Abstract

The optimization calculations are made to find the optimum
properties of combined quadrupole lens which consists of
electrostatic and magnetic lens. The optical properties are computed,
where both the focal length and the magnification are determined.
Both chromatic and spherical aberration coefficients are reduced to
minimum values and the achromatic aberration are found for many

cases.

This calculation are achieved with the aid of transfer matrices
method and using both rectangular and bell-shaped models of field
distribution, where the path of charged-particles beam transversing
the field has been determined by solving the traectory equation of
motion and then the optical properties for lens have been computed

with the aid of the beam trajectory along the lens axis.

The computations have been concentrated on determined the
focal length, magnification and chromatic and spherical aberration
coefficients in both convergence and divergence planes and also, the
effects of changing both of excitation and effective length of lens are

studied and are taken into account.
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ChapterOne Introduction

1- INTRODUCTION
1-1 Electrostatic And M agnetic Quadrupole L enses

The quadrupole lenses for focusing changgticle beams is due to the
fact that quadrupole lens systems can convergbdhm in all directions, even
though the individual lenses cause the beam tagivem certain directions. If
the xz plane of the lens collects the charged gasti the yz plane will cause
them to diverge, i.e., the quadrupole lens is asigc [Baranova and Yavor
1984].

The quadrupole lens systems are formedligped cylindrical electrodes
which are cut by longitudinal slots into four egpalrts to create a quadrupole
lens. In order to enclose the region where thetrelstatic field distribution is
to be computed there are two additional long c@msdof the same diameter at
both sides of the system terminated by disks at ém&ls. The diameter of the
cylinders is taken to be the unit of length [Banscand Read 2001]. A
combined electrostatic and magnetic quadrupole ieshown in figure (1-1).
It consists of four electrodes and four magnetiepoThe solid and broken

lines show the electrostatic and magnetic lindee [Szilagyi 1988].

Figure (1-1): Combined electrostatic and magnetic quadrupole lens [ Szilagyi
1988].
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Electric and magnetic lenses can be used for fogukieams of charged
particles. Each of the quadrupoles focus the bearons in one transverse
direction and defocus it in the other. The ne¢&fon the beam after traveling
through the system is focusing in all directiorfarticle tracing of the ions is

used to investigate the focusing effect for thedyupole.

The symmetry plane of the electric fiefdsach a compound quadrupole
lens is placed in coincidence with the plane oisgnimetry of the magnetic
field. Electrostatic and magnetic quadrupole lsnsave found application in
the focusing of charge particle, in particular aflhenergy particles [Yavor et
al 1964].

Electric quadrupole are assembled with the conagrgrinciple section
of the electric lens coincident with diverging sectof the magnetic lens. If the
lens excitations are adjusted so that the magfate is everywhere twice the
electric force in magnitude, the focal length ida@pendent of particle energy
[Martin and Goloskie 1982].

Quadrupole lenses are very suitable for forminga linear beam and a
spot beam [Okayama 1989]. They are commonly usedotusing electron
and ion beams of high energy. An example of suekicé is the ion
implantation [Baranovand Read 1998]. There are many electron and ion
optical instruments and devices in which there adwantages in using
guadrupole lenses rather than round lenses, suatstiaments where strong
focusing or astigmatic properties are needed. Ajrtbese are the accelerators,

electron and mass spectrometers, cathode-ray anmeslevices for correcting
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aberrations. Electrostatic quadrupole lenses &sn @referable to magnetic
ones for focusing beams of moderate energy. Theyatso preferable for
dealing with ion beams since the focal length ofetettrostatic lens does not
depend on the charge to mass ratio as it doesrwmagmetic lens. It seems that
guadrupole lens systems are more sensitive to mashadefects than round
lens [Baranova and Read 2001]. One possible ailic of quadrupole lenses
IS to correct aberration in combination with octigpgBaranovaand Yavor
1984].

1-2 Achromatic Quadrupole L ens

An achromatic quadrupole lens is formed by the tedstatic and
magnetic fields imposed on each other. The compdans thus obtained
possesses first order focussing properties of ahnamy quadrupole lens,
however depending upon the actual electrostaticnaaghnetic field strengths it
may both be achromatic and exhibit negative chramadierration [Yavor et al
1964].

Achromatic quadrupole lenses to overcdmeditnitation due to energy
spread. These lenses require both magnetic aculadtatic focusing elements
[Harriott et al 1990].

The basing achromatic four-pole lenses on multipehses with several
planes of symmetry and antisymmetry. Such lenseg@plied, for instance, to
correct aberration of various origins. Similarly # four pole lenses, an
achromatic multipole lens consists of matched edetatic and magnetic lenses.
The position and polarity of the electrode and pae= shown in figure (1-2)

where an 8-pole matched lens is given as an exanfdecan be seen from the
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diagram, the symmetry planes of the electrostagiici fare matched with the

antisymmetry field of the magnetic field and indbelanes the forces acting on
a charge particle from both fields are directedams one another [Yavor and
Dymnikov 1964].

Figure (1-2): Matched 8-pole lenses. (1) electrode (2) magnetic pole.
Polarity of the poles and electrodes corresponds to the motion of the charge

particle in the direction of the z-axis [ Yavor and Dymnikov 1964] .

Achromatic operation of the lens was tasted by on@ag the beam width
as the ion energy was varied over a wide range tjMand Goloskie 1982].
The possibility to use achromatic quadrupole leriseprobe forming of high
resolution microbeams is reviewed by Tapper [1991]. measure the harmonic
contamination in an achromatic lens the grid shadwthod has to be utilized.

The grid shadow pattern can also guide during ligaraent of the lenses.
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The achromatic quadrupole lenses were found to beomer of
magnitude less sensitive to changes in the beangyaeay from the operating
energy compared to the equivalent magnetic or relgtettic quadrupole lenses
[Jamieson and Tapper 1989].

The chromatic aberration of conventional electlenses can never
vanish, and the same is true of electrostatic aagnetic quadrupoles. If,
however, we build a composite quadrupole, congjstihfour electrodes with
fourpole-pieces placed midway between them, theboosd lens will be
achromatic if the magnetic and electric excitatiame suitable chosen. This
was first shown by Kel'man and Yavor [1961], byideg the condition for
achromatism from paraxial equations of motion, ba assumption that the
electrostatic and magnetic potentials are distidoudlong the axis z, in exactly
the same way. This result was independently amefir by Septier [1963],
who derived the achromatic condition for potentletributions of rectangular
shape. Yavor [1962] recapitulated the analysis, lselkkinan and Yavor [1963]
showed that the aberration could not only be elat&d, but could take negative

values [Hawkes 1965].

The first order chromatic aberration can be reduasmhg combined
electrostatic and magnetic quadrupole whose eianigtare connected by the
achromatic condition. This method involves magnetements and leads to a

complicated construction of the focusing systenrfidava and Read 1999].
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1-3 Historical Development

Such a system of quadrupole lenses carsée in an electron or ion
microscope, where it would be interesting to usedause of the possibility of
decreasing the spherical and chromatic aberrafioyienikov et al 1963].

Kel'man and Yavor [1961], derived the dtiod for achromatism from
the paraxial equations of motion, on the assumgptnar the electrostatic and
magnetic potentials are distributed along the axisn exactly the same way.
This result was independently confirmed by Septl®63], who derived the
achromatic condition for potential distributions m&ctangular shape. Yavor
[1962] recapitulated the analysis , and 1963, Kat'rand Yavor [1963] showed
that the aberration could not only be eliminated,dould take negative values.
More recently, Kel'man et al [1963] and Yavor et[8964] published an
account of their experimental work on these achtansystems. Yavor and
Dymnikov [1964] demonstrated that not composite dqupoles, but any
composite 2N-pole can be rendered achromatic svitlaly. Yavor et al [1964]
considered the effect of slight differences betweaegnetic and electrostatic
field distributions, and calculated the apertureredtions of an achromatic
composite lens [Hawkes 1965].

The effective lengths of electrostatic and magnletnses of these types
are equal to their actual lengths [Shpak and Ya965)].

The electron-optical properties of short doubledqupole, hexapole, and
octupole electromagnetic lenses were analyzed.dSgmns were derived for
the effect of these lenses on the trajectory oélantron beam. It was shown
that the use of these lenses in a system for fogusmnd deflecting an electron

beam can correct distortion, astigmatism, and ddfAsakovich 1972].



ChapterOne Introduction

The strength of an electrostatic quadrupole depend$ie energy of the
ion whereas the strength of a magnetic lens wasdaeted by the momentum.
As a result, the chromatic aberration of a magnletns was half that of the
electrostatic [Grime and Watt 1988]. It was sugegsby workers in the
Leningrad group that this difference could be eiptbto produce achromatic
guadrupoles by constructing a lens which has oppgoslectrostatic and
components, arranged so that the magnetic strewgth always twice the
electrostatic strength. In this way, the majoroohaitic effects can be cancelled
out. only one attempt to construct an achromans Ibased on this principle
was reported and it was shown to be possible toetdhe chromatic aberration.
The alternative approach to the elimination of aomatc aberration is to reduce

the beam energy spread.

The optical properties of the new correction lemsaeicalculated by using
simulated potential distributions. Aperture abgora coefficients of the new
correction lens corrected to less than 0.1mmwal confirmed experimentally
that the probe size was improved remarkable byta&wmns of the aperture

electrodes [Okayama 1990].

The quadrupole lenses were used to modify the bsape in order to
penetrate well through the entrance slit of the medg The dimensions, the
focal lengths, and the magnification were calculatasing a matrix
multiplication method. Through these calculatiahg, lens parameters for each
guadrupole lens were determined to minimize thodisn of the image on the
focal plane [shimizu et a2000].

Charged particle beam trajectories in anpg electromagnetic

guadrupole-octupole lens were numerically calcdlabmased on analytical
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expressions for the potential dirtribution by Ousyg&ova and Fishkova [2001]
Locations of the lens foci in the image space vdetermined over a wide range
of initial conditions. Relationships between thectostatic and magnetic lens
components that provide correction for chromatieredtions.

The chromatic aberrations are corrected dbgctric and magnetic
gudrupole lenses, but quadrupole — octupole camrecare well suited for

correcting chromatic and spherical aberrations §2303].

The hexapole corrector has the simplesicttre yet eliminates only
third-order spherical aberration and coma. Thedguyaole-octupole corrector
eliminates chromatic aberration by means of crossledtric and magnetic
guadrupoles and the third-order spherical abematip octupoles [Rose and
Wan 2005].

The quadupole lens is more complex tham diial symmetrical, in
construction, in calculations and in operation. itAs known, these lenses have
found a wide application in accelerator techniqusesh as the high- energy
microprobe and the scanning ion microscope, whiere only necessarily to

focus ions into a very small spot [Dymnikov et @03].
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1-4 The Aim Of The Project

The aim of this thesis is finding the optimum prdjgs of combined

guadrupole lens, which consists of electrostatid amagnetic lenses. The
optimization role is made via testing two field tdisution models, where both
rectangular and bell-shaped models are used th teaachromatic aberration
and minimum spherical aberration case. The oppecaperties of combined
guadrupole lens are computed for each model byrepthe trajectory equation
of charge-particles beam for both convergence awergence planes and the
transfer matrices are used to find this opticalpproes as focal length,
maghnification and aberration coefficients. Theeeffof the lens excitation,
iImage and object distance and effective lengthheflens on chromatic and
spherical aberration coefficients are investigatetind the optimum values of

these coefficients.
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2- THEORETICAL CONSIDERATIONS
2-1 Field M odels For Quadrupole L enses

The field distribution of a quadrupole lanay be represented by various
models shown in figure (2-1). According tdgwkes1965/1966] the function

f(z) of the field distribution can be obtained eithby measurement or by
computation, and it may transpire that some matheally convenient model
represents f(z) sufficiently. For example, fordonarrow quadrupole lenses,
the rectangular model figu(@-1a) is often a close enough approximation. The
function f(z) for rectangular field model of axiaidth L is represented

mathematicall as follows:

f(2) = (F(2)hmax=1 when —-L/X z < L/2 (2.1)

At points when| z| > L/2 the function f(z) = 0.This model is also knoas the

square-top field distribution.

For short quadrupole lenses, Glaser's bell-shapstehfigure(2-1b)is found

to be more suitable and is represented by theviolig function,

f(2) = ({(@Dha! [1+ (2/d) 22 =1/ [1+ (2/d) ?]? (2.2)
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where d is the axial extension of the field betw#®e two points where f(z) =
(f(z))mat4; at z = 0, f(z) equals to unity. The value of d is detered by the
shape of the electrodes.

The modified bell-shaped field model, figu&1c), represents the intermediate
case such that the field distribution may be regmesd by the following

function:
f(z) =1/[1+((z — D)/d)3? when z >4z (2.3)
f(z)=1/[1+ ((z + B)/d)?]? when z > z; (2.4)

The function f(z) has a rectangular section of tamsmaximum value of

(f(z)) max=1 in the region z; < z < z; such that beyond these boundaries it
terminates in the form of half bell-shaped fieldnesented by the two equations
(2.3) and (2.4).

The triangular field distribution model figu(@-1d) is another model proposed
by Hawkes [1965/1966]; it is given by:

f(z) =0+ 2 when -xz<0 5a)

AR
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f(z) = @, + 2 when &z<z (2)5b

f(2) =(f(@)ha= 1 atz=0 (2.5¢)

where® is the slope of the two steep sides of the triandt should be noted
that these potential distribution models are abtyabposed for the hyperbolic

cross-section of the quadrupole lens electrodes.

f(z)
f(Z)“ f ‘ f(max)
1 f(max) 0.5 ‘d
>/ -—
- L/2 @) +L/2 (b)
@), f(2)
1:(max) 114
(max)
) N ]
< < > l >/
A @ G

Figure (2-1): Field distribution of a quadrupole lens [ Hawkes 1965/1966] .
(a) Rectangular model (b) Bell-shaped model
(c) Modified bell-shaped model  (d) Triangular model.

VY
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2-2 The Paraxial Ray Eaquation of Motion and The

First-Order Optical Properties

The paraxial ray equation in cartesiarrdmates for the charged-particles

beam traversing the field of a quadrupole lensgaven as follows [Hawkes
1970]:

X"+B2f(z) x =0 (.6

y"-p2f(z) y=0 (2.

wherep is the lens excitation, and k is a coefficientaotting for the shape of
electrode, since the present work has been comtedton the hyperbolic for
electrodes, thus k = 1 [Dymnikov et al 1965 andv&riL972].

2-2-1 The rectangular model

The general solution of the second-ordexar homogeneous differential
equations (2.6) and (2.7) can always be writtethénfollowing [Hawkes 1970]

X = %cosPz)+ X, (1/8) sin(Bz) (2.8)
'= - % B sinBz)+ X, cosPz) (2.9)

y = y coshfz) +y, (1) sinh@z) (2.10)

VY
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y' = ¥ B sinh@z) + v, coshpz) (2.11)

where % and y are the initial displacements from the opticalsaxi the x-z
and y-z plane respectively, angdand y' are the initial gradients of the beam in
the corresponding planes.

can always be written in the following matrix forespectively.

(X.(Z)J 1 (%@ (2.12)
x(2) X, (2)
y(2) Yo (2)

=T 2.13

(V'(Z)J d (y; (z)J 24

The parameter JJand T are the transfer matrices in the convergence ptane

and the divergence plane yoz respectively whiclgaren be [Larson 1984and
Szylagyi 1988].

T=( cosBL) 1/Bsin(BL) (2.14)
-Bsin(BL)  cos(BL)

¢
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T = cosh(BL) 1/Bsinh(BL) (2.15)
Bsinh(BL)  cosh(BL)

In practice, length L is the "effective length" whi has been found

experimentally to be given by [Hawkes 1970].

L=t+1.1c (2.16)

wheret is the electrode length and c is the bore radinighvis assumed to be
very small. According to Hawkes [1970]e coefficient 1.1 of ¢ was measured
experimentally by Septier in [1958]; however, ishieen proposed theoretically
by Reisman in [1957]. Therefore, the effectivegidgnL could be equal to the
electrode lengtit by neglecting the second term of equation (2.16)L~ ¢
whereb = L [Hawkes1970].

All first-order optical properties of a quadrupdéms can be derived from the

matrices given in equations (2.14) and (2.15)thélse matrices are represented

by

'Igz(a“ aﬂj (2.17a)
8, &,

a; ap
‘ (aﬂ azz] (217

Yo



Theoretical Considerations

ChapterTwo

Then the following first-order optical propertieanc be determined (see

figure 2-2)
X ||
M.
I
Hix | Hox Nf{; >
| O] F RV
—

z

Figure (2-2) The cardinal elements of a quadrupole lens, (a) in the convergence

plane, (b) in the divergence plane (Grivet 1972).

(a)focal planes
An incoming ray parallel to the opticalsawill, after passing through the

lens system, intersect the axis at a point wheé® the exit plane is given by

Grivet [1972]:

Z: - a11/a21

From equations (2.14) and (2.15)

Z. = cos()/Bsin(®)

(2.18)

(2.19)
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Z4 = - cosh@)/Bsinh©) (2.20)

where the subscript "i" denotes image and "c" '@idlenote the convergence
and divergence planes respectively. A ray emergargllel to the optical axis,

arises from a pointZat the entry plane given by:

% =-ayla, (2.21)
Zoc = c0sQ)/Bsin(0) (2.22)
Z,q = - cosh@)/Bsinh@) (2.23)

where the subscript "o" refers to the object

(b) principal planes

The principle planes are conjugate andbeadefined as follows:

H= (1' a, )/a21 (2-24)

from equations (2.14) and (2.15) we can get theviohg relations:

H. = (cos@) — 1)P sin@) (2.25)

Hq = (1 - coshg))/ B sinh@) (2.26)

AR
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ChapterTwo
similarly
H = (l' azz)/a21 (2'27)
H¢ = (cosf) — 1)P sin() (2.28)
Hq= (1 - coshg))/ B sinh@) (2.29)

(c) focal lengths
The focal length is defined as the distabetween the focal point F and

the corresponding principal plane. Therefore, ithage-side and object-side

focal lengths;fand f respectively are given by:

f=fo=-1/a, (2.30)

then
£= 1/Bsind (2.31)

fi= -1/ Bsintd (2.32)

YA
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(d) magnification
In any optical system the ratio betweea titansverse dimension of the
final image and the corresponding dimension ofahginal object is called the

magnification can be given as:

M =1/g,u+a, (2.:33)

In the convergence and divergence planes the meagoh is given

by:

M, = 1/co$ - u psind (2.34)

M; = 1/ cosld + upsinkd (2.35)

Where u is the object distance.

2-2-2 The bell- shaped
By using equation (2.6) and (2.7) yieldhnequation (2.2) to form:

X" +B2 [(1+(z/d)2)2 x = 0 (2.36)

y" -B2 [(1+(z/d)2)2 y = 0 (2.37)

Let the new variables p andbe introduced, so that one would have [Szilagyi
1988]

z/d = coff (2.38)

Y4
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and
x/d = pi/sin(y) (2.39)
then equation (2.36) for convergence plane carWwetten as:
dp?d +w2p =0 (2.40)

The properties of the quadrupole lens are chaiaeteby the

parameters:

W = 1-p2d? for the convergence plane

and

W, = 1+ p2d? for the divergence plane

The solution of equations (2.36) and (2.37) is €etary. Returning to

the variables x and y one can write

x = d [% cos(wy) + X, sin(wey)] /sin(y) (2.41)

X' = [%[d wesin(y) sin(wy) + d cosf) cos(wy)l/sin?(y) [1+(z/d)?

d]] + [x[d cosy) sin(wey) — d wesin@y) cos(wy)/sinZ(y)
[1+(z/d)2 d]] (2.42)

y = d [y cos(ws ) + Y, sin(wq y)l/sin(y) (2.43)
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y' = [y [d wy sinfy)sin(wg y) + d cos(y) cos(w y)l/sin(y) [1+(z/d)?]

dl + [y [ d cos) sin(ws y) — d i siny) cos(w y)lisin?(y)
[1+(z/d)]] (2.44)

For the second-order linear homogenous differeptjalations (2.36)

and (2.37) the solution can be written in the fwilog matrix form

(X(Z) J =Tc(x‘f(z)] (2.45)
X' (2) x.(2)

y(2) y.(2)
=Td| " 2.46
(y'(Z)j (yo(z)J (2.48)
Then by using equations (2.42) and (2.44)add T; become:

dcos(wy) dsin(wy)
sin(¢) sin(¢)

Tc:

[dw sin(¢ )sin(wg)+d cos(y Joos(wg)]  [dcos(y )sin(wyy) —d wsin( Yos(wy)
siff(¢)L+Z/d3d siff()[L+ 2/ d3d

(2.4y

Y
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d cog(wep) dsin(wg)
sin(y) sin(y)
Ty =
[dw sin@)sin(wyy) +dcofy Jcogwy)]  [dcog¢)sin(wyy) —dw, sin(¢ Jcog W)
sirf(¢)[L+Z /d*]d sirf(¢)[L+7/d*]d

(2.48)

Then the following first order optical propertiesncbe determine:

(a)focal planes
From equations (2.47) and (2.48)

7 = d’ CQS@vcl//.)Sinz(lﬂ)[1+(Z/d)Z] (2.493)
sinE)[d w, sin@) sin(w) +d cos{) cosiv )]

_ d* cosfw,y )sin® @)L+ (z/ d)°]

= : . (2.49Db)
sin@)[d w, sin@) sin(w,y) +d cos{/) cosw,y)]
_ _dcosg)sinw.) - d w, sin@) cosfv.y) (2939
© g w,_ sin@) sin(w, ) +d cos{/) cosw.y)

7, =- dcos()sin(w,y) - d w, sin@) cos@yy) (2.49d
dw, sin@)sin(w,y) +d cos) cosv,y)

Yy
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(b)principal planes
From equations (2.47) and (2.48) we cdrlgefollowing relations:

. sin'@)i+(2/d)71d , dcoswy) (2.50a)
[dw, sin(w) +dcos{) cosiv.y) sinE)
= §in2(l//)[1+ (z/d)*1d -4 CQS@vdl//) (2.50b)
[dw, sin(w,y) +d cos{) cosiv,y) sin)
g = [sin® @)1+ (z/d)*]d —[d cos@) sin(w.) — d w, sin@) cosw.)]]
o [d w, sin@)sin(w) + d cos(y) cosw)]
(2.50c¢)
L _[sin’ @)L+ (2/d)*]d ~[d cos@) sin(wy) - d w, sing) cosiu,)]
o [dw, sin@)sin(w,y) + d cosy) cosiv,¢)]
(2.50d)
(c) focal lengths
From equations (2.47) and (2.48)
f = sin*(W)[1+(z/d)?]d (2.51a)
" [dw, sin@)sinw.g) +d cos() cosip)] '
fo= sin*()[1+(z/d)*]d (2.51b)

- [dw, sin@)sin(w,) +d cos) cosiwv,y)]

Yy
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(d)magnification
1

M. = d w_ sin()sin(w) +d cos) cosw.y) U+ d cosiw ) (2.523)
sin®(@)[1+ (z/d)?]d sin)
M, = L (2.52b)
¢ dw, sin@)sin(w,y) + d cos@/) cosiv,y) U+ d cosfv,y) '
sin®(@)[1+(z/d)?]1d sin)

2-3 Lens Aberration Parameters

In an ideal optical system, all rays of light franpoint in the object plane
would converge to the same point in the image plémening a clear image.
The influences which cause different rays to cogeeto different points are
called aberrations. Thus aberration can be defasethe defect that the image
suffers from, when it is formed by an optical devisingle or system of lenses).
The aberration is a subject of great importanagesit causes limitation to the

performance of various electron optical elementsystems.

Aberrations are what we call the errors mple view of a lens gives
compared to reality. Therefore, The aberratiors #ffect the quality of the
Image formed by an electron lens depend critiagtlgn the nature of the object
[Hawkes 1967].

Error may occur from different velocitigsat the charged particles may
have in the accelerated beam since they leaveadinees with different initial
velocities (energy spread). The result is thafed#ht particles(ions or
electrons) are focused at different points evehefparaxial approximation is

exactly valid. The reason of this effect is tha tmaging field less influences
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the particles with high initial energy than lowereegy particles. Aberration is
not the only defect that the image suffers fromhedtype of defects are due to
the fabrication of lenses such as mechanical irgpgdn and misalignment.
The electrostatic repulsion forces between pa#giofethe same charge causes a
deviation in charged particles path. It is anottlefects, known as the space
charge effect, and it is a case of charged-paraplecs alone that cannot be
found in light optics [Szilagyi 1988].

However, in the present work attentionpgd only on the two main
aberrations, namely spherical aberration and chtioraberration due to their

significant effect in various ion and electron gptisystems.

The reduction of both chromatic and apertaberrations of stigmatic as
well as astigmatic images formed by a doublet e€tebstatic crossed aperture

lenses [Baranova and Read 1998].

It has been shown that the aberratiomefslystem can be decreased with
the asymmetrization of the quadrupole lens. Thsult was proved by
numerical calculations carried out for the "rectaag model". It is pointed out
that it is possible to apply the asymmetrization emergy and mass

spectrometers in order to improve the resolutiothefsystem [Szabo 1975].

In the majority of cases the quality ofeatfon optical devices is
determined by the spherical and chromatic abenstod the fields involved. It
Is known that in axially symmetric lenses thesedkif aberration cannot be
eliminated in principle. In connection with thife investigation of the
spherical aberration of compound (that is, composécelectrostatic and
magnetic) quadrupole lenses becomes particulatgrasting [Dymnikov et al
1965].
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The chromatic and spherical aberrationsoohd lenses together, as the
pair of defects that quadrupoles can conveniemityect. The chromatic effects
of quadrupoles are often considered separately ttmaperture aberrations
[Hawkes 1970]. The possibility of correction ofeatations in a system by
octupoles is investigated Mavor et al [1972].

The correction of both chromatic and spdatraberration becomes
mandatory at voltages below 10 kV because the chioraberration increases
rapidly with decreasing energy whereas the spHeailwarration does not [Rose
and Wan 2005].

2-3-1 Chromatic aberration

Chromatic aberrations are due to thetfzat refractive index is actually a

function of the wavelength of the light.

The possibility of correcting chromaticeafations was introduced by
Scherzer [1947] and achromatic systems with coemidmagnetic and
electrostatic quadrupoles were later proposed bynga and Yavor [1961] and
Septier [1963]. Chromatic aberration correctiompiemising for low voltage
applications, but it may not be possible to obthaelectric fields necessary for

its use in high voltage electron microscopy [Mo%8%1].

Quadrupole lens systems differ from rolemses in that their chromatic
aberration coefficients can be reduced to zero adamegative, provided that
both electrostatic and magnetic quadrupoles argepte It is thus possible, in
principle at least, to construct achromatic quadlepnultiplets and to design
guadrupole correctors that can cancel the chronagicration of round lenses
[Hawkes 1970].
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Quadrupole lenses also suffer from chramaberration owing to the
finite energy spread of the beam. In principleoohatic aberration can be
reduced by improvement in the energy stabilizabbthe accelerator used to
provide the beam [Jamieson and Legge 1987].

The chromatic aberration coefficients, defined Hgywkes 1970]:

AX(z) = MC(cha+mexo)AV—V (2.53)

AV
AY(z) =M, (Ccyy+Cmyyo)7 (2.54)

where % and y, are the initial displacements from optical axigshe x-z plane
and y-z plane, respectively;andy are the image side semi-aperture angles in

the x-z and y-z planes, respectively.

2-3-1-1 rectanqular model

The coefficients of chromatic aberrationa rectangular model field is
given by [Hawkes 1970]:

Ccx _ n-1 sin(28),, , .. sin(6)
C = Zsin(o) [+ ==27)(m +1) - 2(cos(9) + == )m ]
(2.55)
Cey __ n-1 sinh(268),, , .. sinh(6)
: 4sinh(3)2[(1+ oy )(mi +1) ~2(cosh(9) + == =) m,]

(2.56)
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_ _n-1 6 sin(26), sin(6)
o = e @) T T 2e O™ (cos(8)+ =5=)
(2.57)
Cmy:_n—l 6 [(1+sinh(29))m _(Cosh(e)+sinh(5))]
4 sinh(0) 20 ‘ 4
(2.58)
_pt B

where n

Bt - and e andpm are the excitation of electric and

magnetic lenses respectively.

2-3-1-2 bell-shaped model

The coefficients of chromatic aberrationa bell-shaped model field is

given by [Hawkes 1970]:

Cox__n-1 : prd 5 [(Sin(zm%) -2m) (m? +1) + 4mC(Sin(mN°) — rrcos(rtw,))]
d 8 sin(rrw,) A A
(2.59)
Ccy n-1 p*d? sin@rrw,) ) sin(rw,)
d - 8 singw)’ [( W, 2m(my +1) +4m, (—Wd TTCOS(TW, )]
(2.60)
_ 242 ; ;
Cmx = n-1p. d2 f. [(sm(2ﬂwc) _2mm, + 2(sm(ﬂwc) ~ cos(mw,)]
8 WCd C C
(2.61)
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n-1pB%d*f, sin@2mrw, sin(rrw,
Cmy =g £ U ) o, + 2 ) rcostr )T
(2.62)
where d :% and L is effective length of lens.

2-3-2 Spherical aberration

Spherical aberration is the name givethéoeffect where the focal length

of a lens will vary depending on how far you arenfrthe centre of the lens.
What this means in reality is that a parallel r&light entering the lens near the
centre of the lens will be focussed less or moam th parallel ray entering near

the edges of the lens.

Scherzer [1936] showed that any combimatb rotationally symmetric
magnetic and electrostatic lenses has a nonzemuapeaberration. Tretner
[1959] determined the lower bounds for these abenms.  Scherzer [1947]
also demonstrated that third order aperture abenstcan be eliminated by
combining quadrupole and octupole lenses with iatatly symmetric lenses
[Moses 1970].

The aperture aberrations of quadrupolg®ide upon the object position
In a particularly simple way [Hawkes 1967/1968].

Values of geometrical aberration coefintse of quadrupole lenses are
calculated for different focal lengths. The cadtidn was performed for lenses
where the field along the optical axis may be appnated by a rectangle. The
results are compared with those for axially-symioelenses. Geometrical

aberrations of obligue beams in electron-opticabtays become very
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significant when it is desirable to use a wide dief view [Ovsyannikova
1968].

The spherical aberration coefficients, defined skes 1970]:
BX(z)=M(Cy a’+Cy, ay?) (2.63)
AY(Zi)=|\/|d(D03y3+D21O’2 Y) (264)
The coefficients C characterize the aberrationanvergence plane, and D in

the divergence plane.

2-3-2-1 rectanqular model

The coefficients of spherical aberrationa rectangular model field is
given by [Fishkova et al 1968]:

S50 = 2 p? - -6 + i YEE) + ()E(L- 00546) + £ (2= 20+ 37 - 4L~ )
(S'”29)+(1 6u% + )(S'”‘w) +4(1)1 (- c0s26) - (1) AL~ cosdd)]]

(2.65)

%:i[emug( ) - [282 + (581 - 4,u)cosh20](sm29)+[2/7 — (&n +201?) cos26]

S|nh26

( y-24 ~(£cos26 - /7cosh29)+%(/7 55)smzasmh29——(5/7+£)

c0s20cosh26 + (2 + 2n — n?)[-2n& - 2‘E +[282 - (n& - 4u )cosh20](sm20

)
S|nh20

+[2n7? - (né + 4u?) cos26( )+ oY ({ c0s26 + np cosh26)

+ I(/] - £)sin268sinh26 - f(ﬂ + &) cos26 cosh20]]

(2.66)
The coefficients C characterize the aberratiorhead¢onvergence plane, and D

in the divergence plane.
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where n=pu, n=1+p?, and§ = 1-p?
The coefficients [, and D,, are derived from equations (2.65) and (2.66) by

replacingP by ip.

2-3-2-2 bell-shaped model
Coefficients of spherical aberration aréveg in the short lens

approximation. Analytical expressions were obtairied the coefficients of
spherical aberration for a bell-shaped field duttion. In the case of a doublet
consisting of two compound lenses with a bell-skdapeld distribution it is
possible to compensate the spherical aberratidgheofvidth of a linear image

over all its length [Dymnikov et al 1965].

The analytical expressions for aberratioefficients of quadrupole lenses
with bell-shaped axial field distribution were aallated. The calculation was

carried out for an astigmatic beam. The positibthe object was at the focus

of the converging plane [Szilagyi et al 1973]

The coefficients of spherical aberratiorai bell-shaped field is given by
[Dymnikov et al 1965 ]

Co__ 1 y g T 2TWE) i 2
0 " st g, (e "D FI) 5+ Lo SN, msin2gy) + (220 +3n7)
(wg ~D)[(w; —1)£5— 22 (sin2y, —sin2y, )]l
w,  4w. -1

Cc Cc

(2.67)
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Co 1 Wy, . . W,
= —4[(1—-cos2/r—-)sin +w, 1-cos sin2r—]+3
d 32 sinty, [[-41( C) 2P, + Wy ( 21 ) WC]
W, +2 .
0 202 - e LMY D g 0+ gsinay, +
c c c d
2
3WW sin27a —ﬁz_1[(4w§—1)sin21,l/1005271%+wd (2w} +1)
d [ c''d [
4 1
c052¢/15|n277—]]+(2+2n n*)(w? —1)[2(w? 1) T %sm&ﬂo
c c c d
. . W, 1
+sin2y, - SIFI27T——W[(4WC, = Dsin2y, cosZn 4 +w,
d c Wch c
@w2 +1) cos2y, sin2r - []]
WC
(2.68)
DOS — W 1 d d
q 32\/\/4 Sing? ye b [2(2+ nw, (L-cos2y,)1- c03277—)5|n277—+(4 n)
0 C C

2Wd (5 + Wc )
(w; —1)(4wg -1

(cos477— - 4003277— + 3)sin2y,] — (W] + 3)— sin2y,
w, w, w,

Cc Cc Cc

1+ Z-1 . .
+ we Sln2[,[/1+£SIn27TWd ~ e Tl ginag e - 22 1[(w§+1)sm21//1

W, W, 4w, W, W

1 . w
—— [(5W? + 1)sin2y, cosAnr—2 +
2w - 1) [(Bwg + Dsin2y, w,

6w,
(W, —D(dw; -1

W, . W,
cosZnW + 2w, coS2y, SIHZHW] -

Cc C

2w, (W2 + 2) OS2y, Sin4r—] + % (2-2n+3n*)(W; —1)[3—7T+
W W

[ Cc

sin2y, +— SIﬂZl//l —S|n2ﬂ\\llvv— + 4\/1v sin4ﬂ% - 7 _1(sin21,1/l cosZn% +
d c d c c c
W, COSZwlsiHZIT%) —%(sm&ﬂl cos4n + 2w, COSZl,l/lSIn47T—]]
Wc 2(4Wd ) c c
(2.69)

D,, _C, 1 wy : W,

= - 1-cos2r—=-)sin +Ww, (L-cos sin2mr—
T e SN2+ W, (L cos2p, )sin2rr L]

(2.70)

where g, = aco{%j and ¢, = acot(%j

V, corresponds to the position of the object endo that of the image.
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2-4 Computer Program for Computing The Beam

Trajectory, The Optical Properties and Aberration

Coefficients of Combined Quadrupole L ens

A computer program with MathCAD profession802i has been used for
determining the trajectory of charged particlesdraing the field of combined
guadrupole lens in both the convergence plane amstgnce plane, by using
the transfer matrices given in equations (2.14§2t45) and (2.46) to (2.47)
where the axial potential field has been computhaee a field model which
close to its distribution. The first order optigaioperties such as the focal
length and magnification have been computed wiéhaid of equations (2.31)
to (2.35) and (2.51) to (2.52) in the planes afwargence and divergence. The
chromatic aberration coefficients Ccx, Ccy, Cmxda@myand spherical
aberration coefficients & C;,, Dgs, and B; are computing by using equations
(2.55) to (2.68) for each design of combined qupdi®l lens. Figure (2-3 )

illustrates a block diagram of this computer progra

Yy



ChapterTwo

Theoretical Considerations

Usingthe field distribution
models

Using
MathCAD

l

Using the value of coefficient k=1
for hyperbolic electrode

A

y

Solve theparaxial ray equation and get t
trajectory inboth the convergence and divergemnce
planes x and JEquatiors (2.€) and (2.7)]

Using

The transfer matrices

Calculate thenagnification
M.and My

|

Calculate the focal length
fcandfy

Compute the spherical aberration coefficients
Csor Ci2, Dos, and D,
and
chromatic aberration coefficients
Ccx, Ccy, Cmx, and Cmy

Figure (2-3): A block diagram of the MathCAD program for computing, the
axial potential distribution, the trajectory, the optical properties and the
aberration coefficients of electrostatic quadrupole lens.
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3- RESULTS AND DISCUSSION

3-1 Introduction

The purpose of present work is finding the optimum properties of
combined quadrupole lens consists of electrostatic and magnetic lenses to
produce achromatic lens. Two models of potential, rectangular model and bell-
shaped model, are used to find the optimum design of the lens. The
optimization is made in each model by solving the equation of motion and
finding the transfer matrices in convergence and divergence planes. Which are
used to find the properties of lens as focal length, magnification and aberrations
coefficients, taking into account electrode shape in two models is hyperbolic
cross section (k = 1). To find the optimum values of chromatic and spherical
aberrations coefficients. The effects of changing the effective length of lens
"L"(geometrical dimensions) and excitation of lens with changing object and

Image distances.

3-2 Rectanqular M odel

3-2-1 Trajectory equation of motion of charge particlesfor

the combined quadrupole lens

The trgectory equation of charge particles has been solved for the
rectangular model case by using simplified transformation for equations [(2.6)
and (2.7)]. These eqguations describe the paths of charge particles in
convergence and divergence plane respectively. In combined quadrupole lens
(electrostatic and magnetic) charge particles incident in the (x-z) plane different
paths from that in the (y-z) plane the describe in figure (3-1). The charge
particles in the convergence plane (x-z) in the figure deflected toward the
optical axis and away from the optical axis in the divergence plane (y-z).
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I.e. the combined quadrupole lens is astigmatic, and the results is coincide with
that published by Baranova and Yavor [1984] and agreement the speech is
trajectories to be parallel to the optical axis and to lie to the left and to the right
of the lens, respectively. when taked value excitation lens (B(mm™)) equal to
(0.1mm™) and (2) value about range from (zero) to (10mm) with choose best
initial condition for gets on trajectory for charge particles in case rectangular
model.

1.60

- Y

1.20 —

X(mm)
Y (mm) | I

0.80 —

0.40 \ \ \ \

0.00 2.00 4.00 6.00 8.00 10.00

Z(mm)

Figure (3-1): Trajectory of charge particlesin combined quadrupole lens

for both convergence (x-z) plane and divergence (y-2) plane.

1



ChapterThree Results and Discussion

3-2-2 Optical properties for the combined quadrupole lens

After solving trgectory equations and finding the transfer matrices
(Tc and Td), in the convergence and divergence planes, the matrix elements are
used to calculate both focal length and magnification. The calculation of
optimization are made for two values of effective length of lens, (L1= 0.9mm
and L2= 1mm), to study the effect of effective length of the lens on its

properties.

3-2-2-1 focal length

The calculation of focal length for two values of effective length of lens
L1= 0.9mm and L2=1mm are shown in figures (3-2) and (3-3) for convergence
and divergence planes, respectively.
Figure (3-2) shows the relation between the focal length and (6=pL) for the
convergence case. From the figure the focal length decreases as 0 increases.
The calculations show that the effective length L2(1mm) has focal length values

greater than that of effective length L1(0.9mm).
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12.00 —

8.00 —
f.(mm)

4.00 —

Figure (3-2): The focal length as a function of & for the combined quadrupole
lens in convergence plane for the effective lengths of lens L1=0.9mm and
L2=1mm.

The focal length calculations in divergence plane is shown in figure (3-3)
opposite behaviour to the case of convergence planewhere the focal length
increases with the increasing of the values of 6. From the figure, the effective
length L1(0.9mm) has values of focal length greater than that of effective length
L2(1mm).
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-4.00 —

fa(mm)

-8.00 —

0.40 0.60 0.80

Figure (3-3): The focal length as a function of 4 for the combined quadrupole
lens in divergence plane for the effective lengths of lens L1=0.9mm and
L2=1mm.

The relations between the focal length and relative excitation parameter (n)
(n = Be’/p?) for convergence and divergence planes are shown in figures (3-4)
and (3-5), respectively.

From figure (3-4) the focal length of the convergence case is increases with
increasing the values of relative excitation parameter (n). The effective length
L1(0.9mm) has the values of focal Iength greater than that of L2(1mm).
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12.00 —

8.00 —
fe(mm)

4.00 —

0.04 0.08

Figure (3-4): Thefocal length as a function of relative excitation parameter (n)
for the combined quadrupole lens in the convergence plane for the two effective

lengths of lens L1=0.9mmand L2=1mm.

The calculations of the divergence case are shown in figure (3-5). The results
shown appear an opposite behaviour to that in the convergence case, where the
focal length decreases as increasing n and the effective length L2(1mm) has
values of focal length greater than that of L1(0.9mm).
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-4.00 —

fa(mm) A

-8.00 —

-12.00 —|

0.04 0.08

Figure (3-5): Thefocal length as a function of relative excitation parameter (n)
for the combined quadrupole lensin the divergence plane for the two effective
lengths L1=0.9mm and L2=1mm

3-2-2-2 magnification

The effect of changing the effective length of Iens on the magnification for
both convergence and divergence planes are shown in figures (3-6) and (3-7),
respectively. Figure (3-6), shows the relation between magnification and 6 in
the convergence plane. The magnification increases with increasing 6 values
and the values of magnification for both effective lengths L1(0.9mm) and

L2(1mm) are closer to each other.
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1.80 —

1.60 —

1.40 —

1.20 —

Figure (3-6): The magnification asa function of 4 for the combined
guadrupole lens in conver gence plane for the effective lengths of lens
L1=0.9mmand L2=1mm.

The behaviour of magnification for divergence plane is opposite to that of
convergence plane as is shown in figure (3-7), where the magnification
decreases as the values of 0 increase. Also, both effective lengths L1(0.9mm)

and L2(1mm) have closer values of magnification.

£y



ChapterThree Results and Discussion

0.90 —

0.80 —

0.70 —

0.40 0.60 0.80

Figure (3-7): The magnification as a function of ¢ for the combined
guadrupole lensin divergence plane for the effective lengths of lens L1=0.9mm
and L2=1mm.

The relation between the magnification and relative excitation parameter (n) is
shown for both convergence and divergence plane in figures (3-8) and (3-9),
respectively.

In the case of convergence plane, the magnification decreases as the relative
excitation parameter (n) increases and the effective length of lens L1 has the
values of magnification lower than that of L2. while the opposite magnification

behaviour is found for the case of divergence case.
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1.80 —

L1
Y

1.40 —

1.20 —

Figure (3-8): The magnification as a function of relative excitation parameter

(n) for the combined quadrupole lens in convergence plane for the effective
lengths of lens L1=0.9mmand L2=1mm.

0.90 —

0.80 —|

0.08

Figure (3- 9): The magnification as a function of relative excitation parameter

(n) for the combined quadrupole lens in divergence plane for the effective
lengths of lens L1=0.9mmand L2=1mm.
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3-2-3 The chromatic and spherical aberrations for the

combined quadrupole lens

3-2-3-1 the chromatic aberration

The optimization calculations for chromatic aberration coefficients in
both convergence and divergence plane are made for two values of effective
length of lens, (L1 = 0.9mm and L2 = 1mm) to produce achrométic lens.

In figures (3-10) and (3-11) the results of chromatic aberration coefficients
are shown for convergence plane, respectively. The figure (3-10) shows the
relation between chromatic aberration coefficient Cex/L with 6. We find
from the figure the chromatic aberration coefficient Ccx/L decreases
(take always negative) as 0 increases. The sign of the chromatic aberration
coefficients can change for systems composed of both electrostatic and
magnetic quadrupole lenses. The simplest example is the achromatic lens
obtained by superposing electric and magnetic quadrupole fields and satisfy

the formulae by Baranova and Y avor [1984].

¢0



ChapterThree Results and Discussion

-0.04 —

Ccex/L

-0.08 —

-0.12 —

0.40 0.60 0.80

Figure (3-10): The relative chromatic aberration coefficients as a function of 6
for the combined quadrupole lensin convergence plane for two effective lengths

of lensL1=0.9mmand L2=1mm.

The calculations of chromatic aberration coefficient change of magnification
Cmx are shown in figure (3-11) and the results shows appear the same
behaviour to the chromatic aberration coefficient Ccx/L, but with greater values
than that of chromatic aberration coefficient Ccx/L and decrease as 0 is

Increasing.
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-0.04 —

-0.08 —

Cmx

-0.12 —

-0.16 —

0.40 0.60 0.80

0

Figure (3-11): The relative chromatic aberration coefficients change of
magnification as a function of 6 for the combined quadrupole lens in

convergence plane for the effective lengths of lens L1=0.9mm and L2=1mm.

The calculations of chromatic aberration coefficients Ccy/L and Cmy for the
divergence case are shown in figures (3-12) and (3-13) respectively.

Figure (3-12) shows the relation between chromatic aberration coefficient
Ccy/L and 6. From the figure one can see a different behaviour for the
convergence case (chromatic aberration coefficients Ccx/L and Cmx), where the
chromatic aberration coefficient Ccy/L increase as 0 increasing. The effective
lengths of lensat L1 (0.9mm) and L2(1mm) have the values closer to each
other. From figure (3-13) the chromatic aberration coefficient change of

magnification Cmy has the same behaviour to that of Ccy/L.
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0.20 —| L1

---- L2

0.15 —

Ccey/L |

0.10 —

0.05 —

0.40 0.60 0.80

Figure(3-12): The relative chromatic aberration coefficients as a function of 6
for the combined quadrupole lens in divergence plane for the effective lengths
of lensL1=0.9mmand L2=1mm.

0.30 — L1

---- L2

0.20 —

Cmy

0.10 —

0.40 0.60 0.80

Figure(3-13): The relative chromatic aberration coefficients change of
magnification as a function of ¢ for the combined quadrupole lens in
divergence plane for the effective lengths of lens L1=0.9mm and L2=1mm.
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From the calculations in both convergence and divergence planes, the
calculations shows that the best effective length of lensis L1(0.9mm) and the
chromatic aberration coefficients can be reduced by using a combined
electrostatic and magnetic quadrupole lenses and obtained an achromatic case
which is similar to that which is given by Baranove and Read [1999]. The
calculations which in obtained on it is best than that result which is

investigation by Martin and Goloskie [1982].

The plote between the chromatic aberration coefficient and relative
excitation parameter (n) is shown for both convergence and divergence planes
in the figures (3-14) to (3-17), respectively. The chromatic aberration
coefficient Ccx/L increases as the relative excitation parameter (n) increases and
the effective length of lens L1 has values of chromatic aberration coefficient
Ccex/L greater than that of L2 asis shown in figure (3-14).

The same behaviour is found for the calculations of chromatic aberration

coefficient change of magnification Cmx asis shown in figure (3-15)
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-0.04 —

Ccex/L

-0.08 —

0.04 0.08 0.12

Figure (3-14): The relative chromatic aberration coefficients as a function of
relative excitation parameter (n) for the combined quadrupole lens in
convergence plane for the effective lengths of lens L1=0.9mm and L2=1mm.

Cmx

0.04 0.08

Figure (3-15): The relative chromatic aberration coefficients change of
magnification as a function of relative excitation parameter (n) for the
combined quadrupole lens in convergence plane for the effective lengths of lens
L1=0.9mmand L2=1mm.
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In case of divergence plane the results are shown in figures (3-16) and (3-17).
Figure (3-16) appears the results of chromatic aberration coefficient Ccy/L
which decrease as the relative excitation parameter (n) is increasing and the
values of the effective length of lens L1(0.9mm) are lower than that of
L2(1mm). The same behaviour of chromatic aberration coefficient change of

magnification Cmy is found as shown in figure (3-17).

0.20 —1\
0.15 — ‘\
Ccey/L

0.10 —

0.05 —

0.04 0.08

Figure (3-16): The relative chromatic aberration coefficients as a function of
relative excitation parameter (n) for the combined quadrupole lens in

divergence plane for the effective lengths of lens L1=0.9mm and L2=1mm.
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0.30 —

0.20 —

Cmy

0.10 —

Results and Discussion

Figure (3-17): The relative chromatic aberration coefficients change of

magnification as a function of relative excitation parameter (n)

combined quadrupole lens in divergence plane for the effective lengths of lens
L1=0.9mmand L2=1mm.
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ChapterThree Results and Discussion

3-2-3-2 the spherical aberration

The optimization calculations for spherical aberration coefficients in both
convergence and divergence plane are made to show the effect of changing the
excitation parameter and the effective lengths of lens on the spherical aberration
coefficients. The calculations of the case of convergence plane are shown in
figures (3-18) and (3-19), respectively. Figure (3-18) showsthe proportionally
relation between spherical aberration coefficient Cs/L and 06 for the
convergence case, where the spherical aberration coefficient Csy/L increases as

0 isincreasing.

012 —

Cao/L

0.08 —

0.04 —

0.40 0.60 0.80

Figure (3-18): Therelative spherical aberration coefficients Csy/L as a function
of ¢ for the combined quadrupole lens in the convergence plane for two

effective lengths of lens L1=0.9mm and L2=1mm.
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ChapterThree Results and Discussion

The results of spherical aberration coefficient C,/L are shown in figure
(3-19). The calculations shows that the values of spherical aberration
coefficient C.o/L has a minimum value (-0.0046) at 6 (0.405) at L1(0.9mm) and
L2(1lmm) has the minimum vaue (-0.0057) at 6 (0.4) and of spherical
aberration coefficient C.,/L will beincreasing at 6 increases.

In the region where 6 = 0.28 to 0.5 the results show the zero and negative
spherical aberration coefficient values, therefore, the designer can use this
operation condition and geometrical dimensions to design the lens with best
properties of spherical aberration coefficient. This results are similar to the
results published by Dymnikov et a [1965] where the negative and positive
values are at the same 0 are found but the present results are the best to giverise

to minimum spherical aberration coefficient.

0.20 —

CiL ]

0.10 —

Figure (3-19): Therelative spherical aberration coefficients C,,/L as a function
of 4 for the combined quadrupole lens in convergence plane for the effective
lengths of lens L1=0.9mmand L2=1mm.
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In the case of divergence plane the results are shown in figures (3-20) and
(3-21) of the relative coefficients Dgs/L and D, /L, respectively. The relation
between the spherical aberration coefficient Dgs/L and 6 is shown in figure
(3-20). From the calculations the spherical aberration coefficient Dgs/L
(take aways negative values) become less as 0 is increasing. The effective
length for lens L2(1mm) has the values slightly greater than that of L1(0.9mm).
The present calculations are better than that which were obtained for spherical
aberration coefficient Dos/L by Dymnikov et a [1965] which had the same
behaviour but with values positive and negative at same range of 0 but the
present values are best than that of Dymnikov et al [1965].

-0.10 —

Dos/L

-0.20 —

0.40 0.60 0.80

Figure (3-20): Therelative spherical aberration coefficients Dys/L as a function
of & for the combined quadrupole lens in divergence plane two the effective

lengths of lensL1=0.9mmand L2=1mm.
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The results appear in the figure (3-21) show the spherical aberration coefficient
D,,/L increases as 0 is increasing, its values for the effective length of lens
L1(0.9mm) is greater than that of at L2(1mm).

0.40 —
DZl/L 0.30 —

0.20 —

0.10 —

0.40 0.60 0.80

Figure(3-21): The relative spherical aberration coefficients D,,/L as a function
of & for the combined quadrupole lens in divergence plane for two effective

lengths of lens L1=0.9mmand L2=1mm.

The relation between spherica aberration coefficients and relative
excitation parameter (n) is shown for both convergence and divergence planes
in figures (3-22) to (3-25). The figures (3-22) and (3-23), are explain the
spherical aberration coefficients as the function of relative excitation parameter
(n) for the case convergence plane. In figure (3-22) the spherical aberration
coefficient Cgo/L decrease as n is increasing and the effective length
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L1(0.9mm) has the values of spherical aberration coefficient lower than that of
L2(1mm).

\
0.12 *‘\

Cso/L

0.08 —

0.04 —

Figure (3-22): Therelative spherical aberration coefficients Cso/L as a function
of relative excitation parameter (n) for the combined quadrupole lens in

convergence plane for the effective lengths of lens L1=0.9mm and L2=1mm.

From figure (3-23) the spherical aberration coefficient C,,/L hasinverse relation
to the relative excitation parameter (n) and the calculations show the dlightly
difference between two effective lengths of lens and nearly the n = 0.063 both

effective lengths have minimum spherical aberration coefficient.
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0.20 — |
C12/ L 7 “‘

0.0 — | |
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Figure (3-23): Therelative spherical aberration coefficients C,,/L as a function
of relative excitation parameter (n) for the combined quadrupole lens in
convergence plane for the effective lengths of lens L1=0.9mm and L2=1mm.

The calculations of divergence case are shown in figures (3-24) and
(3-25). The figure (3-24) the relation between spherical aberration coefficient
Dso/L and relative excitation parameter (n), this coefficient increases as n
increases and the effective length L2(1mm) give us the best result with respect
to another effective length L1(0.9mm).

The relation between spherical aberration coefficient D,,/L and relative
excitation parameter (n) is shown in figure (3-25), this relation is found to be
inversely and the effective length of lens L1 give us the optimum results with

respect to another effective length of lens L2.
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0.04 0.08

Figure(3-2¢): Therelative spherical aberration coefficients D3o/L as a function
of relative excitation parameter (n) for the combined quadrupole lens in
divergence plane for the effective lengths of lens L1=0.9mm and L2=1mm.
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0.04 0.08

Figure (3-25): Therelative spherical aberration coefficients D,,/L as a function
of relative excitation parameter (n) for the combined quadrupole lens in
divergence plane for the effective lengths of lens L1=0.9mm and L2=1mm.

o9
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3-3 Bell-Shaped M odel

3-3-1 Trajectory equation of motion of charge particlesfor

the combined quadrupole lens

The trgectory of charged particles beam is computed by using the
bell-shaped model for combined quadrupole lens, and the result is shown in
figure (3-26). From figure (3-26) we notice the same behaviour for the two
cases of convergence and divergence planes for rectangular model, but the case
of convergence for bell-shaped model is begin at 1 and the decreasingisslow in
compare with the case of rectangular model and opposite behaviour in

divergence.

1.30

1.20 —

X(mm) 1o

Y (mm) ]

1.00 —.

0.90 —

0.80
\ \ \ \
0.00 2.00 4.00 6.00 8.00 10.00

Z(mm)

Figure (3-26): Trajectory of charge particles beam in combined quadrupole
lens for both convergence (x-z) plane and divergence (y-z) plane.
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3-3-2 Optical propertiesfor the combined quadrupole lens

After solving the trgjectory equations in both convergence and divergence
planes and finding the transfer matrix elements, the focal length and
magnification are computed. The effect of effective lengths of lens (L 1(0.9mm)
and L2(1mm)) is studied on properties of focal length and magnification.

3-3-2-1 focal length
The calculations of focal length in both convergence and divergence

planes for two values of effective lengths of lens L1(0.9mm) and L2(1mm) are
shown in figures (3-27) and (3-28), respectively.

The figure (3-27) shows the relation between the focal length and pd® for
convergence case. From the figure the focal length decreases as increasing pd-.
The result shows that both the effective lengths L1 and L2 are closer to each

other.

The calculations of focal length in divergence plane, is explained in figure
(3-28) and the opposite behaviour to the case of convergence plane is found,
when the focal length increases with °d® valuesisincreasing. From the figure,
the effective length L2(1mm) has values of focal length slightly greater than
that of L1(0.9mm) and closer each other, at low values of B°d’.
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L1
- L2
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Figure (3-27): The focal length as a function of f°d® for the combined
guadrupole lens in convergence plane for effective lengths of lens L1=0.9mm
and L2=1mm.

L1
4 ---- 12
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Figure (3-'4): The focal length as a function of p%d® for the
combined quadrupole lens in divergence plane for effective lengths of lens
L1=0.9mmand L2=1mm.
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The relations between the focal length and the relative excitation
parameter (n) for convergence and divergence planes, are shown in figures (3-
29) and (3-30) respectively.

In figure (3-29) the focal length increases with relative excitation
parameter (n) is increasing and the effective length of lens L2 = 1mm has the
values of focal length lower than that for L1 = 0.9mm. The inverse behaviour

occurs for divergence plane asis shown in figure (3-30).

-1.00

-1.01 —

fe(mm)

-1.02 —

0.04 0.08

Figure (3-29): The focal length as a function of relative excitation parameter
(n) for the combined quadrupole lensin convergence plane for effective lengths

of lens L1=0.9mm and L2=1mm.
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-0.96

L1
---- L2

\
-0.97 — |
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-0.99 —

0.04 0.08

Figure (3-30): The focal length as a function of relative excitation parameter
(n) for the combined quadrupole lens in divergence plane, for effective lengths

of lens L1=0.9mm and L2=1mm.

3-3-2-2 magnification

The effect of changing the effective length of lens on the magnification is
investigated for both convergence and divergence planes, where the effective
lengths L1 = 0.9mm and L2 = 1Imm are taken into account and the relations
between the magnification and p%d® are explained in figures (3-31) and (3-32),
respectively.

From figure (3-31) the magnification decreases as f°d’ is increasing and
the values of magnification for effective length L1(0.9mm) greater than that of
L2(2mm) and this behaviour isinversely to that of magnification in rectangular
model.
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0.84

0.10 0.20

B2d2

Figure(3-31): The magnification as a function of g“d®>  for the
combined quadrupole lens in convergence plane for effective lengths of lens
L1=0.9mmand L2=1mm.

In the case of divergence plane the results show opposite behaviour to the case
of convergence plane, where the magnification increases with p?d® increases as
Is shown in figure (3-32). Also, the effective length L1(0.9mm) has the values
of magnification greater than that of L2(1mm) and this behaviour is opposite to

that for rectangular model.
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Figure (3-32): The magnification as a function of p°d® for the
combined quadrupole lens in divergence plane for effective lengths of lens
L1=0.9mmand L2=1mm.

The relation between magnification and relative excitation parameter (n) is
shown in figures (3-33) and (3-34) for both convergence and divergence planes,
respectively. The figure (3-33) appears the increasing of magnification with
increasing of relative excitation parameter (n) for convergence plane, while the
opposite behaviour is found for magnification in divergence plane as is shown
in figure (3-34).
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L1

- L2
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Figure(3-33): The magnification as a function of relative excitation parameter
(n) for the combined quadrupole lens in convergence plane for effective
lengths of lens L1=0.9mmand L2=1mm.
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Figure (3-34): The magnification as a function of relative excitation parameter
(n) for the combined quadrupole lensin divergence plane for effective lengths
of lens L1=0.9mm and L2=1mm.
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3-3-3 The chromatic and spherical aberration for the
combined quadrupole lens
3-3-3-1 the chromatic aberration

The optimization is made to find the optimum values of chromatic
aberration coefficients in both convergence and divergence planes. The
variation of effective length of lens are taken into account for two values,
(L1(0.9mm) and L2(1mm)). The calculations in convergence plane are
explained in figures (3-35) and (3-36). In figure (3-35) the relation between
chromatic aberration coefficient Cex/d and p°d® appears the increasing in
chromatic aberration coefficient Ccx/d when B°d? increases up to p%d® = 0.1 for
effective length of lens L1 = 0.9mm and B°d” = 0.16 for effective length of lens
L2 = 1mm, and beyond these values the chromatic aberration coefficient Ccx/d

decrease with increasing p%d?

-0.60 —

0.10 0.20

B2d2

Figure (3-35): The relative chromatic aberration coefficients as a function of
f*d? for the combined quadrupole lens in convergence plane for effective
lengths of lens L1=0.9mmand L2=1mm.
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The figure (3-36) appears the chromatic aberration coefficient change of
magnification Cmx (for convergence plane) is decreasing with pd® is
increasing. The effective length of lens L2(1mm) has the values lower than that
of L1(0.9mm).

-0.05 —

Cmx
-0.10 —

-0.15 —

-0.20 —

0.10 0.20

B2d2

Figure (3-36): The relative chromatic aberration coefficients change of
magnification as a function of *d® for the combined quadrupole lens in

convergence plane for effective lengths of lens L1=0.9mm and L2=1mm.

The results in divergence plane are shown in figures (3-37) and (3-38). The
figure (3-37) shows the relation between chromatic aberration coefficient Ccy/d
and p°d® and this relation has opposite behaviour to the calculations in
convergence plane where Ccx/d decrease as p°d® increases up to p?d® = 0.1 for
effective length of lens L1 and p°d® = 0.145 for effective length of lens L2, and
beyond these values of B°d” the Ccy/d increases. . The effective length of lens
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ChapterThree Results and Discussion

L1 = 0.9mm has best values of Ccy/d for whole region of p*d” in compare with
effective length of lensL2 = 1mm.

In figure (3-38) the chromatic aberration coefficient change of magnification
Cmy increases with B°d® is increasing and the effective length of lens

L1(0.9mm) has the optimum results with respect to effective length of lens
L2(1mm).

0.60 —

0.20 — ‘ ‘

0.10 0.20

B2d2

Figure (3-37): The relative chromatic aberration coefficients as a function of
S?d? for the combined quadrupole lens in divergence plane for effective lengths
of lensL1=0.9mmand L2=1mm.
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0.04 —

0.10 0.20
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Figure (3-38): The relative chromatic aberration coefficients change of
magnification as a function of f°d® for the combined quadrupole lens in
divergence plane for effective lengths of lensL1=0.9mmand L2=1mm.

The relation between chromatic aberration coefficients and relative excitation
parameter (n) for both convergence and divergence planes, are studied. In
figure (3-39) the chromatic aberration coefficient Ccx/d in convergence plane,
Increases as relative excitation parameter (n) increases at lower values of n and
chromatic aberration coefficient Ccx/d decrease as relative excitation parameter
increases beyond n = 0.024 for effective length of lens L1(0.9mm) and n = 0.02
for effective length of lens L2(1mm) and the effective length of lens L2 = 1mm
gives the best values of Ccx/d. Also the Cecx/d has the negative values for
whole rang of relative excitation parameter (n). The opposite behaviour is
found for the case of divergence plane asis shown in figure (3-41).
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-0.40 —/

Ccex/d

-0.60 —

0.04 0.08

Figure (3-39): The relative chromatic aberration coefficients as a function of
relative excitation parameter (n) for the combined quadrupole lens in

convergence plane for effective lengths of lens L1=0.9mm and L2=1mm.

The results in figure (3-40) show the relation between chromatic aberration
coefficient change of magnification Cmx and relative excitation parameter (n)
for effective lengths of lens. From the figure, the chromatic aberration
coefficient change of magnification Cmx increases with increasing relative
excitation parameter (n) and for effective length of lens L2 give us the optimum
result in compare with L1.

The opposite behaviour for chromatic aberration coefficient change of
magnification is found for the case of divergence plane and the result is
explained in figure (3-42).
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Figure (3-40): The relative chromatic aberration coefficients change of
magnification as a function of relative excitation parameter (n) for the
combined quadrupole lens in convergence plane for effective lengths of lens

L1=0.9mmand L2=1mm.
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Figure (3-41): The relative chromatic aberration coefficients as a function of
relative excitation parameter (n) for the combined quadrupole lens in

divergence plane for effective lengths of lensL1=0.9mmand L2=1mm.
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L1

- L2
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Figure (3-42): The relative chromatic aberration coefficients change of
magnification as a function of relative excitation parameter (n) for the
combined quadrupole lens in divergence plane for effective lengths of lens
L1=0.9mmand L2=1mm.

3-3-3-2 the spherical aberration

After finding the optimum result for the case of achromatic aberration
under this model of field distribution the present aim in this section is finding
the optimum values of spherical aberration coefficientsin both convergence and
divergence plane and study the effects of changing the excitation parameter and
effective length of lens on this coefficient. For the convergence plane the
results are shown in figures (3-43) and (3-44). The calculations in the figure
(3-43) appear the relation between spherical aberration coefficient Cso/d as the
function of B%d® and this coefficient is decreasing with increasing pd®. All the
values of spherical aberration coefficient Cso/d have the negative values and the
effective length L1(0.9mm) has values lower than that of L2(1mm). The figure
(3-44) explains the spherical aberration coefficient Cio/d this coefficient
increases with B°d” is increasing. The effective length L1(0.9mm) has values
greater than that of L2(1mm).
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Cso/d
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Figure (3-43): Therelative spherical aberration coefficients Cso/d as a function
of f°d? for the combined quadrupole lens in convergence plane for effective
lengths of lens L1=0.9mmand L2=1mm.
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Figure (3-44): Therelative spherical aberration coefficients C,,/d as a function
of g°d” for the combined quadrupole lens in convergence plane for effective
lengths of lens L1=0.9mmand L2=1mm.
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In the case of divergence plane in the results are shown in figures (3-45) and
(3-46). The calculations of figure (3-45) show that the spherical aberration
coefficient Dgs/d increases with increasing f°d® and the all values of this
coefficient are negative for whole range of p°d®. Also, the effective length
L1(0.9mm) gives best results in compare with L2(1mm). The results of
spherical aberration coefficient D,;/d have the same describation to that of
spherical aberration coefficient Dps/d but the difference that, all the values of
spherical aberration coefficient D,,/d are positive asis shown in figure (3-46).

-0.40 —
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-0.60 —
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Figure (3-45): Therelative spherical aberration coefficients Dys/d as a function
of f*d® for the combined quadrupole lens in divergence plane for effective

lengths of lensL1=0.9mmand L2=1mm.
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Figure (3-46): Therelative spherical aberration coefficients D,,/d as a function
of g°d? for the combined quadrupole lens in divergence plane for effective
lengths of lens L1=0.9mmand L2=1mm.

The relation of spherical aberration coefficients with relative excitation
parameter (n) in both convergence and divergence planes is shown in figures
(3-47) to (3-50). The figures (3-47) and (3-48) show this relation in
convergence plane. The values of spherical aberration coefficient Csy/d become
greater with n isincreasing as is shown in figure (3-47). While the opposite
behaviour is found for spherical aberration coefficient C»/d as is shown in
figure (3-48).
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Cso/d

0.04 0.08

Figure (3-47): Therelative spherical aberration coefficients Cso/d as a function
of relative excitation parameter (n) for the combined quadrupole lens in
convergence plane for effective lengths of lens L1=0.9mm and L2=1mm.
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Figure(3-48): The relative spherical aberration coefficients Cy,/d as a function
of relative excitation parameter (n) for the combined quadrupole lens in
convergence plane for effective lengths of lens L1=0.9mm and L2=1mm.
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In the case divergence plane, the results are explained in figures (3-49) and
(3-50). For both spherical aberration coefficients Dgs/d and D,i/d the inverse
relation between these coefficient and the relative excitation parameter (n) is
found as is shown in figures.

\
0.40 —{\

Dog/d ]

-0.60 —

-0.80 —

Figure (3-49): Therelative spherical aberration coefficients Dys/d as a function
of relative excitation parameter (n) for the combined quadrupole lens in

divergence plane for effective lengths of lensL1=0.9mmand L2=1mm.
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Figure (3-50): Therelative spherical aberration coefficients D,,/d asa function

of relative excitation parameter (n) for the combine quadrupole lens in

divergence plane for effective lengths of lens L1=0.9mmand L2=1mm.



ChapterFour Conclusions and Recommendations

4.1 Conclusions

Combined quadrupole lens is proposed and investigated which is formed
by an electrostatic and magnetic fields imposed on each other. It appear that the
rectangular model and bell-shaped model can be used to repreasented the axial
field distribution of the combined quadrupole lens to finding the optimum
design of the achromatic lens. The combined quadrupole lens has many
variable geometrical and operational parameters. However, from the present

Investigation one can conclude the following:

1. The calculations of rectangular model and bell-shaped model in both
convergence and divergence show that the values of the foca length and
magnification are closer to each other for both values of the effective lengths
of lens(L1=0.9mmand L2 = 1mm).

2. The chromatic aberration coefficients of the rectangular and bell-shaped
models for the effective length of lens L1(0.9mm) is lower than that of the
effective length of lens L2(1mm). In the case of spherical aberration

opposite behaviour is found.

3. The rectangular model is good model to give the achromatic aberration in

combined quadrupole lens.

4. From the calculations it is found that the chromatic aberration coefficients
can be reduced to zero value but the problems are values of the focal lengths
are very large and at the same time the effective length and excitation of lens
isvery small and that not satisfy the optimum design.

AN
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4.2 Recommendations for Future Work

The following topics can be recommended for future work:

() Studing the effect of the relativistic velocities of the charged particles on

the design and properties of combined quadrupole lens.

(b) Studing the effect of charged-particles initial energy on the optica

properties of the combined el ectrostatic and magnetic quadrupole lens.

(c) Studing the design of achromatic lens on doublet, triplet and quadruplet

consisting of an electrostatic and magnetic quadrupole lens.

(d) Studing the effect of other types of the electrode on the properties of
electrostatic and magnetic quadrupole lens.

(e) Studing the effect of other types of the axia field distribution model on the
the properties of combined quadrupole lens.

(f) Studing the design of achromatic lens of combined octupole and quadrupole

lens.
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AV, V The potential distribution (volt).
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