligmimn deflector is neglected,
hence equation (A-2) and (A-3) are reduced to etiewing form:

U!I"

P, = ra L (rNUY) - (5 (T =U)Y + (= (r-Ug )Y, (A-6)
Y ::—U"(r -Ugq)? +%r'2 (A-7)

by substituting equation (A-7) in equation (A-6)eonbtains:
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2 VU= + ) = (o =U (r=Ug )P+ 2

3 \/_5

U”"
+(w(r_us_)3

f( (r=Ua)* (500 +U 0T e U0 + (U0 U ) -UR )+

I U”"
& %r'zw%r'z M =G ~Ua G -Ua ) +2 1)+ (= -Ug ))
(A-8)
let
o =i(r ~U%)U '%u "r'+U '%u w1y 'gu "),
8Ju 2

_i 2"1 T ll _%:3 2:2::
C. = T GUAUT( -Ug)(r -UL) + 5 (GU frres i),

= (G (r=UQ )G (T =Ua ) +2r )+ (o =Ug )) (A-9)
then equation (A-8)becomes:
P,=C,+C,-C, (A-10)
using equation (A-10) in equation (A-1) gives:
d, = jJ_r(C +C, -C,)dz (A-11)

U,.r,

Note: equation (A-11) can be calculated withouhgsi” andu' .
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