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Chapter one Introduction )

1- INTRODUCTION

1-1 Electrostatic Quadrupole L ens

Electrostatic Quadrupole lens is not widely useddlace of conventional
round lenses because it is not easy to producenatig and distortion-free
images. The control of the quadrupole lens systemuch complicated than in
the case of round lenses because the combinatithre @afuadrupole lenses has an

extremely asymmetrical lens action [Okayama etl&I78].

Electrostatic quadrupole lenses are importaninetds for focusing of
accelerated charged particles. Their focusingpactiowever, is described only
in Gaussian or first order approximation [Matsudad aWollink 1972].
Electrostatic quadrupole lenses, although effeativiecusing ions of high mass,
have achromatic aberration coefficients which carcdnsiderable [Martin 1991].
The most distinctive feature of electrostatic lenshat for non-relativistic case
the focusing properties as well as the aberratrenralependent of the charge -
to- mass quotient of the particles. Therefore, ifygtem is to be used with
different ions, electrostatic lens must be appliadthermore, only potential ratio
has influence on the lens properties. The only majanufacturing problems are
electric breackdawn and accumulation of chargestheninsulating surfaces.
Under vacuum pressure of about®10rr the electrodes must be separated from
each other so that the maximum field strength doa@tsexceed 15 kV/mm
[Szilagyi 1988].

Electrostatic quadrupole lenses are often preferabl magnetic ones for
focusing beams of moderate energy. They are alsienable for dealing with
ion beams since the focal length of an electrastaiis does not depend on the

charged particles mass as it does for a magnetsc le
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However, quadrupole lens systems are more sansttimechanical defects

than round ones [Baranova and Read 2001].

An electrostatic quadrupole lens has a four—foldrsetry with respect to the
: : : Tl : :
optical axis. Its adjacent electrodes are4—aangle with each other. The detailed

description of their potential arrangement is shamwfigure (1-1), where ;eand
e;: are at a potential +Vand the other pair of electrodesamd ¢:: are set at a
potential -\{. The planes that do not intersect the electradeslefined by zOX
and zOY and the other planes, which intersect kbetredes, are defined by zOx
and zOy. The z-axis is normal to the plane ofpidyger at O. The aperture of the
lens is defined by the radius a of a circular clednmhich is tangential to the four
electrodes [Hawkes 1970].
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(a) (b)

Figure (1-1): Electrostatic quadrupole lens, (E)e polarities of the electrodes of
lens in the x and y axes (b) A transverse crossiese®f an electrostatic
quadrupole lens [Grivet 1972].

If a positively—charged particle is incident pasalto the axis in the plane
zOx, it will experience a repulsion due to the tleade ¢ (or < ), but will not
be affected by the presence ofaad @ as a results of the symmetry. The
particle will remain in the plane zOx, and will a@nge toward the axis. In the
plane zOy, the trajectory will also be planar, the particle will be attracted by
& (or e ) and will diverge away from the axis. Particlegich are incident at
the lens, other than in the planes zOx and zOy, fallow skew trajectories,
approaching the optical axis Oz in the Ox directiot moving away from Oz in
the Oy direction. Therefore, in one direction thés the effect of convergence

and in the other of divergence as shown in figr2)(
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Figure (1-2): The action of a single quadrupole deon a charged—particles
beam; convergence in the horizontal plane and dieece in the vertical plane

form a line image,[Grime and Watt1988].

Quadrupole lens is described as converging if @dagimoving in x—z plane
are deflected toward the axis and diverging if ipea$ moving in y-z plane are

deflected away from the axis [Grime and Watt 1988].

The quadrupole lens is more complex than the aspnetrical in
construction, in calculations and in operation, ahd focusing quadrupole
systems usually do not produce a regular intdgen object because in two
mutually perpendicular planes xOz and yOz y thave different positions of
focal points, focal planes, and different agmifications and aberrations.
At specific symmetry of the quadrupole sewst geometry, it is possible
to obtain in both planes xOz and yOz thenesa positions of the focal
points and the focal planes, the same magtidins and even the same

spherical aberrations [Dymnikov et al. 2005].

The power of a quadrupole lens can be rised yeasing not only the field
gradient but also the effective length of the leneld. Hence, there are no
major restrictions on the beam energy. Sincedgusle can focus in only

transverse direction [Abramovich et al. 2005].

1-2 Quadrupole L enses Applications

Studies on quadrupole lenses concentrated on apgifcation as corrector
units for reducing the spherical aberration [Hawk830]. Quadrupole lens are
commonly used for focusing electron and ion beahtsgh energy. An example

of such device is the ion implanter [Baranova aeddr1998].
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Charge particle lenses are widely used in modeiense. During the initial
period of their development axial symmetrical lenseeceived intensive
application in electron beam instruments. Theansmission electron
microscope (TEM) is similar to the biologicdight microscope to the
extent that electrons pass through athicispn and are then imaged by
appropriate lenses. The scanning electron stoe (SEM), proposed soon
after the TEM, is smaller to a TEM but uses the es&mnd of electromagnetic
lenses for focusing. Inthe SEM, focusing lerd@sot produce an image of the
specimen, but instead the electrons are focusedantery small spot (probe)
which is then scanned across the surface of arepaci The fine-probe scanning
technigue combined with the idea of forming the gmafrom transmitted
electrons resulting a scanning-transmission elactramicroscope (STEM)

appeared [Dymnikov et al 2005].

A new ion optical element of mass spectrometery lbeesn developed to
increase ion beam transmission into the high vacregion of mass spectrometr.
A new mass spectrometry ion optical element, terntbd electrostatic
quadrupole extraction lens (EQEL), has been dgeel that incorporates
quadrupole — like focusing fields in to antregtion lens. The EQEL optic
was modeled using Simion 7 software and a rangepbimum potentials was

found for which high transmission occurred.

Such optics can be readily applied to other masctepmeters, as most
instruments already contain a similarly shapedaetion optics. This device
should prove useful with ionization sources othemnta glow discharge, though
its effectiveness will be greatest when appliedngiruments whose ion beam

experiences minimal space - charge related divesgarnes et al 2003].
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A quadrupole doublet is also employed in electrooptical devices of
moderate accelerating voltage when astigmatic fogus required. For example
in electron and mass spectrometer containing seuBmgnets or electrostatic
cylindrical analyzers which are themselves astigmmauadrupole lenses enable
better beam matching than conventional axially setnical lenses. There are
also some applications of astigmatic quadrupoledsnn probe—forming systems
when an elliptical or linear beam spot is needettherathan a round one
[Baranova and Read 1998].

A short probe-forming system is developed for th@u@bia microprobe
includes four electrostatic quadrupoles with a Rusguadrupolet configuration.
The smallest beam spot size and appropriate opfraedmetrs of the probe-
forming system had been found [Dymnikov and Bren2@®0]. The probe -
forming system of a nucler scanning microprobe thasa the parametric
multiplets of quadrupole lenses is optimized. Thsimization is aimed at
creating an ion probe with energy of several Me¥t throduces a micrometer

spot on the target [Abramovich et al 2005].

Probe - forming quadrupole lens provides the foihyg advantages; first, it
permits variable spot — shaping by changing thes lexcitation; second, the
demagnification can be increased without increasing working distance
[Okayama 1989]. Angular aperture shaped beantersyss the present
invention provides improved angular aperture sclsemoe generating shaped
beam spots having a desired geometric shape frotangular, elliptical, and
semi-elliptical apertures having one sharp edgepeding on the particular
beam spot that is desired, combinations of teclesqguncluding defocusing,
aperture offsetting, and stigmation adjustment, banused in both spherical
aberration dominant and chromatic aberration dontieavironments to achieve

a desired beam for a desired application [Gerlaeth 2001]
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Quadrupole lens is necessary to produce a spdiiiadigir electric field when
focusing charge particle beams, deflecting poldriaptical radiation in media
with a linear electro-optical effect and in othephkcations [Norgorodtsev 1982].
There are many electron and ion optical instrumant$ devices in which there
are advantages in using quadrupole lenses ratlaer tound lenses, such as
instruments where strong focusing or astigmatiqertes are needed. Among
these are accelerators, cathode — ray tubes, amckddor correcting aberrations
[Baranova and Read 1998].

1-3 Historical Development

Melkich had been working in this field since 194dimted out the field
properties of quadrupole numerous theoretical apermental studies, but their
practical application as system of cylindrical kesslata started only from 1952.
The basic properties of quadrupole lenses had pessented in general form by
Septier [1961] and Hawkes [1970]. Experiments oadgupole lens system were
reported by Septier [1958], Bauer [1965-6] Grewaldil967], Kawakatsu et al
[1968]and Dhuiq [1968], according to Okayam and Kkatsu in [1978].

Strashkevich [1963] investigated the sphericalr@ben for two limiting
cases of the quadrupole lens: short lens and twermkional. Hawkes [1967]
calculated the real and virtual quadrupole abematior system containing
quadrupole lenses always forms virtual intermedilbe images and each
guadrupole is divergent in one plane. Hayashi%akludo [1968] calculated the
fields in circular concave electrode with infiniteal and infinite thickness
analyzed by giving appropriate boundary conditiand calculated the optimum
electrode angle. Results of calculations for smiaéraberration of astigmatic

doublet of quadrupole lenses for rectangular mdwal been compared with
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spherical aberration of single quadrupole lensaasymmetric magnetic lens by
Fishkova and Yavor [ 1968] .

Ovsyannikova and Yavor [1969] studied the potentigtribution and
focusing properties of asymmetrized quadrupoledsnsith different electrode
configuration. also, they calculated and measufierdnt effective lengths for
various electrode configurations like sphere, ceacand convex cylindrical

electrodes.

Markovich [1972] determined the short quadrupolexdpole, and octupole
lenses as aberration correctors for electron-beafteation. Matsuda and
Wollnik [1972] calculated the third — order tréarsmatrices for the fringing
field of magnetic and electrostatic quadrupole ésns Baranova et al [1972]
determined the correction for the third — order rgetsic aberrations in

symmetric quadrupole lens with concave electrodes.

SzaB'o [1973] described some results of the iiyatson of paraxial
chromatic aberration of combined asymmetrized quamle lenses. Shott and
Springer [1973] calculated and measured magnetclmyole lens with a large
aperture and bell -shaped field distribution. Bd€74] investigated the two —
dimensional equipotential model of circular concapeadrupole lenses . The
exact solutions were carried out by the methodofarmal mapping and expand

in series of multiples.

Sakudo and Hayashi [1975] determined the fietdsnéd with flat — face
electrode by using conformal mapping. SzaB o [1@afculated the geometrical

aberration combination of asymmetrically field qugzble lenses and magnetic
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sector. The potential distribution of circular came 2N -electrodes and the

optimum conditions had been discussed by Szild®i §].

Okayama and Kawakatsu [1978] studied the potentigtribution of
quadrupole lens for circular electrodes using ss&ige over — relaxation
techniques involving the numerical solution of Lag@'s equation in three

dimensions.

The resolution and chromatic aberration of a dduldé achromatic
quadrupole lenses have been experimentally measyrédartin and Goloskie
[1981]. Novgorodtsev [1982] considered that eledield strength distribution

in quadrupole condensing lenses that have polygeaetrodes.

Okayama and Kawakatsu [1982] proposed a new eltatic lens capable of
correcting third-order aperture aberration. The hems is called a self-aligned
quadrupole correction lens and consists of an relgiettic quadrupole and an
aperture electrode. Baranova and Yavor [1984futaled the field of
guadrupole lens of flat and circular concave etelds. Jamieson and Legge
[1988] discussed multipole lenses and how they tnigd used to correct

divergence dependent aberration in quadrupole dwb@ng lens system.

Katsumi [1991] determined new normalization aptical properties of
electrostatic quadrupole lens. Nakata [1993] suichumerically a new concave
electrostatic lens with periodic electrode confggion. Baartman [1995]
derived a simple formula for the aberrations dutheoquadrupole finite length.
It indicates that for fixed quadrupole center lomas and focal strengths, longer

quadrupole better. Baranova et al [1996] analybedchromatic and aperture



Chapter one Introduction Yo

aberrations of crossed five-aperture lenses byctnay tracing. It was shown
that in astigmatic modes the chromatic and aperéilnerations of one of the

linear images can be simultaneously eliminated ademegative.

Baranova and Read [1998] determined the reducfate chromatic and
aperture aberrations of stigmatic quadrupole leiet. They calculated the
minimization of the aberrations of electrostatimdesystems composed of

quadrupole and octupole lenses.

Baranova and Read [1999] investigated and compheedberrations for two
types of multiplets based on electrostatic quadeupod octupole lenses: mid-
acceleration systems in which an accelerating piedenas applied to the middle
lenses of a set of quadrupole lenses and systewlsiam some of the quadrupole

lenses were replaced by combined quadrupole-o@upotes.

Dyminkov and Brenner [2000] were calculated theotetical study of short
electrostatic lens for the columbia ion microprol&himizu et al. [2000]
determined the characteristics of the beam habethe Tokyo electron beam ion
trap. Filachevet et al. [2000] investigated tifeéh forder aperture aberration
electrostatic quadrupole lens systems. Yamazalkil.€f2002] determined the
electron optic using multipole lenses (i.e. quadtepfor a low energy electron
beam direct writing system Barnes et al. [20@8]eloped and characterized
the electrostatic quadrupole extraction lens forssnapectrometry. An
electrostatic quadrupole doublet with an integratisteer was reported by
Welsch et al. [2004].

Gillespie [2005] determined optics elements for elod) electrostatic lenses

and accelerator components IV- electrostatic quaaleu and space charge
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modeling. Dymanikov et al. [2005] determined zo@wadrupole focusing
systems produsing an image of an object. Rose. d2@0D5] determined the

spherical and chromatic aberration correctioal@ctron microscopy .

1-4 Aim Of The Project

The present work aims at finding the optimum desa@fnelectrostatic
guadrupole lens which give rise to the optimum gadlispherical and chromatic
aberration. Taking into consideration the cylindticconvex and spherical
electrodes are generally used instead of hyperletdéctrodes because these
electrodes are difficult to fabricate. The fieldstilbution in elctrostatic
guadrupole lens depend on a large number of pess) therefore in the
present work we change the geometrical dimensiahef electrode to find the
optimum value of the lenses. The field model hasnbdetermined from the
calculations of the potential distribution whichrepresenting for each design of

electrostatic quadrupole lens.

The some first order optical properties for eacdet will be computed by
solving the trajectory equation of the charge-pbe beam traversing in each
field distribution, taking in to account the congence and divergence planes.
The effect of the electrodes shape (such as argjleelen the electrodes and
radius of electrode to aperture radius ratio) om ftbcal length, magnification,

spherical and chromatic aberration coefficientd b investigated in detail to
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find the optimum value for these properties for heaesign of electrostatic

quadrupole lens.
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2- PROPERTIES OF ELECTROSTATIC QUADRUPOLE LENS
FOR DIFFERENT ELECTRODE SHAPE

2-1 The Electrode Shape of Quadrupole Lens

Hyperbolic electrode are well known as being usefot creating an ideal
configuration for quadrupole field in a twodinensional and three —
dimensional approximation because these elecroae difficult to fabricate
and it is difficult to achieve the required cuméar form, and the width and
distance between electrode of opposite polaity finite, which causes
distortions in the field, rod —type electrodeskdlicylindrical, circular or
spherical electrodes), or polygonal electrodes ganerally used instead
[Nakata 1993].

The electric field strength distribution in quagdole condensing lenses
with polygonal and rod — type are easier tccwakted than hyperbolic
electrodes and give strictly linear field distition . The electrode profile is
chosen to cancel the terms in the power seripareston of the complex field
potential near the center of the system. Tigdrildution of the field intensity
gradient non uniformities is investigated quaatepcondensing lenses having
simpler electrode (plates, angle, cylindrical, esjdal surfaces) [Novgorodtsev
1982].

The field distribution in electrostatic quadrupdéns depend on a large
number of parameters : electrode voltage ratiaperture size, electrode
thicknesses and spacings between them ,as wiieasadial and longitudinal
dimensions of the electrode. The particular ebeld configuration may result
in a single value ok [Szilagyi 1988 ]. The potential distribution neddand
the focal properties of quadrupole lenses infdren of comprehensive data

directly related to the lens geometries, (i.eecebde shape of lens) and
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excitations. The field model is determined frdra talculations of the potential

distribution [Okayama and Kawakatsu 1978].

2-2 Field Models For Quadrupole Lenses

The field distribution of a quadrupole lens may reeresented by various
models shown in figure (2-1). These potentialribstion models are actually
proposed for the cross—section of the quadrupots lelectrodes [Hawkes
1965/1966]. According to Hawkes the functi®iz) of the field distribution can
be obtained either by measurement or by computasome mathematically

convenient models may be transpireg) sufficiently.

For example, for long narrow quadrupole lensesrébtangular model figure

(2-1-a) is often a close enough approximation;

{(2)
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Figure(2-1):Field distribution of a quadrupole lefidawkes1965/1966).
(a) Rectangular model (b)HB=haped model
(c) Modified bell-shaped model (d) Triareguinodel
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The function f (z)for a rectangular field model of long quadrupole is

represented in the following form:
f(2) = f(2),,=1 when-z <z<z (2-1)

At points when |z| = the function f(z)=0, where gz equal to L/2. This

model is also known as the square—top field distidm . The length L is the

“effective length” .

For short quadrupole lens, Glaser's bell-shapéd fwdel shown in figure
(2-1-b) is found to be more suitable and is represg by the following function
[Hawkes 1970]:

H(2) = £(2)pe | [1+(2/ )2 =1/ [14 (2/ d) P2 (2-2)

d= the axial extension of the field between the twoints where

f(2) = f(2),./4;, atz=0, f(2),, equals to unity.

The modified bell-shaped field model shown in fegy2-1-c) represents the
intermediate case between the rectangular anddhesbaped model such that
the field distribution may be represented by tHe¥%ang function:

f(2)=1/[1+((z-2)/d)}]> when z > z (2-3)

f(2) =1/ [1+((z+z)/d)?> when z <—z (2-4)

The functionf (z) has a rectangular section of constant maximumueval
f(2). =1 1N the region —z< z <z such that beyond these boundaries it

terminates in the form of a half bell - shapeéidi represented by equations
(2-3) and (2-4).
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The triangular field distribution model shown imgdre (2-1-d) is another
model proposed biawkes [1965/1966]; it is given by:

f(2) = A z+z, when -xz<0 (2-5-a)
f(2) =-1 z+z, when &Xz<z (2-5-b)
f(2) = f(2),,, =1 at z=0 (2-5-c)

where A is the slope of the two steep sides of the triaagld equal unity.

2-3 Quadrupole Field in Cylindrical Convex Electodes

The electrode configuration consisting of four syatrically convex
cylindrical quadrupole lens as shown in Figure4R-In this figurey andI are
half of the electrode angle and half of the gadeangspectively.

¥
4\
@
/f/
s
s
£

!

7 IR e g — | %

- X

]

|

N

Figure(2-2):Quadrupole electrodes of cylindricalms@x electrode [Strashkevich
1963].
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The effective length L had been found experiranto be given by [Kiss
etal. 1969] :

L=/¢+1056 a (2-6)

R =ca (2-7)

where( is the electrode length andis constant relative between the radius of

cylindrical convexr and the aperture radiwsas in figure (2-3).

Figure(2-3): Electrodes of quadrupole lens, cylilwdi convex Electrodes.

In order to obtain the optimum electrode angleiRis necessary to analyze
the field formed by this electrode system. The pidé distribution of a
guadrupole lens with cylindrical electrodes wascuala@ted by solution of
Laplace's equation in three dimension . The reshdivs that the modified bell-
shaped is very close approximation to the poteritinttion for the relatively
long quadrupole lenst >> a . The solution ofv(r,6,2) is thus expressed as
[Hayashi and Sakudo 1968]:
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V(r,8,2) = Dy(2) V, (r/a)® cos(26) + D,(2) V, (r/a)° cos(68) + D,(2) V,(r / a)*
COS(LOB) + ... + D, (2) V,(r/a)*®™™ cos2((2n +1)8)

(2-8)

The first term(n=0) of equation (2-8) is the ideal quadrupole field
component and the others are the higher sp&i@amonic components . The

second and the third terngs=1,2) correspond to 12- and 20- electrode field

components respectively . The best approximatiorgéting a quadrupole field
Is achieved practically if thén =1)and higher terms component is eliminated :

V(r,8,2) =D(2)V, (r/a)’>cos(2 6) (2-9)

D(2) =K f(2) (2-10)

Whereyv, is the potential of the electrode, and the fofrthe f (z)function

normalized to unity (at the centeér=0) andK are determined by the electrode

geometry (electrode shape ) .

The value ofkK which was represented by the following function for

cylindrical convex electrodes [Strashkevich 3196

K =2sin(2r) / In(R/a) (2-11)
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The expression of potential distribution in etjpa (2-8) in cylindrical

coordinates can be expressed in Cartesian cooegiaatshown below:

re" = (x*+ y?*)", then one can simply write (2-12)

r = (X2 + y2)1/2 (2_13)

By using the following expressions [Szilagyi 1988]:

r’cos(26) = (x*-vy?) (2-14)
r® cos(66) = x-y -3 (x*y* - x°y?) (2-15)
r'®cos(08) = x*° — y*° - 45 (x®y? - x*y®) + 210(x°y* - x*y®) (2-16)

With the relationship given by equation (2-14)(2-16) and substituting
in equation (2-8) one can get the general expredsiothe potential distribution

in Cartesian coordinates [Grivet 1972 |:

V(x,¥%2) =D(2)V; (X’ —y*) & +Dy() V, (x° - y* -3 (x"y* -x"y")) /&’ +
D,(2)V, (xX° =y =450 y? =x*y®)) /@’ +210(x° y* = x" y°) +......
(2-17)
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2-4 Quadrupole Field in Spherical Electrodes

The electrostatic quadrupole lens has consuufttem four spheres of
small radius relative to the apertusieas figure (2-4). Considering the electrode
configuration as composed of four point chargesadowith spheres of small
radius b. For the paraxial region the field dmition can be fitted with a curve
of the bell — shaped field model type. Thandb (given in the units of aperture
radius) parametersz(= 0) as well as the effective length formulae obtaibgd
[Kiss et al. 1969]:

L =132a (2-18)

b=1 a (2-19)

wherel is constant relative between the radius of sphkatectrodeb and the

aperture radiua as in figure (2-4).

The equations of field distribution for spherieéctrodes is the same as
(2-8) to (2-17) except equation (2-11) because tdue of K which is
represented by the following function [Strashkévi 1963 |:

K =3a’bsin(2l) (a®+L?)'? (2-20)
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Figure (2-4): spherical electrodes of quadrupolade[Strashkevich 1963].

2-5 First—Order Optical Properties for an Electrostatic

Quadrupole Lens:

2-5-1 The equation of motion

The trajectory equations in Cartesian coordinabedtfe charged — particles
beam traversing the field of a quadrupole lensqven as follows [Hawkes
1970]

X + % f(2x=0 (2-21)
y -5 f(2y=0 (2-22)

wherep is the excitation parameter, given by the follogywelation:

B2 =V, Kla’V, (2-23)



Chapter Two Theoretical Consideration 21

whereV, being the electrode voltage, acceleration voltages andy  are the

second derivatives with respect to z, and K woefficient accounting for the
shape of electrodes. Since the present work has beacentrated on the
cylindrical convex shape for the electrodes, [Dykoniet al. 1965 and Grivet
1972].

By using equations (2-21) and (2-22) vyield wittuation (2-3) which

represented the field for cylindrical electrodeash :

X + B xI[1+((z-z)/d)*)*=0 (2-24)

y -8 yll1+((z-2)/d)*]*=0 (2-25)

Let the new variables P amd be introduced, so that one would have by

Hawkes [1967] :

(z-2z)/d=cotE) (2-26)
and

x/d =P) Isin(y) (2-27)

then equation (2-24) for convergence plane careeitten as :

d?P/dy? + W P=0 (2-28)

and equation (2-25) for divergence plane can beittew as :

d’P/dy® -W,* P=0 (2-29)
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The properties of the quadrupole lens are chaiaeteby the parameter:

W, =1-5°d? for the convergence plane

W, =1+ 5° d* for the divergence plane

The solution of equations (2-24) and (2-25) lesrentary.

Returning to the variables x and y one can write:

x = d [%, CoS(W, ¢) + %, sin(W, ¢ )] / sin(®) (2-30)

Similarly for y but replacingy, by w,

y =d [y, cos(W, @)+, sin(W, )] /sin(®) (2-31)

X ={%[d W, sin(@)sin(W,)+d cos() cosW, )]/ sin® (@) [1+((z-z)/d)’
d} +{ %, [dcosy) sin(W,¢) - d W, sin(y) cos(\W, )] /sin’ (@)[1+((z- z)
/d)? d]}

(2-32)

and similarly for y:

y ={y[d W, sin(g)sin(W,@)+d cos(g) cosW, ¢)] / sin® (@) [1+((z-z)/d)?
d} +{y, [dcosw)sin(W, ) - d W, sin() cos(W,¢)] / sin® ()[1+((z~ 2,)
/d)? d]}

(2-33)
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wherex, andy,are the initial displacements from the optical arithe x—z and

y—z plane respectively, ang andy, are the initial gradients of the beam in the

corresponding planes.

The general solution of the second-order linear dgemeous differential

equations (2-24) and (2-25) can always be writtethe following matrix form

respectively.
X2) X (2)
=T, (2-34)
X (2) Xy (2)
Y2 ¥o(2)
=T, (2-35)
y'(2) Yo (2)

The parameters, andT, are the transfer matrices in the convergence plane

xOz and the divergence plane yOz respectively wladh given by Larson
[1981] and Szylagyi [1988]:

d cos (W, ¢) d sin(W,¢)
sin(y) sin(¢)

dW, sin@) sin(W, ¢) +d cos (¢ ) cos(W, ¢) dcos(y)sin(W,¢) — dW, sin(y) cosWg)
sin® @)[1+(z-z /d)*]d sin® (@) [1+(z-z/d)*]d

(2-3p
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d cos(W,) d sin(W, ¢)
sin(y) sin(y)

dWysin@) sin(Wy)+d cosfy ) cos(Wyy) d cos@)sin(W, ¢) — dW, sin{ Jcos(W, ¢)
sin” (@)[1+(z-  /d)*]d sin’ ()[1+(z-z, /d)°]d

(2-37)

All first—order optical properties of a quadrupddms can be derived from

the matrices given in equations (2-36) and (2-3h)ese matrices are represented
by Regenstreif [1967] :

ey

2-5-2 The focal lengths

The focal length is defined as the distance betwé&e focal point and

the corresponding principal plane. Therefore, thage— and object-side focal
lengths f. and f, respectively are given by :

f=f=-1a, (2-39)

_ sin’(y) [1+(z-z /d)*]d

= : : (2-40)
[dW, sin(g) sin(Wg) + d cos@) cos(Wp)]

_ sin’(y) [1+(z-z7 /d)°] d

y = : : (2-41)
[d W, sin( ) sin(W) + dcos(y) cos(W )]
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2-5-3 The magnification

In any optical system the ratio between the trarsevdimension of the final
image and the corresponding dimension of the aalgwbject is called the

magnification M given as:

M=1/(a, u+a,) (2'42)

where u is the object distance.

1

M, = dW, sin@)sinW,¢) + d cos(y) cosiW.i) U+ dcosW,y)
sin®(@)[L+(z-z./d)°]d sin@)
(2-43)
M, = 1
Y dWysin@)sinWyy) +dcos@)cosyy) |, dcosiVyy)
sin®(@)[L+(z-z /d)*]d sinE)
(2-44)

Furthermore, in the case of spherical electrod@esifavhich is represented
by the bell-shaped field model) the above expressiare applied in both
convergence and divergence planevided thatz, any where in above equations

is replaced by zeroz( =0).
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2-6 Lens Aberrations

The discussion of image formation has been confisedar to paraxial
conditions, in which contributory rays make witle thxis an angle so small that
its value (in radian measure) is not significawlifferent from that of the sine. In
such a case all rays from a given point of the d@bg@me together again in a
single point of the image ; the object gives a tmage , which is then said to be

aberration-free [Cosslett 1950].

The aberration is a subject of great importanceganeral the image will
suffer from varying proportions of all the aberoais, and consequently will
exhibit greater or less confusion. For these thgssalue of the sine of the angle
approximates closely to that obtained from thet fitsgo terms in the series
[Cosslett 1950] :

sin@) = 6 - 8°/3 1+ °/51—......... (2-45)

Under these condition it is found that the imagenmre or less seriously
distorted with respect to the object: electronsifithe same point on the object
intersect the image plane in different points, #melimage plane itself may be
curved. The variation in the position of the imdgat is found for electrons of
varying velocities (chromatic aberration) requiseparate treatment. An optical
system is said to suffer from spherical aberratdmen rays incident at varying

radial distances are focused to different pointshenaxis [Hawkes 1973].

Aberrationis not the only defect that the image suffers fra@ther type of
defects are due to the fabrication of lenses ssamechanical imperfection and
misalignment. The electrostatic repulsion forcesMeen particles of the same

charge causes a deviation in charged particles gaik another defects, known
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as the space charge effect, and it is a case ofethaparticle optics alone that

cannot be found in light optics [Szilagyi 1988].

Spherical and chromatic aberrations limit the h&sen of conventional
electron microscopes. This behavior differs irmtiminal symmetry from that of a
multipole because its potential adopts at the bagneéither a maximum or a
minimum depending on the polarity of the potendiaihe electrode or pole piece,
respectively. This is the reason why we can congtengor the spherical

aberration by abandoning rotational symmetry [Retsa. 2005].

However, in the present work attention is paid ooly the two mian
aberrations, namely spherical aberration and chtionaberration of electrostatic
quadrupole lenses due to their significant effectvarious ion and electron

optical systems.

2-6-1 Spherical aberration of a quadrupole lens

Spherical aberration in a lens prevents all the fagm meeting at the same
focal point, which causes images to become bluifbd.deviation of an electron
in the case of an electron microscope is propoatibmthe height of the ray from
the optic axis, and the deflection is always indirection towards the optic axis.
It is also called aperture aberration. In a qupdieilens, the spherical aberration
in the Gaussian image plane can be expressed agké@dal970 and Okayama
1989):

Ax(zi) =M, (Cy, a° +C,, a 87) (2-46)

Ay (zi) =M, (D,,a°d + Dy, 8°) (2-47)



Chapter Two Theoretical Consideration 28

where o and g are the image side semi—aperture angles in theamdz/—z plane
respectively, The coefficients C characterize ther@tion in the convergence
plane, and D in the divergence plane. The coefiiciG, determines the
aberration of the real width image in the plane 9,=and s is that for the

imaginary image in the plane of x = 0. And theueabf ¢, corresponds to the

position of the object ang, to that of the image, anch € -1) for electrostatic

quadrupole lens [Fishkova et al. 1968].

The spherical aberration coefficients C and D age&eminined from the

relations given in [Dymnikov et al. 1965].

% 323; “w, [Cws =) (v + 3)% * ijvxz—jvi) (sin2¢, —sin2y,) +(2-2n+3n°)

(W2 ~D[(W2 ~1) % — —=—(sin 24, - sin2¢,)]]

w; 4w, -1
(2-48)

C_ ;[[—4[(1—005277'&)) Sln(2¢/) +WwW (1_COSQl// )SIn(ZIT&)]
d 32WZS| (l//o) Wx 1 y 1 WX

raz -2 -9 L+ WD) o e ey

w1 4wfw§ of

sin( )+3W‘2’ +1sm(2knw )] -
% 2w, w, Aw W2

y X7y

(4w ~Dsin(2y, )cos(ZZTx )

+w, (2w5 +1)cosRe,) Sln(27T )]] +(2+2n-n?) (W —D[2(w? - 1)%

awE(vé =)
awiw; —1

1
2w -1

sin(2y,) + sin(2y,) —m sin(ZHWy) -

X

[(4w; -1

sin(y,) cos@ n%) +w, (202 +1)cos@y,) sin(ZH%)]]]]

X X

(2-49)
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Dos _ L[— [2 (2+n)w, (L-cos(2¢,)) - cos(2n&)) Sln(27T—y)
d  32wsin’(y,) ' W, W

X

W, _ T
+(4-n) (cos(4n—y) —4cos(27r—L) + 3)sin2y,] - (W5 +3)—+
W, w w

X X X

2W3(5+W§) . 1+Wf ) 2 Wy _Wi_l
(Wf—l)(4wz—1) sin(2y,) + 5 S'n(Z‘//l)JfWSIn(Zﬂ—) w, -1

y 4w,

Sln(47T Yy -
w,

X

) cos(27TW ) + 2w, (cos2¢,)

Sln(27T\\:vv )] - 2(4vv2 D [(BW, +1)sin(2¢,) cos@m )+ 2w, (W +2)

ew.*

. Wy, 1o 2 3 Y
cos(2,) S|n(4;TWX)]+ 3 (2-2n+3n) (W -1) [WX + (W D@ 1)

sin (2u,) +§ SiN@u,) ——2 sin@T) +—1 sin(@mr) -

2 .
W W 4w w, W —1(Sm(2¢/1)
y X y X

X

COS(2T2) + W, cOS(24, ) Sin (2 7TL)) - —— = (sin(2u, Xeos(A 1)
w<oo ! w, 204w -1) ! W

X

+ 2w, COSle)SIn(47T )]]
(2-50)

D21 ClZ 1

_Cp_ 1 w, )
d d  8wlsin‘(g,) [ W )) sin(2¢,) + w, (1-cos(2¢,))

(2-51)

2-6-2 Chromatic aberration of a quadrupole lens

The first — order axial chromatic aberration, wheannot be compensated in
rotationally symmetric systems. In such systenesféister electrons will always
be less focused than the slower ones [Hawkes 19%3brder that the influence
of chromatic aberration as well as nonlinear imégkls may be minimized,
some design constraints are imposed on the maximadius of the beam,

dimensions of the quadrupole lens , and appliedagel on the quadrupole
[Guharay et al. 2001].
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In a quadrupole lens, the chromatic aberratiorhan Gaussian image plane

can be expressed as (Hawkes 1970):

V(r,6,2)

Mx(zi)=M (C,a +C,, X) v (2-52)
By (z) =M, (C,, 8+ Cy, ¥,) V(r\'/‘g 2 (2-53)

[0]

where o andJ are the image side semi—aperture angles in theardzy—z

plane, respectively.

The coefficients of chromatic aberratiag,C,.C,,.C,, are given by [Hawkes

1970]:
C, _n-1 p°d? sin(2mrw,) 5 sin(rw,)
4 8 sin(nwx)z[( X 2m) (M +1) +4m, (—X 7T COoS(TW,))]
(2-54)
C, _n-1 p*d’ sin(271w, ) ~ 5 sin(7rw,) ~
d 8 sin(ﬂwy)2 ( w, 2rm) (m, +3)+4m, ( w, 77 cosw, )]
(2-55)
_n-1p%d*f, _sinmw, sin(rw,)
Cox = 8 wd [( X 277)mx+2(—X rrcos(rw, )]
(2-56)
_n-1p°d*f, sinRmw, sin(7rw,)
Cry = 8 wd [( ", 2mm, +2(—Wy rrcos(7tw, )]

(2-57)
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2-7 Computer program for computing the beam trajecory, the
optical properties and the aberration coefficientsof electrostatic

guadrupole lens

A computer program with MathCAD profession@l02i has been used for
determining the trajectory of charged particleseraing the field of electrostatic
quadrupole lens in both the convergence plane aredgnce plane, by using the
transfer matrices given in equations (2-36 ) an8{Rwhere the axial potential

field has been compute to have a field model whloke to its distribution.

The first order optical properties such as theaf length and magnification
have been computed with the aid of equations (2td@2-44) in the planes of
convergence and divergence. The spherical abetratefficients Gy, C;», Do,
and Oy and chromatic aberration coefficients,CC, Cn, and G, are
computed by using equations (2-48) to (2-57) facthedesign of electrostatic
quadrupole lens. Figure (2-5) illustrates a blogkgcam of this computer

program.
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Using the value of coefficient K for
each design

Using
MathCAD

!

Axial potential distribution
V(z) [Equation (2-8)]

l

Solve the paraxial ray equation and get |the
trajectory inboth the convergence and divergence
planes x and JEquatiors (2-30) and (--31)]

Using
The transfer matrices

Calculate thenagnification Calculate the focal length

Myand M, fyandf,

Compute the spherical aberration coefficients
Cs0, Ci2, Dos, and D4
and
chromatic aberration coefficients

CCXI CCy’ CmX’ and QW

Figure (2-5): A block diagram of the MathCAD prognafor computing, the

axial potential distribution the trajectory, the optical properties and the
aberration coefficients of electrostatic quadrupteas.
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3- RESULTS AND DISCUSSION

3-1 Introduction

The purpose of present work is finding the optimdesign of electrostatic
quadrupole lens which give rise to the optimum gati properties. The two
types of electrodes cylindrical convex electrodesl spherical electrodes are
used to find optimum field model which is closethie field distribution for each
design of the lens. The path of charge-particeEsnbtraversing the field model
have been determined by using the solution of idgedtory equation of motion

in Cartesian coordinates.

The optimization is made in each model by solving €quation of motion
and finding the transfer matrices in convergenocg @nergence planes, which
are used to find optimum values of the propertiegazh lens design as focal
length, magnification, spherical aberration coédints, and chromatic aberration
coefficients. The optimization for cylindrical cogw electrodes and spherical
electrodes are made by changing the geometricpksbiathe electrodes for each
design such as; varying the gap angle betweenretlss where the relative

electrode radius to aperture radius ratio is varied

3-2 Cylindrical Convex Electrodes
3-2-1 The potential distribution

The quadrupole lens is taken into account to tloeidmg of an accelerated
charge— particles beam traveling from left to riglmand — side . The potential
distribution of electrostatic quadrupole lens depen many parameters for each
design, such as for cylindrical convex electrodespeshd on aperture

radiusa=3mm, electrode lengtlY =6mm, effective length L which is given by
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equation (2-6), radius of electrogewnhich is given by equation (2-7), and the

gap anglez2l’ between the electrodes (see figures (2-2) 2+8))(

Equation (2-8) gives the potential a long the @dtiaxis in terms of
electrode voltageV,, electrode shape<, and the aperture radius. The

variation of the parametet according to electrode shape gives different shape

of potential distribution.

Figure (3-1) shows the axial potential distribatiratio (/(z)/Vv,) based on
the expression gives in equation (2-9), it is fotimat very close to modified bell-
shaped model by use quadrupole lens of cylindcaivex. This result is in
agreement with the results mentioned in variousregices (see for example Kiss
etal. 1970).

2.00

1.00 —

V(2)IV,

0.00 —

-1.00 —

-1.00 0.00 1.00
2" (degree)

Figure (3-27): The relative spherical aberration coefficient D,/d of

electrostatic quadrupole lens with spherical electrodes as a function of gap
angle 27" for three valuesof b/a= 04,0425 and 045 .
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The radiusR of the electrodes was altered so that the value /af varied in
the interval 100< R/a< 125, the value ofR/a= 109 11 and 112 have been

determined by the trial -and- error method wheeeltdwest possible aberrations

were achieved. The value af" varied in the intervak425 <21 < 4620°. The
coefficients K and g are calculated from equations (2-11) and (2-23)
respectively for each value oR /a and 2T at constants aperture radias3 mm,

electrode voltagev, =100volt, and accelerating voltage =10 k volt .

The results of th& and g are plotted in figures (3-2) and (3-3), respedyive
these coefficient are plotted againser for several values of
R/a= 109 1.1 and 112. It can be seen that, for low values of the argyie all
curves have slightly difference kn values. When the angular distanz€

between the electrodes increases the differencalires of K will be greater.

All curves in these figures the value &f and B increases with increasingr
reaching a maximum values atr = 455 beyond this angle the curves decreases

with increasingz2r

24.00

R1/a=1.09

Rl/a=1.1
-\ - - Rla=112

4.00 ‘ ‘ ‘ ‘

44.00 44.50 45.00 45.50 46.00 46.50
2I" (degree)

Figure(3-2): The coefficient of electrode shape K for electrostatic quadrupole
lens with cylindrical convex electrodes as a function of gap angle 27" for three
valuesof R/a= 10911, and 1.12.
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0.20

R/a=1.09
— - Rla=11

fffff R/a=1.12
0.16 —

A(mm™)

0.08 —|

0.04 ‘ ‘ ‘ ‘

44.00 44.50 45.00 45.50 46.00 46.50
2I" (degree)

Figure (3-24): The linear magnification of electrostatic quadrupole lens with
spherical electrodes in divergence plane as a function of gap angle 27" for three
valuesof b/a= 04,0425and 045 .

3-2-2 The trajectory of charged — particles beam

The trajectory of the charged—particles beam tsamgr the electrostatic
guadrupole lens of cylindrical convex differs frahese of concave electrodes or
spherical electrodes. Under consideration theedtajy has been computed in
both x—z and y—z planes under various conditiokfginto account the polarity
of each electrode which is shown in figure (1-1-E)e trajectory equation of
charge- particles which pass through cylindricahvex electrodes has been
solved for the modified bell-shaped model by ussngplified transformation
equations (2-30) and (2-31) which describe the mdtbharge particles in the
convergence and divergence planes to find thectaje of particle in quadrupole
lens and the results are shown in figure (3-4).

In computing the trajectories the initial conditsors given in the case of

cylindrical convex electrodes by :

x,=1 and x,=0; y,=1 andy, =0.
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1.0004

1.0000 —

X (mm)

0.9996 —

0.9992 —

0.9988 ‘ ‘ ‘ ‘

4.00 8.00 12.00 16.00 20.00
z (mm)
Figure(3-4):Trajectories of charge particles beam in electrostatic quadrupole

lens of cylindrical convex electrodes for convergence( x-z) plane.

1.0016

1.0012 —

Y (mm) 1.0008 —

1.0004 —

1.0000 —

0.9996 ‘ ‘ ‘ ‘

4.00 8.00 12.00 16.00 20.00
z (mm)
Figure(3-4):Trajectories of charge particles beam in electrostatic quadrupole

lens of cylindrical convex electrodes for divergence(y-z) plane.



Chapter Three Results and discussion 38

3-2-3 The properties of electrostatic quadrupole les

3-2-3-1 the focal length and magnification

By using the transfer matrices ,TT, which is given in equations (2-30) and
(2-31), the first order optical properties suchf@sal length and magnification
have been computed with the aid of equations (2e1(2-44) in the convergence
and divergence planes. Figures (3-5) and (3-6wstie focal length as a

function of 2I" for three values ¢t /a= 10911 and 112 in both convergence and
divergence plane (x and y respectively). The cureé focal length f, in
convergence plane have the same behavior for Alesaof R/a. The focal

length f, which has the negative values decreases with isicig2 and all

curves have a minimum values &t = 455°. Also, the rati® /a =109 has the

lower values of focal length. In the divergencang the focal length, is

negative and is increasing wWgh increases and each curves Rfa have a

maximum value apr = 455°.

-1.00

R1/a=1.09

Rl/a=1.1

N
\ - - —- Rla=112
N
-1.05 — \\
N
N
N

f (mm)

125 \ \ \ \

44.00 44.50 45.00 45.50 46.00 46.50

" (degree)
Figure(3-5): The focal length of convergence plane of electrostatic quadrupole
lens with cylindrical convex electrodes as a function of gap angle 27" for three
valuesof R/a= 10911 and 112 .
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-0.84

R1/a=1.09

Rl/a=1.1
- - —-- Rla=-112

-0.88 —

fy (mm)

-0.92 —

-0.96 —

-1.00 \ \ \ \

44.00 44,50 45.00 45.50 46.00 46.50

P (degree)
Figure(3-6): The focal length of divergence plane of electrostatic quadrupole lens
with cylindrical convex electrodes as a function of gap angle 27" for three values
of R/a= 10911 and 112 .

Figures (3-7) and (3-8) depict the variation okan magnification wither
for each value oRR /a in both convergence and divergence plamgsand M,
respectively. The positive sign of magnificatiodlicates that the image is erect,
and the value of magnification is less than uniyicates that the image is small
with respect to the state of the object. In gdneh® linear magnification in

convergence planev, has the opposite behavior to the magnification in

divergence plan#, .

The values of M, are decreasing witlr increases and it has a minimum
value at2r =455 for each curves olR/aand all curves increase & is
increasing beyond this value, but the values bf, are increasing wither

increases and the values have a maximum adlpie= 455 for each curves

of R/a.
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0.144

R1/a=1.09

Rl/a=1.1
\ ---- Rla=l1l12

0.124 ‘ ‘ ‘ ‘

44.00 4450 45.00 45.50 46.00 46.50

Z (degree)

Figure (3-7): The linear magnification of electrostatic quadrupole lens with
cylindrical convex electrodes in convergence plane as a function of gap
angle 27" for threevaluesof R/a= 10911 and 112 .

R1/a=1.09

Rl/a=1.1
- Rl/a=1.12

0.17 —

0.16 —

0.15 \ \ \ \

44.00 44.50 45.00 45.50 46.00 46.50
4" (degree)

Figure (3-8): The linear magnification of electrostatic quadrupole lens with
cylindrical convex electrodes in divergence plane as a function of gap
angle 2" for threevaluesof R/a= 10911 and 112 ..
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3-2-3-2 the spherical aberration

The spherical and chromatic aberrations have bdeangconsiderable
attention in the present work since they are the vest important aberration in
electron optical systems. The two relative sphéabarration coefficientg,,/d
and C,/d in the convergence plane of the electrostatic qumale lens are
shown in figures (3-9) and (3-10) as a functiorofat three values o /a with.
The effect of changing thd2and R/a= 10911 and 112 are seen clearly on the
relative spherical aberration. Fag,/d,figure (3-9), it can be seen that for low
values of angle 2 all curves are coincide and wheh creases the curves are
far from each other but have the same behavioy, dne decreasing in negative

value and have a minimum value ar =455. The best minimum value of

C,/d at R/a= 1.12 when the lowest absolute value of spheratadrration

coefficientC,,/dis found.

0.00

R1/a=1.09
Rl/a=1.1

\\ ~o - - - RUa=112

Cso/d

-40.00 —

-80.00 —

-120.00 I I I I
44.00 44.50 45.00 45.50 46.00 46.50

2" (degree)
Figure(3-9): The relative spherical aberration coefficient C, /d of electrostatic
guadrupole lens with cylindrical convex electrodes as a function of gap angle 2I”

for threevaluesof R/a=1.09,1.1, and 1.12 .
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In figure (3-10) theC,,/d in low values of anglel2has the same behavior for
each value ofR/a up to an angleI2=445°. All curves overlapping with each
other at2r = 4475 . All curves have a common point ©f,/d irrespective to the
value of R/a and beyond this value the,/d at R/a equal to 1.09 and 1.1

increases in positive with increasing’,2and have a maximum value at
2I'= 445, but for R/a equal to 1.12 and beyond'24455 C,/dis stable at

negative value . The value &/a= 1.12 gives the optimum value ¢f,/d for

most range of 2.

20.00

R1/a=1.09

Rl/a=1.1
- - —-- Rla=112

10.00 —

C.J/d

0.00 —

-10.00 —

44.00 44.50 45.00 45,50 46.00 46,50
2 (degree)

Figure(3-10): The relative spherical aberration coefficient Cp/d of

electrostatic quadrupole lens with cylindrical convex electrodes as a function

of gap angle 2/ for three values of R/a= 10911 and 112 .

The variation of the two relative spherical abeoratcoefficients D,,/d and
D,,/d with the angle R in the divergence plane are shown in figures (Balid
(3-12). It is seen that the values aof,/d for all values ofR/a have the same

behavior up to P=446" as in figure (3-11), then beyond this value of

D,/dincreases with increasing’ 2and both curves ok /a=109and 112 have
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a maximum value at I2= 455°. But R/a=111 takes the stable values at range
2I' > 45. The best value oR/a is (1.12) which gives the best values of

spherical aberration coefficieby,/d .

The values of D,,/d for each value oR/a have the same behavior in low
value of 2", these values increase with increasing@d then for2r > 4475
the D,,/d of R/a= 1.09 has a maximum value in positive BE2155 and for
R/a=1.1 the values ofD,/d take to stable in positive at ' 45 . For
R/a =112 the D,/d has a maximum value in positive &t-2455 the last value
of R/a gives the lowest or the best valuebgfd. The variation of the four
relative spherical aberration coefficients as afiom of 2" for eachR /a values

gives the best values Rf/a = 112 for the whole range ofl2

8.00

R1/a=1.09
Rl/a=1.1
- Rl/a=1.12

6.00 —|

Dod/d

4.00 —|

2.00 —

44.00 44.50 45.00 45.50 46.00 46.50

2I' (degree)
Figure(3-11): The relative spherical aberration coefficient Doz /d of electrostatic
quadrupole lens with cylindrical convex electrodes as a function of gap angle 2I”

for threevaluesof R/a= 10911, and 112 .
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10.00

R1/a=1.09|

Rl/a=1.1
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-10.00 —|

-20.00 \ \ \ \
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Figure(3-12): The relativespherical aberration coefficient D,,/d of electrostatic

guadrupole lens with cylindrical convex electrodes as a function of gap angle 2I”

for threevaluesof R/a= 10911 and 112 .

3-2-3-3 the chromatic aberration

The pair of chromatic aberration coefficients ie ttonvergence plane and
the corresponding pair in the divergence planepdotied in figures (3-13) to

(3-16) as a function of the angl& 2or three values oR/a= 10911 and 112.

The coefficientsC_ /d in the convergence plane have the same behavieafih
values ofR/a, where C_/d increases with increasingand has the negative
values, for R/a=1.12 thecC,/d takes a stable values which are less than unity

at "> 45, but forr/a= 1.1 and 1.09 have a minimum value Bt 255 .

Also, from the figure (3-13) in general the diffece between the values is

slightly and the best value of chromatic aberratoefficientC_/d is that for

R/a=112 up to 2’ =45, while R/agives us the best values of chromatic

aberration coefficienC,/d at beyond P > 45,
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40.00

R1/a=1.09

Rl/a=1.1
- - - - Rla=112

-160.00 ‘ ‘ ‘ ‘
44.00 44.50 45.00 45.50 46.00 46.50

2 (degree)
Figure(3-13): The relative chromatic aberration coefficient C_/d of

electrostatic quadrupole lens with cylindrical convex electrodes as a function
of aap anale 27" for threevaluesof R /a=1.08,1.1, and 1.12 .

The coefficientC,/d in the divergence plane has the same behavioalfor
values of R/a as is shown in figure (3-14), whe®,/d decreases withI2

increases and all curves have a minimum valud at485 . The best value of

R/a which gives the lowest chromatic aberration coedfit C,/d is equal to

1.09 for whole range ofl2

Therefore, the designer can use the geometricaémBionsR /a=109 and
2I'= 455" to design the electrostatic quadrupole lens whahthe best chromatic

aberration coefficients in both convergence anérjences planes.
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300.00

R/a=1.09

R/a=1.1
- - —- Rla=112

Co/d 7

50.00 \ \ \ \

P (degree)
Figure(3-14):The relative chromatic aberration coefficient C,/d of

el ectrostatic quadrupole lens with cylindrical convex electrodes as a function of
gap angle 2I" for threevaluesof R/a= 10911 and 112 .

The variation of chromatic aberration coefficiefitchange of magnification

in both convergence and divergence plangsandC,, and the effect of changing
of 2" are investigated for three values Rffa= 10911, and 112and the results
are shown in figures (3-15) and (3-16). The vslatC, andC, are always
positive and have the same behavior, where decrssencreasing P for low
values of angle I2 all curves are close to each other at this regidvhen the

angle 2 increases the curves are far from each other butuaves have a

minimum values at 2= 455 as are shown in figures (3-15) and (3-16).

Also, theR /a =109 gives the best values of chromatic aberrationfooet
of changing of magnification for both convergencel aivergence planes for
whole range of 2, while the angle P= 455" gives us the best value of chromatic

aberration coefficient of changing magnification.
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R1/a=1.09
Rl/a=1.1

- - —- Rla=1.12
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Figure (3-15): The chromatic aberration coefficient of changing magnification

C, for eectrostatic quadrupole lens with cylindrical convex electrodes as a

mx

function of gap anale 27 for three valuesof R /a=1.09,1.1, and 1.12 .

1.20

R1/a=1.09

Rl/a=1.1
- - —- Rla=1.12

1.00 —

0.80 —|

0.60 —|

0.40 I I I I
44.00 4450 45.00 45.50 46.00 46.50
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Figure(3-16): The chromatic aberration coefficient of changing magnification C

for electrostatic quadrupole lens with cylindrical convex electrodes as a function
of gap angle 2/ for three values of R/a= 10911 and 112 .
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Finally, it should be mentioned that there is vigtle published work on the
optical properties of the electrostatic quadrupldes of cylindrical convex
electrodes. In the present work the results arg glse to that of Kiss et al.
[1969] which is the most important of these pudtiiens.

3-3 Spherical Electrodes
3-3-1 The potential distribution

In this part of present work the four spheres ebelets of small radius relative
to the apertura as shown in figure (2-4) have been used studidte potential
distribution of quadrupole lens with spherical éledes is calculated by equation
(2-9). The result shows that the bell-shaped fiehddel is very close
approximation to the potential distribution of quaable lens as in figure (3-17).
This result is in agreement with the results memdw in various references

(see for example Kiss et al. 1970).

1.00 —

V(2)IV,

0.00 —

-1.00 —

-2.00 -1.00 0.00 1.00 2.00

Z (mm)

Figure(3-17): The potential distribution ratio of electrostatic quadrupole
lens of spherical electrodes which is very close to bell-shaped field mode.
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Figures (3-18) and (3-19) show the coefficientand g as a function of2r

at various value of electrodes radius to apertiadius ratio b/a, these
parameters are calculated from equations (2-20)(2f&B) respectively. From
the calculations, all curves have the same behémicach values ob/a. The

values of K and g increase with increasingr at constantb/a and with
increasing b/a at constardr. For all values ob/a the values ok and g have

maximum value ap T = 4555 .

100.00

b/a=0.4
— —  bla=0.425
~_ - - - bla=0.45

K 80.00 —|

60.00 —|

40.00 —

20.00 | | | |

44.00 44.50 45.00 45.50 46.00 46.50
Z (degree)

Figure(3-18): The coefficient of electrode shape K for electrostatic
quadrupole lens with spherical electrodes as a function of gap angle 27" for
threevaluesof b/a=0.4, 0.425anc 0.45.
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b/a=0.4

. — - bla=0425
N

\ - -~ bla=0.45
N\

B (mm™)

0.28 —

0.24 —

0.20 | | | |

44.00 44.50 45.00 45.50 46.00 46.50
Z (degree)
Figure (3-19): The excitation parameter A (mm?') for electrostatic

guadrupole lens with spherical electrodes as a function of gap angle 27" for
threevaluesof b/a=0.4, 0.42E5anc 0.45 .

3-3-2 The trajectory of charged — particles beam

The figure (3-20) shows the trajectory of chargetiples which passes
through electrostatic quadrupole lens with sphémtectrodes. The trajectory
equation of charge particles has been solved ®ib#il-shaped model by using
simplified transformation. The charged particlagfesr from the effect of
convergence plane xOz will defected toward thecaptaxis, but these are suffer
from the effect of divergence plane yOz will @eted away from the optical
axis.

The initial condition of the trajectory have beewven :

x,=1 and x,=0; y,=1 andy, =0.
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1.001
1.000 —
X (mm)
0.999 —

0.998 —

0.997 —

0.996 ‘ ‘

8.00 12.00 16.00 20.00
z (mm)
Figure (3-20): Trajectories of charge particles beam in electrostatic

guadrupole lens of spherical electrodes for convergence( x-z) plane.

1.006

1.004 —
y (mm) |

1.002 —

1.000 —

0.998 ‘ ‘ ‘

8.00 12.00 16.00 20.00
z (mm)
Figure (3-20): Trajectories of charge particles beam in electrostatic

quadrupole lens of spherical electrodes for divergence (y-z) plane.
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3-3-3 The properties of electrostatic quadrupole les

3-3-3-1 the focal length and magnification

The effect of varying the b/a of the electrostatic quadrupole lens with
spherical electrode, and the gap angle betweeel¢c&rodes P on the properties
of the electrostatic quadrupole lens has been iigpaged The value of b/a is

varied in the intervalo124<b/a< 05, and hence the value of 2s varied in the

interval 443 < 2l < 4600.

The computed focal lengths for differemta as the function of the gap angle
2", in both convergence and divergence planes anersio figures (3-21) and

(3-22) respectively. In convergence plafes negative and the values decreases

with 2I" increases at constant valuewt and decreases witlb/a increase at

constant P.

Therefore, for all values ob/a the f, have minimum value at = 455. In
divergence pland, is negative and the values increase with incngadi for all

value ofb/a. Therefore, atR2is equal to455 all curve of b/a have maximum

value at2r = 455°.
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-1.02

b/a=0.4
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\ - ——- bla=0.45

-1.03 —
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-1.05 —

-1.06 \ \ \ \

2" (degree)
Figure(3-21): The focal length of convergence plane for electrostatic quadrupole
lens with spherical electrodes as a function of gap angle 2/” for three values of
b/a=0.4, 0425 anc0.45.
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\ \ \ \
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Figure(3-22): The focal length of divergence plane of electrostatic quadrupole lens
with spherical electrodes as a function of gap angle 2/ for three values of
b/a=0.4, 0425 anc0.45.
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Figures (3-23) and (3-24) show the effect of chagghe gap anglel2and
electrode radius to aperture radius ratita on the magnification in both
convergenceM, and divergence planes , respectively. The values a¥l, and
M, are always positive and less than unity. Frormargg3-23) them, deceases
with increasing P for all values of b/a and it have a minimum value for all
value ofb/a at 2r = 455°. In figure (3-24) them, increases with increasing 2
up to 2r = 455 where it has a maximum value for all values ofa. It can be

concluded that the quadrupole lens forms a linegeanaf the point object.

Therefore, astigmatic image is always formed bysihgle quadrupole lens.

0.147

b/a=0.4
— - bla=0.425
- - —— bla=0.45

0.144 —

0.143 —| ST

0.142 ‘ ‘ ‘ ‘

44.00 44.50 45.00 45.50 46.00 46.50

2" (degree)
Figure (3-23): The linear magnification of electrostatic quadrupole lens with
spherical electrodes in convergence plane as a function of gap angle 27" for three
valuesof b/a= 04,0425and 045.
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o — —  bla=0.425
- — —- bla=0.45

0.155 —

0.151 ‘ ‘ ‘ ‘

44.00 44.50 45.00 45.50 46.00 46.50

3-3-3-2 the spherical aberration

The relative spherical aberration coefficients amirection of 2r for three
values of b/a in the convergence plar®,/d andC,/d, and in the divergence
planeD,/d andD,,/d are shown in figures (3-25) to (3-28). From fig(8-25)
the values ofC,/d is negative, and the value aof,,/d decreases with
2r increases up tar = 456" and for all values ob/a the C,,/d have minimum
value at2r = 456°. Also, when the values of ratiga increase the coefficient

C,,/d is decreasing.
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The value ofC,/d as in figure (3-26) is always negative and inoesasith
increasing2r until 2r =45 for all value of b/a, but at2r >45 the C,/d has a
stable values with increasing 2or b/a= 04 and 0425. But for b/a= 045 the
C,/d has maximum value &l = 455. The ratiob/a=04 give us the best

values ofC,,/d for whole range of 2.

0.00

b/a=0.4

N — —  bla=0.425

N \\ 3 - --- bla=0.45
\

-10.00 —

Csod

\
-20.00 — "

-30.00 | | | |
44.00 44.50 45.00 45.50 46.00 46.50

2I" (degree)
Figure(3-25): The relative spherical aberration coefficient C,,/d of electrostatic

quadrupole lens with spherical electrodes as a function of gap angle 27" for
threevaluesof b/a= 04,0425and 045 .
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0.00

b/a=0.4
— - bla=0.425|
- - — - bla=0.45

CiJd -

-5.00 | | | |

44.00 44.50 45.00 45.50 46.00 46.50
2" (degree)
Figure(3-26): The relative spherical aberration coefficient C,/d of electrostatic

guadrupole lens with spherical electrodes as a function of gap angle 27" for three

valuesof b/a= 04,0425and 045 .

Figure (3-27) shows the value bf,/d has the same behavior for all values
of b/a and it's always positive and increases with insieg 2°. The ratio
b/a=04 give us the best values @, /d in whole range of 2. The last
parameter of spherical aberration coefficients,igd as shown in figure (3-28).
The value of D,,/d is always negative, and the values increases ®@iith

increases. Fob/a=04 theD,/d takes to stable values ait > 45.

One can be concluded from figures (3-25) to (3188} the ratio of electrode
radius to aperture radius/a= 04 is favorable as far as the relative spherical
aberration coefficients. This result is very clogigh the results mentioned in

various references (see for example Kiss et afOL9
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Figure (3-28): Therelativespherical aberration coefficient D,,/d of electrostatic
quadrupole lens with spherical electrodes as a function of gap angle 27" for three
valuesof b/a= 04,0425and 045 .
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3-3-3-3 the chromatic aberration

The relative chromatic aberration coefficients alkirsction of 4" for three

values ofb/a= 04,0425 and 045 are shown in figures (3-29) to (3-32). From
the figure (3-29)C_/d in convergence plane has the same behavior for all
values ofb/a in wide range444 < 2T < 4500°. The value ofc_/d for b/a=04
takes to stable values apr=>45. Zero value of C,/d is found at
2 = 4465 ,446°, and 4455, for b/a=0.4, 0.425anc0.45 respectively as are
shown in figure (3-29).

From figure (3-30) theC,/d in divergence plane is always positive and
decreases withI2increases for all values ofa. The minimum value o€ /d

is happening aer = 455 for all values ofb/a.

20.00

b/a=0.4
— —  Dbla=0.425
- ——— bla=0.45

Codd

0.00 —

-20.00 —

-40.00 ‘ ‘ ‘ ‘

44.00 44.50 45.00 45.50 46.00 46.50
2 (degree)
Figure(3-29): The relative chromatic aberration coefficient C_/d of electrostatic

guadrupole lens with spherical electrodes as a function of gap angle 27" for three

valuesof b/a= 04,0425and 045 .
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Figure(3-30): The relative chromatic aberration coefficient C /d of electrostatic

guadrupole lens with spherical electrodes as a function of gap angle 27" for three
valuesof b/a= 04,0425and 045 .

The chromatic aberration coefficient of changingnadgnification in both
convergence and divergence plarigs and C,, and the effect of changind2
are computed for three values ofa= 04,0425,045. The variation ofC_ is

shown in figure (3-31) and this coefficient has siaene behavior for all values of

b/a= 04,0425,045, where it decreases with increasidgf@r all values ofo/a.
It is always positive forb/a= 04and 0425 and the minimum values af_, are
positive at2l = 455", but forb/a = 045 is positive and negative and the minimum
value of C, is negative akr = 455. Figure (3-32) shows the_ is always

positive and decreases with' thcreases for all values ofa and the minimum

values ofC  curve atar = 455°.
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Figure(3-31): The chromatic aberration coefficient C_(mm) of changing of

magnification for electrostatic quadrupole lens with spherical electrodes as a
function of gap angle 21" for three valuesof b/a= 04, 0425and 045 .
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Figure(3-32): The chromatic aberration coefficient C (mm) of changing of

magnification for electrostatic quadrupole lens with spherical electrodes as a
function of gap angle 27" for threevaluesof b/a= 04,0425and 045.
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4. CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK

4-1 Conclusions

It appears from the present investigation that it various types of electrostatic
quadrupole lenses can be designed different from hyperbolic electrodes shape
with better properties such as cylindrical convex and spherical electrodes. The
guadrupole lens system has many variable geometrical and operational
parameters; thus conclusive result is rather difficult. However, from the present

investigation one may conclude the following:

(@) It appears from the suggested designs of cylindrical convex electrodes of

electrostatic quadrupole lens that the most favorable field model which is very
close to the shape of the axia potentia distribution for each design like; the
modified bell-shaped model for cylindrical convex electrodes and the bell-shaped
model for spherical electrodes. This field model gives the best optical properties

for each design of electrodes shape.

(b) The present work shows that the electrostatic quadrupole lens of_cylindrical
convex electrodes gives the best optical properties at optimum angular distance
2l'=455 and R/a=1.09, but at R/a=112 it gives the spherical aberration
coefficients better than at R /a=1.09.

(C) The electrostatic quadrupole lens of spherical electrodes gives the best optical
properties at optimum 2I'=455 and b/a=0.4, but a b/a=0.45 it gives the

chromatic aberration coefficients best than at b/a=0.4.
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(d) In general, the electrostatic quadrupole lens of spherical electrodes gives
the best result of aberration parameter C, and al spherical aberration
parameters than the electrostatic quadrupole lens of cylindrical convex
electrodes. But the electrostatic quadrupole lens of cylindrical convex electrodes
gives the better values of C, Cx and Cy,, than spherical el ectrodes.

4-2 Recommendations For Future Work

The following topics may be recommended for future work:

(@) Study the effect of other types of field distribution on the properties of
el ectrostatic quadrupole lens for each design.

(b) Study the effect of other types of an electrode shape such as polygonal or
plane electrodes on the field distribution and on the properties of electrostatic

quadrupole lens.

(c) Study the design and properties of an electrostatic quadrupole lens with
different electrode shape when the effect of the relativistic velocities of the
charged particlesis taken into account.

(d) The optical properties of quadrupole lens can be studied with the combined
electrostatic and magnetic lens or with magnetic lens only for each design of

quadrupole lens.
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