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Synopsis

A computational investigation has been carried out in some
properties of Gabor lens with the aid of personal computer under the
absence of space-charge effects. This work has been concentrated on
designing two concentric, electrostatic and magnetic lenses. Electrostatic
lens is atwo-electrode immersion lens whose electrodes are cylindrical in
shape separated by a separation distance. Magnetic lens is a number of
turns of the current-carrying coil of a hypothetical rectangular field of
length L. The variable parameters of the electrostatic lens are the voltage
ratio and the separation distance while in the magnetic lens the variable
are the Ampere-turn and lens length. The combined electrostatic and
magnetic lens (Gabor lens) has been investigated under zero and infinite
magnification conditions. The paraxial ray equation has been solved with
the aid of the axial electric and magnetic potential distribution using
Runge-Kutta method. The axial potential and its first and second
derivatives have been used for computing the optical properties of the
lens under consideration. The lens spherical and chromatic aberration
coefficients have been normalized in term of the focal length under zero

and infinite magnification conditions.
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1. GABOR LENS

1.1 Introduction

When a particle beam propagates through backgrgaasdplasma
Is formed by collisional ionization resulting ingjial) neutralization of
the beam’s space charge. This “gas focusing” effectrs naturally and
often utilized for improving high-current beam tsgort. Gabor, in 1947,
proposed a non-neutral electron plasma confinedmagnetron-type trap
as effective “space-charge lens” for positive ia@ains. This “Gabor
lens”, which offers better control and focusingesfyth than both gas
focusing and applied fields, has been investigdtgdeveral research

groups since its inventigiReiser 1989].

A Gabor lens is a charged particle lens which mayubeful for
matching an ion beam into a radio frequency quaaleufRFQ). Itis also
interesting from a purely physical perspective sint contains
non-neutral plasma. Focusing an ion beam withvargsign of charge in
a Gabor lens requires a non-neutral plasma withotygosite sign of
charge of the beam. The electric field in the Gabas provides the

external forces to focus the beam ipGsbor 1947].

1.2 Gabor Lens Construction

The design concept of a Gabor lens for an electbeam is
illustrated somewhat simplistically in figure 1.1There is a small
opposition coil at one end of the lens to creatsp in the magnetic
field. This gives the plasma hydromagnetic stabililt is necessary to

place an iron shell around the lens to shield thece from the magnetic



field of the lens. The advantage of this configwratis that the electrons
emitted by the cathode are born in a region witl® B=., their canonical

angular momentum P is zefi@eiser 1989].

In the design shown in figure 1.1, a magnetic fislggroduced by
two coils of uneven length, in opposition. A hotheade in the form of a
circular loop is arranged at or near the magnetid{ine which crosses
the axis. This arrangement is necessary, as ehscirbich have to cross
magnetic flux lines are prevented by their angutf@mentum from
reaching the axigGabor 1947].
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Figure 1.1. Gabor lens with magnetic field cusp. The cusp adds stability
of the plasma [J.A.Palkovic 1989].

In the region where the magnetic field is approxehaaxial and
homogeneous, a cylindrical electrode, the ‘anogearanged, with high
positive potential with respect to the cathode. |&wgy as the anode
potential is below a certain critical value, thegmeatic field prevents all
but a small fraction of the electrons from reachimg anode. At the two
ends, guard electrodes with potential somewhat vbeloe cathode

potential prevent the electrons from escaping. sTithe space accessible



to electrons is limited from all sides. Into thgase the cathode will pour
electrons until the potential in the axis is depegito very nearly cathode
potential, and equilibrium is establishigglabor 1947].

At present there is a significant requirement far tlevelopment of
devices for focusing high-energy intense ion beamghe solution of
actual scientific and technological problems (i@ rtthermonuclear
fusion on heavy and light ions, radiotherapy, heglergy investigations,
research of radiation resistance of materials, amtion metallurgy,
etc.). Last time Gabor lenses with essentiallgdarfocusing force are
used. It is essential that the charge of focussirbis compensated in
these lenses. With energy and current growth cklacated beams
Gabor lenses should replace the conventional o@ebor lens or plasma
lens investigation is performed in many scientifienters such as

Lawrence Berkeley Laboratory
1.3 Historical Development

In 1947 Gabor proposed the space charge lens (Gabor lens) for
electrostatic focusing of ion beam. Gabor lens stesof cylindrical
column of electron plasma confined with magneteddfi According to
Ivanov [2004], panofsky and Baker performed experiments on high-
energy ion beams focusing by magnetic plasma lemshaepresents

itself the discharge in plasma.

In 1965 M orozov proposed a plasma electrostatic lens in a which
magnetic surfaces are the equipotentials of etefigid. According to
Morozov 1965 this direction was successfully developed in expents

of Goncharov, i.e, for ion beam focusing with arergy of tens kV. In



the Morozov lens the electric potentials were inserted inaspla by the
concentric ring electrodes. In this case, theesysof the ((charged))
magnetic surfaces is created in the plasma. $umposed that in the
applied strong magnetic field the transverse curigrabsent. For the
long Morozov lens, it is worth-while to place the concentriagi

electrodes on the lens faces (or near by thentextlasurface), i.e. at the

input and output of the focusing beam.

In eighties for focusing ultra-high energy electrbeams it was
proposed ((passive)) plasma lenses based on camtepimagnetic self-
focusing. Later the conception of ((passive)) plasemses was expanded
on more worth-while adiabatic plasma lengd®rozov 1965].

In 1999 Goncharov worked on focusing a heavy-ion beams, high
current, and large-area with a plasma lens. Oiperatf the lens with
resistance voltage divider to supply the ring etet? voltages was then
not reasonably possible because of high currentslviad, and used
instead an RC-divider which was able to hold thectebde voltages
constant throughout the beam. These experimemtgadaout at Kiev
provided the Berkeley. Some early results of thes@eriments
describing the optimum operating conditions haveenbebriefly

summarized previousfGoncharov, et.al 2000].



1.4 Gabor Lens Applications

Gabor or plasma lenses have been used to focuseteams of
positive ions at energies from 10 keV to 5 MeV.haligh theoretically,
the focusing capability of a Gabor lens looks vergmising, relatively
little experimental research has been performegdband develop this
device for practical use. A Gabor lens could aleoubed for negative-
beams, e.g.H™, provided that the electrons are replaced by post
[Palkovic 1989].

Gabor lens (also called space-charge lens) shoithislens is
capable of providing much stronger focusing thameptlenses. Gabor
lenses provide strong symmetric cylinder focusiog [bw energy ion
beams using confined non-neutral plasma. They neddced magnetic
and electrostatic field strength or a reduced lladtan length to provide
a given focal length compared with conventionatesys like quadrupole
and magnetic solenoids. The density distributiorthaf enclosed space
charge is given by the enclosure conditions indvanse and longitudinal
direction. For homogeneous charge density disiobuthe resulting
electrostatic field and the focusing forces indide space charge cloud
are linear. Additionally in case of a positive ilo@am the space charge of
the confined electrons causes compensation obthbeam space charge
forces. Hence all resolving forces on the beans mm linear and thus
the transformation is linear as well and the altiema are minimal.
Therefore space charge lenses are a serious &hNerna inject space
charge dominated low energy heavy ion beam into BQR
[Meusel,et.al 2001].



1.5 Aim of the Project

It seems that the Gabor lens has escaped itshaie ©f attention
in the literature for there is a little publishedta on its electron-optical
characteristics. Since the main features of a Gk is a combination
of an electrostatic lens and a magnetic lens aitsngain axis, thus the
present work would be first performed by propossngple designs for
these two charged-particles lenses. This projechsaito study
computationally the trajectories of an electron rbetraversing the
combined electrostatic and magnetic fields andtestigate the optical
properties of this lens such as the focal lengtd apherical and
chromatic aberration coefficients. The first ordgtical properties are
computed by solving the trajectory equation of tttearged-particles
beam traversing both field distributions. Fundataeoomputations of
the electron-optical focal properties are carriegt ander various
operational conditions that are well-known in elestoptics. Excitation
of the two lenses constituting a Gabor lens has kedeen into account in

the present investigation.
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2. THEORETICAL CONSIDERATIONS

2.1 Introduction

Electron and ion optics is the theory and practteroduction,
control, and utilization of charged-particle beantharged-particle
beams can only be controlled (accelerated, focuaed, deflected) by
external electromagnetic fields. Electric field® groduced by set of
electrodes held at suitably chosen voltage. Colsrosinded by
ferromagnetic materials provide a magnetic fieldfddbent symmetries
may be utilized for electron and ion optical eleineuch as lenses and

deflectors.

In a typical electron-optical device, takectron beam originates
with some energy from the source. It enters theudog field of an
objective lens at a certain acceptance angle, téobesed to a point
image at a reasonable working distance behindethe However, due to
the geometrical and chromatic aberrations of the,la point image can
never be achieved. There will be a crossover dewhft trajectories
instead. This crossover can be imaged by a projéets and deflected
by a suitable deflector element. The deflectorlfits® a source of
additionalaberrationgM aloff andEpstein 1938].

2.2 TrajectoryEquations

When a charged particle travels through a regiontasning a
magnetic field or an electrostatic field, or bdibrces will be exerted on

it that deflect it and, in the case of electrostégld, alter its speed. The



path of the incoming accelerated charged-particéssm depends on the

properties of the axial field it traverses.
2.2.1 Paraxial-ray equation for an electrostagdfi

The trajectory of a beam traversing an electrasstmmetrical

electron or ion optical system is given [byawkes, 1972]:

/ 1
................................................... (2.2)r" +r' G\Z/V+YEH =0

wherer is the radial displacement from the optical &xithe primes
denote a derivative with respectzd/= V (2) is the electrostatic potential
distribution along the optical axes Equation (2-1) is a linear
homogeneous second-order differential equationwkinas the
paraxial-ray equation which describes the pathehafged particles
moving through a rotationally symmetrical electabist field
characterized by the potential functidn The paraxial-ray equation was
first derived by Busch in 1926. Many important detions can be made
from this equatiofiHamad 2003]:

(a) The quotient of charge-to-mass (Q/m) does not agpehe equation.
Therefore, the trajectory is the same for any ob@ngarticle entering
the field with the same initial kinetic energy, lartives to the same

focus at different times.



(b) The equation is homogeneous in V. Therefore, araleigcrease (or
decrease) in the potential V at all the pointsieldf (i.e. multiplying
the potential by any constant) does not changédiectory.

(c) The equation is homogeneous in r and z which inegahat any
increase in the dimensions of the whole system yweda
corresponding increase in the dimensions of thediary, since the
equipotentials, though of the same form, are eelardf the object is
doubled in size, the image will be doubled in sibe, ratio between

the two remaining constant.

2.2.2 Paraxial-ray equation for a magnetic field

The motion of a charged-particle (an electron iis tase) in an
axially symmetrical field may be derived startingrh many departure
points. One can start from a more familiar metraidelementary
mechanics. The paraxial-ray equation in a magnktid of axial

symmetry is given bjyHawkes 1982]:

where e and m are the charge and mass of the electron resphbgtive

B, =B(z) is the axial magnetic flux density, amlis the relativistically

corrected accelerating voltage which is given by:



V, =V, (1+097810°V, ) .. 2.3)

VvV, being the applied accelerating voltage. It careasily realized from

equation (2-2) that the force driving the electraowards the axis is
directly proportional to the radial distance r. iS'ts the principle of a
focusing field. Furthermore, this force is propamal to the square of the
magnetic flux density which means that if the diiet of the magnetic
field is reversed by reversing the current, theeation of the force
towards the axis should not change, i.e. there ballno change in the

focus.

2.2.3 Paraxial-ray equation for combined electtestnd

magnetic fields

For combined electrostatic and magnetic field ire thon-

relativistic case the trajectory equation is gibgriMyers.|.M 1939].

The three terms on right-hand-side of equation) (2gresent
focusing processes. The first term arises fromlac&igon along the axis.
The term reduces the envelope anglevhen particles accelerate. The
second term represents electrostatic focusing feahal components of
applied electric fields. The effect is importantom-energy electron-
optical systems or in acceleration columns. Usyalfye may neglect this

term when beams have high kinetic energy. The tkemth describes



magnetic focusing from applied solenoidal fieldsleBoidal lenses are
common in electron beam transport systems at lowanterate energies.
Solenoidal fields are seldom used for ion transpioite they are
ineffective for focusing heavy particles becauserthmber of ampere-
turns (NI) required to excite the solenoid incresaséh the increase of

the particle's maglyers 1939].

2.3 Axial Field Models

It is often desirable to perform a rapid approxenavaluation of
lens properties without actually carrying out aadlet! analysis. This can
be accomplished if one has a simple mathematicdeffor the lens, i.e.
an approximation for the axial field distributidmat is reasonably close to
the real one and allows a solution in closed formaroapproximation in

simple terms.

2.3.1 The immersion lens field model

The axial field of an electrostatic immersion Idras two different
constant potentials at its sides. This means ttimtelectrostatic field
V/(z)is zero at the two terminals. Immersion lense®lacate or retard
the particles while the beam is focused. In thesent investigation the
electrostatic immersion lens and its correspondixigl field distribution

have been taken into consideration.



2.3.2 The rectangular magnetic field model

The magnetic rectangular field, has a constant maximum

value B_given by[Hawkes P.W. 1972a]:

B=B.  —L/2S Z< LI2uii i, (2.5)

Z m

and

whereNI is the number of turns of the current-carrying wiac coil, | is

the energizing d.c. current in the coil, angd< 4n* 10'H.m™) is the

permeability of free space. Figure (2.1) showsrdwtangular magnetic

flux field B,.

AB2)

Bll\ll

z-axis

Figure 2.1. The axial flux density distribution in rectangular field model.



Figure (2.2) shows the designed electrostatic amghatic lens
(Gabor lens) with its geometrical parameter, sisctha lens length L,
separation distance between the two electredasd the immersion lens

radius R.

SEcaEcE

A
-
v

Figure 2.2. The proposed design of Gabor lens

2.4 Lens Aberrations

The quality of any charged-particle optical systdepends not
only upon the energy of the charged particle biwgo alpon the
aberrations. The electron paths, which leave pamhthe object close to
the axis at small inclinations with respect to #xés, intersect the image
plane in points forming a geometrically similartean. This ideal image
is known as the Gaussian image, and the plane ichwhis formed as
the Gaussian image plane. If an electron path mga&ain object point a
finite distance from the axis with a particular edition and velocity

intersects theGaussion image plane at a point displaced from the



Gaussian image point, this displacement is defineda®rration[see for
example El-K areh andEl-Kareh 1970, Hawkes 1972].

The aberrations can arise for a number of reaséfmyever, the
two most important aberrations in an electron-@tsystem are spherical
and chromatic aberration. Thus in the present vpaditicular attention
was paid to the computation of these two aberrationa Gabor lens,
since unfortunately they received only limited atten in the published

investigations by such lens us@kdemperer 1971].

Spherical aberration is one of the most effective geometrical
aberrations and can be defined in both light ogitd electron optics, as
the change in focal properties of a lens with teaglt of the ray from
optical axis. Off-axis charged-particles spend l@se in the field than
do paraxial charged-particles because they do era¢tpate as far into the
field, and as a result the focal distance is longercharged-particles
whose trajectories make larger angles with the #xan for paraxial
charged-particlefRempfer 1990].

Chromatic aberration in light optics refers to the change in focal
properties with the wavelength of light. In electroptics it refers to the
change in focal properties with kinetic energy lné itharged-particles;
lower-energy charged-particles penetrate lessritar the field than do
higher-energy charged-particles, and thereforedpess time in the field
and are less strongly converged by the field. Coguesetly the focal
distance is longer for low-energy charged-partitkes for high-energy
charged-particlesHempfer 1990, Rempfer andGriffith 1992].



C.

The spherical and chromatic aberration coefficiemésdenoted by

C.and C_respectively. In the present investigation the gsalof C_.and

C.have been computed for images formed by the cordbatectrostatic

and magnetic lenses and normalized in terms ofinfege side focal

length, i.e. the relative values 8% and C% are investigated as figures

of merit which are dimensionless. The sphericaradiion coefficient,

and the chromatic aberration coefficientreferred to the image side are

calculated from the following formula&{ilagyi et al 1987]:
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_ V2(z) ]- V"(z)  e[B*(2) EerrV'(Z)Er‘m dz (28)
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where V, =V(z)is the axial potential at the image wheez . The

integrations given in the above equations are dreclbby means of

Simpson's rule. It should be noted tieadind C_in the object plane can
be expressed in a similar form of equations (2nd) &.8) wherevi% and

l - - -
r'are replaced by..and r respectively. More details concerning

spherical and chromatic aberrations in electroneaptinstruments are
found in many publicationjsee for exampldiawkes 1972, Hawkes and
Kasper 1989].

2.5 Definitions and Operating Conditions

Some definitions and operating conditions of chkdrgarticle

optical system are given in this section.

Object side: The side of lens at which the charged partictesre
Image side: The side of lens at which the charged particlasde

The object plane (z,): The plane at which the physical object is placed

as shown in figure (2.3).

The image plane (z): The plane at which the real image of the object
plane z, is formed on the image side as shown in figurg)(2.
Focal point ( f): A focal point is the image of a bundle of ray'sident

on a lens parallel to the axis. If these raysvarat the lens from the

object side, then these rays are collected atntlage focal point..



Figure 2.3. The cardinal elements of an axially symmetric lens.

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

of the original object is called the lateral magration:

M = (image!l height)
(object [height)

There are three magnification conditions in whichleas or

deflector can operate, naméMunro 1975]:

a) Zero magnification condition: In this case of operating condition

z, =- as shown in figure 2.4. The final probe-formireng in a

scanning electron microscope (SEM) is usually deeran this

condition.



Z—axis
z\

Figure 2.4. Zero magnification condition

b) Infinite magnification condition: The operating condition is such

that z=+0 as shown in figure 2.5. The objective lens in a

transmission electron microscope (TEM) is usualperated in this

condition.

> Z = +oo

Z—-axs

/ Z,

Figure 2.5. Infinite magnification condition

c) Finitemagnification condition: the operating condition in this case is
that z, and z are at finite distance, as shown if figure 2.6heT
electrostatic lens in field-emission gun is usuallyerated in this

condition.



Object side Image sid

RO

figure 2.6. Finite magnification condition

2.6 Computer program for computing the beam

trajectory and optical properties.

A computer program with MathCAD Professional 20b0as been
used for determining the trajectory of the electmith the aid of the
Runge-Kutta method . By solving the paraxial rayagpn of Gabor lens
the trajectory and its first and second derivatigas be achieved, then
the optical focal properties such as focal length be computed. The

spherical aberration coefficiert, and chromatic aberration coefficient
C. are computed by using the aberration integral @damgiven in

equation (2.7), (2.8). Figure 2.5 illustrates ackladiagram of this

computer program.



Axial potential distribution Axial magnetic flux
V(2)[Equation 3.1] density B(z) =constant

Using
MathCAD

l

First and second derivativeg
of the axial potential
V(2).V'(2)

Using Runge-Kutta method

Solve the paraxial ray equation and get
the trajectoryr(z) [Equation 2.4]

Using the values of Using the values
Vv,V V'rr andB of v\v:  andB
Using Simpson's Using Simpson's
Rule Rule

Got the spherical and
chromatic aberration
coefficientC,C,

Calculate the
focal length f

Figure (2.5) A block diagram of the MathCAD program for computing,

the axial eectric and magnetic flux distributions, the trajectory and the

optical properties of Gabor lens.



3. RESULTS AND DISCUSSION

3.1. The Behaviour of the Axial Electrostatic Potential
Distribution of an Immersion Lens at Different Separation

Distances

The axial electrostatic potential distitibn of the immersion lens used
in the present work is given M yers. 1939]:

ITI12

v(z)=v0+—+—Dj .............................. (3.1)

where V(z)is the axial electrostatic potential distribut@iong the optical

axis z, V,,AvV and b are given as below respectively:

vV, +V,

V. =
° 2

AV =V, -V,

2
S
b=20R{0.73 + 0.53
{ E(ZDRJ } ...................................... (32)

where R ( = 4 cm) is the radius of the electrodes s@is the separation
distance between the two electrodes (see figude EQuation (3.1), gives the

potential along the optical axis in terms of thégmial of the first and second

electrodesv, and vV, respectively, the difference of potential of theot

electrodes and a variable parameter b which dependthe geometrical



disposition of the two electrodes. It was founattbhe variation of the
parameter b for various sizes and separationseoéléctrodes was adequately

expressed in equation (3.2).

Figure (3.1) shows the axial potential distribot/d(z) based on the
expression given in equation (3.1). The axial po& field have two different
constant values at the lens terminals. The voltgaied on the electrode
positioned at the right-hand side of the lens ghbr than the electrode on the

left-hand side (accelerating lens). Constant gakfield means zero electric

field sincev’ :C:j—\zl, and this is appears clearly in figure (3.2), vehéne

electric field is zero at the lens terminals. TEfere, the charged-particles
move in straight line outside the lens, since thisreno force affect the

charged-particle beams.

120000

100000 -

v(z)(v) 80000

60000

40000

-10 -5 0 5 10

z(cm)

Figure 3.1. The axial electrostatic potential fietlistribution of the two
electrodes immersion lens wher 50 kV,Vv,= 110 kV,s=2cmand R=4

cm
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0
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Figure 3.2. The first derivative V' (z) of the twtectrodes immersion lens
whenv,= 50 kV,V,= 110 kV,s =2 cmand R =4 cm.

The axial potential distributions at three valuafs the separation
distances are shown in figure (3.3). These potentials amglar in their
general form. All curves intersect at a commompsituated at the center of
the separation irrespective of the relative separatistances. The potential
V (z) at this common point of intersection (z=0uats to 80kV, which is the
average of the potentials applied on the two ebelets. This result is valid at
all values of the applied voltage. Furthermores tommon point can be used
as a criterion for the classification of the lenkether it is symmetrical or
asymmetrical. The potential on the side of the dowoltage electrode
penetrates the hollow cylindrical electrode andgitadient diminishes at a
common point (z = -10 cm) irrespective the sepamatlistances. The value
of the potential at this point is equal to the aghk applied on the

corresponding electrode (i.¢(z2) = 50 kV). On the other hand, the potential

Yy



on the side of the higher voltage electrode petestrthe hollow cylindrical
electrode region and its gradient diminishes atmom point (z = 10 cm)
where its value equals to that of the applied gdté.e.v(z) = 110 kV).

120000

s=2cm — ;

100000 -

V(z) (v )80000

60000 -

40000

-10 -5 0 5 10

z(cm)

Figure 3.3. The axial potential distribution of ttveo electrodes immersion lens

at various values of the separation distasce

3.2. Electron Beam Trajectory Under Zero Magnification

Condition

The electron beam path along the electrostatic madnetic fields
under zero magnification condition and acceleraimgde of operation has

been considered.

Figure (3.4) shows the trajectories of an electbeam traversing

Gabor lens field at various values of both voltaggo %and separation
1

distances, at constant values of both current-turn NI = 12B&)(and lens

AR



length L = 20 cm . These trajectories have beenpeed with the aid of the
paraxial ray equation (2.4) of the combined elestatic and magnetic lens
and the axial potential field distributigiz) given in equation (3.1). The
trajectories are similar in their general form. eTéffect of the separation
distances is seen clearly on the trajectories that intessdicé optical axis.

The gradient of the beam trajectory decreases witteasing the separation

distances when the voltage rati\\éizzz, the radial displacement of the

1
electron beams = - 0.58 cm when the separation distance =2 cm, while

when s=5 and 8 cm the radial displacement -0.4 cm and -0.22 cm
respectively. This is due to the fact that thecetsn beam travel in the gap
region between the two electrodes where the edfieitte electrode potential is
less in this region on the electron beam. Funtoee, the trajectories of the
beam at the exit side increases with increasintagelratio irrespective of the
separation distance The beam is in the state of convergence at atitp@n

the image side beyond the center of the separation.

Figure (3.5) shows the trajectories of an elecbream traversing Gabor

lens field at various values of both current-turhadd lens length L, and at

constant values of both voltage ra%l//é=8 and separation distanse 8 cm .

1

These trajectories have been computed with theohidhe paraxial ray

equation (2.4) of the combined magnetic and elstdia lens. The effect of
the lens length L is seen clearly on the trajee®that intersect the optical
axis. The gradient of the beam trajectory decieagth increasing the lens
length L. Furthermore, the gradient of the beanettaries at the image side
increases with increasing current-turn NI irrespecof the lens length L.

The beam is in the state of convergence at alltpan the image side beyond

the center of the length.
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Figure 3.4. The electron beam trajectories in Galdens under zero

magnification condition at various values of sepsma distance s and voltage

ratio % and at constant current-turn NI = 1250 (A-t) aleds length L = 20

1

cm.
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Figure 3.5. The electron beam trajectories in Galdens under zero

magnification condition at various values of leesdth L, and current-turn

NI and at constant voltage rati\%%= 8 and separation distance s =8 cm.
1
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3.3. Relative Aberration Coefficients Under Zero Magnification

Condition

The spherical and chromatic aberration coefficidmse been given
considerable attention in the present work sinogythre the two most
important aberrations in electron optical systefifse present investigation

has been focused on their effect on the imageasidehas been normalized in

terms of the image side focal length, i.e. thetieds values of% and%are

investigated as figures of merit which are dimenlsss.

3.3.1 Image-siderelative spherical aberration coefficient

The relative spherical aberration coefficie%i in the image-side of the

Gabor lens as a function of the voltage ratio aiows values of the separation
distances and at constant values of both the current- tuslR50(A-t) and

lens length L=20cm when the lens operated in acatihg mode and under
zero magnification condition is shown in figure§B. The trajectories shown
in figure (3.4) with the aid of equation (2.4) haween used for computing the
image-side relative spherical aberration coeffitsenThe image-side relative

spherical aberration coefficients have minima valas shown in Table (3.1).

The minimum value 01% decreases with increasing the separation distance

One can notice from Table (3.1) that there is nednt® increase the voltage
ratio since the values of the relative aberratioafiicients are small and from
the electron-optical point of view all these valaes acceptable. It is possible
to decrease the separation distance between tbeoeles to obtain the low

value for the relative spherical aberration coeffit, but one should be

YA



careful since any reduction in the lens axial lérigt of course, limited by the
voltage ratio at which no electrical breakdown waboktcur. Under normal
operational vacuum pressure in electron micros¢bpyimiting electric field

at which breakdown would occur is about 15 kV/mihis is due to the fact
that the sparking potential decreases with theeame of the product gpof
gas pressure p and gap lengththis relation is known as Paschen's law
[Kuffel andAbdullah 1979].

0.6
0.5 - s=2cm
------- s=5cm
—o—s=8cm
0.4
Csil/fi 0.3 -
0.2
0.1
0 ‘ %@o—
0 5 10 15 20 25

V2/V1

Figure 3.6. The image-side relative spherical ah&on coefficient% as a

function of the voltage ratic%//éat various values of the separation distasce
1

and at constant current-turn NI = 1250 (A-t) anas¢dength L = 20 cm.
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Table (3.1). The minimum value of the image-sid&tiv® spherical
aberration coefficient and corresponding focal léndpr different values of

both the separation distanseand voltage ratié\{/i (NI = 1250 A-t, L = 20
1

cm)
S Csi fi (Cm) ﬁ
f ) Vi
(Cm) i /min
2 .015 21.2 8
5 011 22.37 7
8 .0085 23.85 7

Figure (3.7) shows the image-side relative sphkriaberration
coefficient%of the Gabor lens as a function of the number efchrrent-

turn at various values of the lens length L andaatstant values of both the

voltage ratio% = 8 and separation distange 8 cm under zero magnification

1

condition with the aid of the trajectories shownfigure (3.5) and equation

(2.4). In general the values %TL are electron-optically acceptable since they

are less than one, even for high value of the atitxan NI the relative

spherical aberration coefficient increases bultlséive acceptable values.

Although the minimum value o% decreases with increasing L as

shown in Table (3.2), but the decrement is smalcamparison with the
increase in the current-turn, which it is not prabde. Therefore, one can
chose the suitable value of the lens length L wathall value for the

current-turn NI.
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NI (A-t)
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Figure 3.7. The image-side relative spherical ah&on coefficient% as a

function of the current-turn NI at various values lens length L and at

constant voltage ratiélvéz 8 and separation distance= 8 cm.

Table (3.2).
aberration coefficient and the corresponding foleaigth for different values

1

The minimum value of the image-sid&ative spherical

of both lens length L, and current-turn NI 8 cm ,%= 8 )

1

L (cm) (& j f.(cm) | NI(A-t)
fi min

15 .004 22 1000

20 .0031 | 23.9 1250

25 .00078 25 1500
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3.3.2 Image-side relative chromatic aberration coefficient

The voltage of the trajectories shown in figuret{3and equation (2.4)
have been used for computing the image-side relathromatic aberration
coefficient i—c as a function of voltage ratié\)//éat various values of the

i 1

separation distanceand constant values of NI and L. Figure (3.8mehthat

% increases with increasin% irrespective of the value af In general the
1

value of% IS greater tha% for the same value of the voltage ra\¥/?o.

i i 1

The relative chromatic aberration coefﬂmeﬁt have minima values as

shown in Table (3.3). The Table shows that wlsen 2 cm % has a

minimum value at voltage rati%//% = 3.66, which is the same value for the

1

minimam relative spherical aberration coefficiese#g Table 3.1).

The relative chromatic aberration coefficient redd to the image-side
when the lens operated under zero magnificationditiom has been

investigated as a function of current-turn NI, thiferent values of the lens

length L, and at constant values of both the veltagtio % = 8 and
1

separation distance= 8 cm as shown in figure (3.9). The relativeorhatic

aberration coefficient% increases with increasing NI irrespective of L.

Yy
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0 5 10 15 20

Figure 3.8. The image-side relative chromatic abBon coefficient% as a

function of the voltage rati%//é at various values of the separation distasce
1

and at constant current-turn NI = 1250 (A-t) andsdength L = 20 cm

Table (3.3). The minimum value of the image-sid&ative chromatic

aberration coefficient and the corresponding voéagtio % for different

1

values of the separation distane@NI = 1250 A-t, L = 20 cm).

s [(c, A
(cm) [Tijmin Y
2 .063 3.66
5 .06 2.2
8 .09 2.2
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From the figure (3.9) the relative chromatic ra@gon coefficient has

minima values as shown in Table (3.4). The miniralues increases with

increasing the lens length. The increasec—;ti)f Is very small in comparison

with increase in the current-turn NI. Therefoteisipreferable to chose low

value for the current-turn NI with electron-optiyahcceptable value feC:Jfﬂ.

L=15cm
= ==.L=20cm
L=25cm

Ccilfi ‘

NI (A-t)

Figure 3.9. The relative image-side chromatic ah&on coefficient% as a

function of the current-turn NI, at various valuaislens length L and constat

value of the voltage rati%l/é = 8 and separation distance= 8 cm.

1
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Table (3.4). The minimum value of the image-sidmtive chromatic

aberration coefficient and the corresponding cutrarn NI for different

values of the lens length I\_\%( =8,s=8cm).

L (cm) (C_c j NI (A-t)

15 0.046 1000
20 0.062 1250
25 0.066 1750

3.3.3 Image-side focal length

The image-side focal length of an eledatis and magnetic lens can

be determined from the following equatipgviyers.|.M 1939]:

wherer’(z) is the first derivative of the radial displacemanthe image-side.

Under zero magnification condition, the image-dideal length f of Gabor

lens are studied as a function of the voItagrY?#ti as shown in figure (3.10)
1

for different values of the separation distascand at constant values of the
both current-turn NI = 1250 (A-t) and lens length=120 cm. Figure (3.10)

shows thatf decreases with increasing voltage r%?oand increases with

1

increasing the separation distarsce
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Figure 3.10. The image-side focal length as a fiomcdf the voltage ratié/vi

1
at various values of the separation distasand at constant value of both
current-turn NI = 1250 (A-t) and lens length L = 2.

Figure (3.11) shows that the variation of the imagle focal lengthf

as a function of NI at various values of the leargth L and at constant values

of both the voltage ratic}{/i = 8 and separation distanse= 8 cm. It is seen

1

that f decreases with increasing NI, this is due to timeiase of the lens

refractive power with increasing magnetic fieldgue (3.11) shows also that

the image-side focal length increases with increasing the lens length L.

1



fi (cm)

0 500 1000 1500 2000
NI (A-t)
Figure 3.11. The image-side focal length as a fiencof the current-turn NI

at various values of the lens length L and at camswalues of both the

voltage ratio\\% = 8 and separation distance s = 8 cm.
1

3.4 Electron Beam Trajectory Under Infinite Magnification

Condition

The electron beam path along Gabor lemdddi under infinite
magnification condition has been considered. Fig(Bel2) shows the

trajectories of an electron beam traversing Gabos ffield operated under

infinte magnification condition at various valudsoth voltage ratio\\i—2 and
1

separation distances and at constant values of both the current-turn
NI = 1250 (A-t) and lens length L = 20 cm. Thes@dctories have been
computed with the aid of the paraxial ray equati@mal) of the combined
electrostatic and magnetic lens and the axial piateireld distributionVv(z)
given in equation (3.1). Figure (3.12) shows thed increases the gradient

of the radial displacement of the beam decreases.
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Figure 3.12. The electron beam trajectory in Galens operated under

infinite magnification condition at various valuesseparation distanceand

voltage ratio% and at constant current-turn NI = 1250(A-t) anahselength

1

L=20 cm
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Figure (3.13) shows the trajectories of #lectron beam traversing
Gabor lens field operated under infinite magniifi@atcondition at various

values of both current-turn NI and diagonal lengthand at constant values

of both voltage ratio\\% = 8 and separation distanse 8 cm. Figure (3.13)

1

shows that as L increases the gradient of thelrdiplacement of the beam
decreases. Each trajectory represents a lens offispaurrent-turn NI. The
gradient of the radial displacement increases witheasing the current-turn
NI.

3.5 Relative Aberration Coefficients of Gabor L enswhen

Operated under Infinite Magnification Condition

The aberration coefficients of each leagehbeen computed with the aid
of the corresponding trajectory of the electronrbeshown in figure (3.12)
and (3.13) and equation (2.4). The spherical ahdbratic aberration
coefficients C,and C_respectively have been normalized in terms of dbjec
side focal length. The coefficients,and C_have been given considerable
attention since they are the two most importantraltiens in electron optical

systems.

3.5.1 Object-siderelative spherical aberration coefficient

The relative spherical aberration coedinti has been computed as a

function of the voltage rati(\%//é for various values of the separation distasice
1

and at constant value of both current-turn NI artsllength L under infinite

magnification condition. The trajectories in figyB213) have been used for
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Figure 3.13. The electron beam trajectory in Galens under infinite

magnefication condition at various values of lesrggth L and current-turn NI

and constant value of voltage rat\r\;é = 8 and separation distanee=8 cm.
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computing the relative spherical aberration coedficat the values &= 2, 5

and 8 cm.

Figure (3.14) shows the variation%i with % for different values of

(o] 1

the separation distanse The values of NI and L are constant at 1250af¢

20 cm respectively. In general the values%f- are small from the electron-

[0]

: : V. . C
optics of view, even for low value €. There are minima values feﬁ as

1 (o]

shown in Table (3.5). One can observe from thelel #iat there are two

minima values, whes = 2 and 5 cm respectively, and there is no minimum

value whens = 8 cm. The values of% are electron-optically acceptable,

o

therefore there is no need to take high valueHenltage ratidz .

0.04

0.03 -

Csiffi 0.02 4

0.01 -

V2/V1

Figure 3.14. The object-side relative spherical magon coefficient% as a

0o

function of the voltage rati%//é at various values of the separation distasce

1

and at constant current-turn NI = 1250 (A —t) deds length L = 20 cm
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Table (3.5). The minima values of the object-sid&ative spherical

aberration coefficient and the corresponding vodagtio % for different
1

values of the separation distang@I| = 1250 A-t, L = 20 cm)

Vo
Vl

S C,,
e | (F]. ] em

2 0.0012 | 16.3 6

5 0.00139 | 14.6 8

Coo has been

The object-side relative spherical aberatcoefficient

(o]

studied as a function of current-turn NI for diffat values of lens length, and

at constant values of both voltage ratYVé = 8 and separation distance

1

s= 8 cm, as shown in figure (3.15). One can obsénsma the figure that the

. . . . . C.. .
relative spherical aberration coefflc:le%t£ have small valuesf increases

(o] (o]

with increasing lens length L.

Cso have minima values as shown in Table (3.6). Timeiseéma values

(o]

are very small, therefore there is no need to as®ethe current-turn NI, or

even lens length, since the high value %39 are electron-optically are

0o

acceptable.
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Figure 3.15. The object-side relative spherical magon coefficient% as a

(o]

function of the current-turn NI at various valuet lens length L and at

constant voltage ratic-\J/V£ = 8 and separation distange= 8 cm

1

Table (3.6). The minima values of the object-sid&ative spherical

aberration coefficient and the corresponding cutrarn NI for different

values of the lens length I\_\%( =8,s=8cm).
1

L (& j f NI
(cm) |\ foJmn | (cm) | (A1)
15 | 0.00037 14.3 | 1100
20 | 0.00092 15.2 | 1400
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3.5.2 Object-side relative chromatic aberration coefficient

The relative chromatic aberration coeéfitti% in the object-side is

0o

shown in figure (3.16) as a function of the voltagdo % under infinite
1

magnification condition, and for different valuefstbe separation distance

The values of the relative chromatic aberrationffanient % in general are

(o]

low, even if one increases the voltage ra\¥/?o or increase the separation
1

distances.

The relative chromatic aberration coefficient hagima values as
shown in the Table (3.7). This table shows thaemi =5 and 8 cm the

minima values of the relative chromatic aberrattoefficient approximately

equal and occurred at the same value of the vohzai@;e% = 6, while when

1

s = 2 cmthe value of the relative chromatic aberratiorefioient
approximately half the value of that whesi= 5 cm, therefore, it is preferable

to operate the lens under the conditios= 2 cm especially, the voltage ratio

V, .
72 doesn't increase very much.

1
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Figure 3.16. The object-side relative chromatic mbton coefficient

Cw as a function of the voltage rati\é at various values of the separation

o] 1
distances and at constant current-turn NI = 1250 (A — t) aledis length
L =20 cm.

Table (3.7). The minima values of the object-gidative chromatic

aberration coefficient and the corresponding vo#agtio % for different
1

values of the separation distane@NI = 1250 A-t, L = 20 cm).

s(cm) C, V,
T |

2 0.125 7.33
0.2 6
0.277 6




Under infinite magnification condition thebject-side relative

chromatic aberration coefficielfrcf]f—0 has been studied as a function of the

0

current-turn NI for various values of the lens l#nd, and at constant

values of both voltage rati% = 8 and separation distanse 8 cm. Figure
1

(3.17) shows that the values of the relative chtamaberration are
acceptable from the electron-optical point of viedlthough the behaviors
of the curves in figure (3.17) are different, buteocan expect that if the
current-turns NI increases (greater than 2000 ) relative chromatic
aberration coefficient have the same behavior ler three lens lengths.
The relative chromatic aberration coefficients havaima values for each

value of the lens length as shown in Table (3.8).
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Figure 3.17. The object-side relative chromatic rabton coefficient%as a

[0]

function of the current-turn NI at various valuefstibe lens length L and at

constant voltage ratiélvi = 8 and separation distanee= 8 cm.
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Table (3.8). The minima values of the object-sidiative chromatic

aberration coefficient and the corresponding cutrarn NI for different

values of the lens length I\_\%( =8,s=8cm).

L (cm) ( Cy jmm NI (A-t)

15 0.038 1250
20 0.024 1500

3.5.3 Object-side focal length

The object-side focal length of an electrostatid aragnetic lens can be

determined from the following equatigklyers.|.M 1939]:

Under infinite magnification condition, the objesiie focal lengthf,

of Gabor lens are computed from equation (3.3)dptacingV, by Vv, (first

electrode voltage), as a function of the volta@mr% as shown in figure

1
(3.18) for different values of the separation dists, and at constant values
of both the current-turn NI = 1250 (A-t) and leesidgth L = 20 cm, Figure

(3.18) shows that, decreases with increasing voltage ré\f/—%oand increases
1

with increasing the separation distaisce

1A%
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Figure 3.18. The object-side focal length as a fiomcof the voltage ratié’vi

1
at various values of the separation distasand at constant value of both
current-turn NI = 1250 (A-t) and lens length L = 26h.

Figure (3.19) shows that the variation of the obgde focal lengthf,

as a function of NI at various values of the laargith L and at constant values

of both the voltage ratiélvi = 8 and separation distanse= 8 cm. It is seen
1

that f, decreases with increasing NI, this is due to tlerease of the lens

refractive power with increasing magnetic fieldgue (3.19) shows also that

the object-side focal length, increases with increasing the lens length L.
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Figure 3.19. The object-side focal length as a fiamcof the current-turn NI

at various values of the lens length L and at camswvalues of both the

voltage ratio\\% = 8 and separation distance s = 8 cm.

1

¢q



	Microsoft Word - Acknowledgment.pdf
	Microsoft Word - Certification.pdf
	Microsoft Word - Title.pdf
	Microsoft Word - Synopsis.pdf
	Microsoft Word - References.pdf
	Microsoft Word - Contents.pdf
	Microsoft Word - CHAPTER ONE.pdf
	Microsoft Word - CHAPTER TWO.pdf
	Microsoft Word - CHAPTER THREE.pdf



