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1. ELECTROSTATIC QUADRUPOLE LENSES

1.1 Electrostatic Lenses

Electrostatic lenses are finding increasingliaptions in many areas
and technology, because of their versatility arel rdipid development of
modern instrumentation. With the aid of electrosti@nses, ion probes are
employed in ion implantation to change the localoparties of
semiconductors. Electron probes are widely utilizeindustry to fabricate
miniature semiconductor devices by electron litlapdpy. Electrostatic
lenses have the following most important feat&=slagyi 1988, Hawkes
and Kasper 1989:-

(a) For the non-relativistic cases the focusing progeras well as the
aberrations are independent of the charge—to—memeeqt of the particles.

Therefore, electrostatic lenses may be used farsiag various ions.

(b) Potential ratios have influence on the lens priger Therefore, if

particles of the opposite sign have to be focuteelsigns of all electrode
potentials must be reversed to arrive at the saimgepties. The particles
trajectory remains the same if both the sign ofglsicles charge and the

electrode potentials are reversed.

(c) Electrostatic lenses are characterized by themple electrodes
fabrication, alignment, small size, and relativigiit weight. Furthermore,
their low power requirements suggest the needgbitér and more stable
power supplies. The major manufacturing problerasséectric breakdown

and accumulation of charges on the insulating sega Under vacuum
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pressure of about TQorr the electrodes must be separated from edur ot
so that the maximum field strength does not excee&V/mm (Szilagyi
1988, Hawkes and Kasper 1989

1.2 Quadrupole Lenses

There are many electron and ion optical imsgmts and devices in
which there are advantages in using quadrupoleetersther than round
lenses, such as instruments where strong focusiagtmmatic properties
are needed. Among these are accelerators, catfaydietoes, and devices
for correcting aberrations. For example, in elttrand mass
spectrometers containing sector magnets or eleéatroscylindrical
analyzers which are themselves astigmatic, quateuposes enable better
beam matching than conventional axially symmetrleases. There are
also some applications of astigmatic quadrupolsdenn probe—forming
systems when an elliptical or linear beam spotided rather than a round
one Baranova andRead 1998. Probe—forming quadrupole lens provides
the following advantages; first, it permits var@bbkpot—shaping by
changing the lens excitation; second, the demagguifin can be increased

without increasing the working distand@kayama 1989.

Electrostatic quadrupole lenses, althoughcéffe in focusing ions of
high mass, have chromatic aberration coefficienthiciv can be
considerable. Quadrupole lenses are also commusdg for focusing an
electron or ion beam in high energy devices. Aanapxle of such device is
the ion implanterNartin 1991).

Electrostatic quadrupole lenses are oftenepable to magnetic ones for

focusing beams of moderate energy. They are alsenable for dealing



with ion beams since the focal length of an elestatic lens does not
depend on the charged particles mass as it does foragnetic lens.
However, quadrupole lens systems are more sensitivenechanical

defects than round oneBqranovaand Read 200).

An electrostatic quadrupole lens has a foud-fyimmetry with respect
to the optical axis. Its adjacent electrodes arkbawith each other. Their
construction is not of the conventional round lenee they are sensitive to
mechanical tolerances. The detailed description tleéir potential
arrangement is shown in figure 1.1b, whereaed g are at a potential
+U; and the other pair of electrodesamd g:: are set at a potential tU
The planes that do not intersect the electrodedefreed by zOX and zOY
and the other planes, which intersect the elect;cale defined by zOx and
zOy. The z—axis is normal to the plane of the pap®. The aperture of
the lens is defined by the radius c of a circutzarmel, which is tangential

to the four electrodes.

(b)

Figure 1.1. A transverse cross—section of an adstatic quadrupole lens
(Grivet 1972).
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If a positively—charged patrticle is inciderdrallel to the axis in the
plane zOx, it will experience a repulsion due te #glectrode g(or g ),
but will not be affected by the presenceaad e:: as a results of the
symmetry. The particle will remain in the plane z@xd will converge
toward the axis. In the plane zOy, the trajectoily also be planar, but the
particle will be attracted by,dor e ) and will diverge away from the
axis. Particles, which are incident at the lenlseothan in the planes zOx
and zOy, will follow skew trajectories, approachitig optical axis Oz in
the Ox direction, but moving away from Oz in the disection. Therefore,
in one direction there is the effect of convergeaoel in the other of
divergence as shown in figure 1.2. A quadrupoles les described as
converging if particles moving in x—z plane areleleled toward the axis
and diverging if the particles moving in the y—ame are deflected away
from the axis Grime and Watt 1988.

Figure 1.2. The action of a single quadrupole lensa charged—particles
beam; convergence in the horizontal plane and djgece in the vertical
plane form a line image3rime and Watt 1988).



Studies on quadrupole lenses concentratedhemr #application as
corrector units for reducing the spherical abeorat(Hawkes 1970).
However, there are some difficulties in such a@ion since there are a
number of variables in any quadrupole system. Nbeérss, the rewards to
be gained from a successful quadrupole systemeaayegreat, and it seems
unlikely that they can be achieved by any othemdblenses with less
difficulty.

1.3 Three—Element Quadrupole Lens System

A quadrupole doublet is employed in electrgtiaal devices of
moderate accelerating voltage when astigmatic foguss required.
Although the triplet follows the doublet in orddrincreasing complexity,
it is not an inviting combination from the optigadint of view. In general,
regularity will be achieved by adjusting the theeecitations and the two
separations once the design of the individual carapts has been decided
(in particular, their effective lengths). The systnc triplet does,
however, offer convenient means of converting &ugirimage into a real
one with unit magnification. Bleweih 1958has tabulated few values of
the parameters of symmetric triplets for which thgery is stigmatic.
Most published information is in graphical form;wever, in 1961Enge
has plotted families of curves illustrating the aelbr of a symmetric

triplet producing pseudo—-stigmatic imageiraivkes 1970).

Consider figure 1.3a. The length of the cdrquadrupole is £and the
outer components are of lengthsdnd L. It is seen that the object and
image distances (u and v respectively) are the sarbeth planes. The
present work has been focused on symmetric triplebtsch means that

voltages applied to the first and third quadrupces the same. This
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reduction of the number of variable parameters mdke tuning of the
triplet much easier than doublet while at the séime the triplet remains
flexible enough to satisfy various requirementgha first order focusing
properties. Voltages are applied to the triplesirch a way that in both
x—z and y-z planes converging and diverging lensiésrnate. The
y—z plane has been taken to be the DCD (divergimgv@rging—diverging)
plane and x—z plane to be the CDC (converging—dingrconverging)

plane Baranova and Read 1998

Diverging—Converging-Diverging Plane

y“
Q Q2 Qs
Oblect P b2 P Image
_— z
@ |—=— I NS R
U L, e S—lhl—Lz—ilq—SQ—hr— |_3—14— V>
X Converging—Diverging—Converging Plane
Q Q Qs
/\\
(b) '/ \ >

Figure 1.3. Particle trajectories in the two planef three-element
quadrupole lens systeririge 1961).



For the complete three—element lens systeenntitations used are as
follows: (@) the lens excitation parameter is deddoyp (which will be
described in Chapter Two), (b) the field—free dista between the
quadrupole lenses is denoted by s i.e. the disthmteeen the first
guadrupole lens Qand second quadrupole leng i® s, and that between
second quadrupole lens @nd third quadrupole lens;@& $ as shown in

figure 1.3a, and (c) the object and image distanard v respectively.

In stigmatic modes the beam crossover in the xamghnd y-z plane
concide. In this case the linear magnificationsa afoublet are generally
quite different in the x and y directions, whichgimi be a limitation for
some applications. The triplet allows the magaifien ratio to be varied
without changing the image position and it can Eenequal to unity if
necessaryRaranova and Read 199p

1.4 Aim of the Project

A simple quadrupole lens forms a real imaggsiconverging plane and
a virtual image in its diverging plane. Sincepnactice, a focusing system
requires in general a real image in both planescé@ quadrupole triplet
lens has been considered to achieve such requiterAesystem consisting
of three quadrupole lenses at opposite polaritysaparated by drift space
Is to be investigated in detail. The optical pmbies of the triplet and the
beam trajectory along the fields are to be conemlerThe present work is
mostly restricted to the symmetric triplet for #aslvantage of remaining
flexible enough to satisfy various requirementsha first order focusing
properties. The rectangular field model has be&ert into consideration

to represent the potential distribution of an elestatic quadrupole triplet
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lens. This model has been described in Chapter; Tiwodistribution
resembles the actual field of hyperbolic quadrupoi®re accurately. It is
aimed in the present work at determining the priopeiof such lens. The
first order optical properties of this model wik lkomputed by solving the
trajectory equation of the charged—particles beeametsing each field
distribution, taking into account the convergence aivergence planes.
The effect of the lens excitation, image and objestance, lens length, and
the separation between the lenses on the sphabeaftation coefficients

will be investigated in detail.



2. PROPERTIES OF ELECTROSTATIC QUADRUPOLE
LENSES

2.1 Field Models for Electrostatic Quadrupole Lensg

The field distribution of a quadrupole lensymae represented by
various models shown in figure 2.1. These potedlistribution models
are actually proposed for the hyperbolic cross+seatf the quadrupole
lens electrodesHawkes 1965/1966 According to Hawkes the function
f(z) of the field distribution can be obtained eitlby measurement or by
computation, and it may transpire that some matheally convenient
model represents f(z) sufficiently. For exampl@r flong narrow
quadrupole lenses, the rectangular model figurex 2sl often a close

enough approximation.

f(z)
f(Z)“ 4 fene
1 | fimax 0.2% d l\
> 7 >/
- L/2 (@) +L/2 (b)
f(Z)“ f(2)
1:(max) 115
(max)
i N ]
< - - > | > Z
A @ 4 O I

Figure 2.1. Field distribution of a quadrupole EfHawkes1965/1966).
(a) Rectangular model (b)IBethaped model
(c) Modified bell-shaped model (d) Triangutaodel.
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The function f(z) for a rectangular field moaé¢ long quadrupole is

represented in the following form:

f(2) = ((2)max=1  when-LIZz<L/2 (2.1)

At points when |z| /2 the function f(z) = 0. This model is also knoas
the square—top field distribution. In practices tength L is the “effective
length” which has been found experimentally to béveg by
(Hawkes 1970

L = (+1.1c . (.2

wherel is the electrode length and c is the bore radinsinis assumed to
be very small. According to Hawkes (1970) the 6ot 1.1 of c was
measured experimentally by Septier in 1958; howet/bas been proposed
theoretically by Reisman in 1957. Therefore, tfieative length L could

be equal to the electrode lengthby neglecting the second term of

equation (2.2) i.e. IL1 £. In the present work the rectangular field model

has been taken into account since the accuracgiayplicity of this model

make it a basic tool.
For short quadrupole lens, Glaser's bell-sthdgdd model shown in
figure 2.1b is found to be more suitable and isesented by the following

function Hawkes 1970:

f(2) = (F(2))ma [1+ (2/d) 22 =1/ [1+ (2/d) 22 .. (2.3)
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The excitation parametéris expressed in mm For a short quadrupole
lens the square of the excitation paramptés given by:

B? = (VI & U, (L+e Uy)) (1 — (¢/3dP)) (2.4)

where

V = accelerating voltage which must corrected ralstically at high
values of V [i.e. V=V (1 + 10° V)].
U, = the accelerating voltage (volt).

¢ = relativistic modification factore = e /2 mw?~ 10°V!or MV
e = electron charge (1610"° C).
m, = electron rest mass (94 10°% kg).

w = speed of light in a vacuuril 3 x 1¢° m/sec).

c = the bore radius (mm).
d = the axial extension of the field between theo tpoints where
f(z) = (f(2))max(4; at z = 0O, (f(z) hax €qUals to unity.

For a short lens, & d; the value of d is determined by the shape of the

electrodesHlawkes 1970).

The modified bell-shaped field model showrfigure 2.1c represents
the intermediate case between the rectangular lentell-shaped model
such that the field distribution may be representgdthe following

function:

f(z) =1/[1+ ((z—2))/d)?]2 whenz>Zz ... (2.5)
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f(z) =1/ [1+ (z + 2))/d) ]2 whenz -2z ...(2.6)

The function f(z) has a rectangular section of tamsmaximum value
(f(z))max=1 in the region —z< z < z; such that beyond these boundaries it
terminates in the form of a half bell-shaped Idfierepresented by
equations (2.5) and (2.6).

The triangular field distribution model shownfigure 2.1d is another

model proposed biawkes (1965/1968; it is given by:

f(z) = z+ 2 when —-xz<0 .. (A7a
f(z) =@ z+ 2 when z<z ...(B)
f(z) = (f(2))max=1 atz=0 ... (2.7¢)

where® is the slope of the two steep sides of the triang|

2.2 Quadrupole Lens Potential Distributions

The potential of an electrostatic quadrupgigtesm with two planes of
symmetry in cylindrical coordinates has the follogi representation

(Okayama andKawakatsu 1978§:
U (r, 0, z) = [F cosD (D, (z) — 1/12 Dj(z) F+1/384 D" (2) ¥ — ...)] + [°
cos® (Dg (z) — 1/28 D(z) P +....)] + [r°cos1® (Dio (z) — 1/44 D3y (2) P

+...)]*[r** cos1® (D14(z)—-1/60D14r% +....)]+... ... (2.8)

where
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D, (2) =U; f, (2)/¢

Ds (2) =U, fs (2)/C°

Dio (2) =Uif10 (2)/c”

D14 (2) =Uif14 (2)/c*

U; denotes the numerical value of the electrostatiermial supplied to
each of the four electrodes, c denotes the apetadias of the quadrupole
lens, % (2), s (2), fio (2), and {; (z) are the characteristic functions
representing the potential distribution, and themps denote the
derivatives with respect to z. The first term guation (2.8) refers to an
ideal quadrupole field that has been formed by foyrerbolic electrodes.
If the cross—section of the electrode is consideliéfdrent from the ideal
hyperbolic shape, the effect of c6sénd other higher terms appears. The
expression of potential distribution in equation.8§2 in cylindrical

coordinates can be expressed in Cartesian cooegdiaatshown below.

r= (¢+y?)"? then one can simply write

" = (0C+y?)" .. (2.9)
By using the following expressionSZ4ilagyi 19889:

r? cos (B) = (- Y9 ... (2.10)
r® cos (B) = x* —y— 3 (X y*— XY ... 12)
r'®cos (10) = x'-y"- 45 Ry*— X y?) +210 X y*—X'y®) ... (2.12)

with the relationship given by equation (2.9) ansubstituting in
equation (2.8) one can get the general expresstontife potential

distribution in Cartesian coordinatdda@artman 1999:
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U(x, Y, 2) = B (2) (¢ - Y) — 1/12 D'y(z) (¥* — y*) + 1/384 D"%(z) (¢ + Y?)
xX*=y)+Ds (@) (=Y - 15XV (¢ =V)) + ...... ... (2.13)

2.3 First—Order Optical Properties for an Electrostic

Quadrupole Lens

2.3.1 The equation of motion

The trajectory equations in Cartesian coatis for the
charged—particles beam traversing the field @dadrupole lens are given

as follows Hawkes 1970:

X"+B2f(z) x=0 .. (204
y'—B*f(z)y=0 ... (2.15)

wherep ? is the lens excitation, given by the followingatbn:
BZ=U k/ U, ... (2.16)

U, being the electrode voltage, I4 the accelerating voltage, x" and y" are
the second derivatives with respect to z, krdcoefficient accounting for
the shape of electrode. Since the present workobas concentrated on
the hyperbolic shape for the electrodes, thkas1l Oymnikov et al 1965
andGrivet 1972).

If f(z) = 1 is replaced by the equivalent es@ular distribution of length
L (i.,e. z=L/2 and — z=-L/2), f(z) = 1 everywhere within the lens and
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f(z) = 0 outside (i.e. — L/2 > z> L/2). Equatiof&14) and (2.15) give the
values of x and y. If, for example, the origintbé Oz axis is taken in the

entry plane of the lens then:

X = X, COS (2) + X' (1/B) sin Bz) ... (2.17)
X'=- X% P sin (3z) + x,' cos (z) ... (2.18)
y =Y, cosh Bz) + vy, (1/B) sinh 3z) (2.19)
y' =Y, B sinh z) +y,' cosh pz) ... (2.20)

where % and y are the initial displacements from the opticalsax the
x—z and y-z plane respectively, angdl and y' are the initial gradients of

the beam in the corresponding planes.

Equations (2.14) and (2.15) can equally begrdted for other forms of
the function f(z), but the calculations become mooenplicated. The
approximation of the rectangular model gives resulivhich are
satisfactory to within few per cent; in domain afaglrupole lenses, the
accuracy and simplicity of this model make it aibasol (Grivet 1972).
Thus the rectangular field model has been takenantount in the present
investigation to represent the potential distribntof the quadrupole lenses
under consideration.

The general solution of the second-order tiné@mogeneous
differential equations (2.14) and (2.15) can alwdnes written in the

following matrix form respectively.

X (z) Xo (2)
x'(z)j :c‘&'o(z)j ... (2.21)
y (2) 0 (2)
y'(2) Y'o(2)
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=J ... (2.22)

The parameters cTand T, are the transfer matrices in the convergence
plane xOz and the divergence plane yOz respectivhigh are given by
Larson 1981andSzylagyi 1988

Te= cosp L 1/ sinp L (2.23)
—BsinpL cospL

coshpL 1/BsinhfL
To= |BsinhfL  cosHL (2-24)

As already noted, the single quadrupole ldnsys diverges in one
plane and converges in the other. However, twglsinlenses can be
placed sequentially along the optical axis to farmoublet lens structure.
If the electrodes polarities are opposite in the l@nses then convergence
in one plane is followed by divergence i.e. CDd ahvergence in the
orthogonal plane is followed by convergence i.eC. Dhe action of the
doublet on an initially parallel beam is shown igufe 2.2 from which it
can be seen that the beam is brought to a foctiseiraxis at a different
position in the two planes. This situation is edllastigmatic. By using a
doublet in which the components are of unequahgtte it is possible to
make the foci,,fand {, coincident. However, the magnification in the two
planes will be unequal. The action, therefor@astruly stigmatic and the
term pseudo-stigmatic has been used to describesithation. True

stigmatism can only be achieved with two or moraldets or with one or
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more triplets. The astigmatism of a doublet is mmcessarily a
disadvantageBanford 1966). For instance, the focusing properties of
spectrometers in general differ in the two orthaqulanes of deflection
and must therefore be combined with astigmaticder(e.g. a quadrupole
lens) in order to get a stigmatic beam image atexie Furthermore,
quadrupole lenses may be used to vary the beanndiames independently

in the two perpendicular directions.

©

Xo Q2

Figure 2.2. Beam trajectory in quadrupole doul{@anford 1966).

The next degree of sophistication is a systdnmhree quadrupoles
rotated by 90with respect to each neighbor about the opticel ax Such
a system is called a quadrupole triplet. In thetaregular model there are
three rectangles of alternating polarity separdtech each other by two
drift spaces. If the two outer quadrupoles aratidal with each other and
they are equally separated from the central ondriflyspaces of length s
each, the f(z) function is symmetric with respextthe mid—plane of the
central quadrupole. Then one would have a symmetplet as shown in
figure 1.3. If the individual elements of the syetnic triplet are thin

lenses, its transfer matrix can be simply as fofiow
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1 1 s 1 1 s 1
Ttriplet: +1/F 1 0 1 +1/Feent 1 01 +1/Foue 1

where B and Fen are the focal lengths of the outer and centradden
respectively. The upper signs correspond to ta@gMhere the central

lens is focusingzilagyi 1988.

Matrices for quadrupole triplet are given alkoivs (Regenstreif 1967
andLarson 198)):

cosPsls  1fssinpsL {1 SZJ coshB,L, 18, sinhp,L [1 a}
TCDC = Bg sin [33'.3 CO$3L3 1 Bz SiﬂthLz COSl’BzL 01
cosPily  1PB;sinBiL

B]_Sin [31'.1 CO$1L1
.. (2.25)

(. A .
coshBsLs 1Bs sinhBsLd [1 &J CosPol,  1B2sinfal [1 &1}

Tocp = Bs sinhBsls coShBsLs 0 1 | Bz2sinBly cosholz| |0 1
K _/
e _ )
COShﬁlLl 1/ BlslnhﬁlLl
61 SinhﬁlLl Cosl’ﬁlLl (226)
K _/

where g and s represent the separations (usually small) betvieeses;
subscript “1” refers to the first lens, “2” to tisecond lens, and “3” to the
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third one. By carrying out the calculations, tla@ious matrix elements can

be found as follows:

a11cpc = €0SO; cosO; coshb, +s, B, c0sO; cosOzsinh B, + B>/ B3) coso,
Sin03 sinhB, — 5 B; sin6; cosb; coshb,— 5 S, B1 B2 SINO; coSO3 SiNhB, —
S (B1 B2/ B3) sinB; sinb3 sinhB, — (B1/ B2) sin6; cosBz sinh6, — $ B SiNB,
c0s03 coshd,— (B1/ B3) sinb; sin6; cosho, ...(2.27a)

aiococ = (1/ B1) sin6; cosOz coshd, + s (Bo/ B1) sinB; cosb; sinh6, + B,/
B1 B3) SinB; Sin B3 sinhB, + 5 cosO; cos; coshd, + 5 S, B, COSOH; COSO;3
sinhB, + 5 (B>/ B3) cosO; sinBz sinhB, + (1/ B,) cosH, cosb; sinhb, + $
c0s6; cos0; cosho, + (1/ B3) cos, sinb; cosho, ...(2.27D)

&1cpc = —P3 €0S0; Sin 63 coshB, — $ B, B3 cosO; sin B3 sinh6, + B, coso,
Cc0s03 sinh0, + 5 B B3 SiN0O; SinB3 coshb, + 5 S Py B2 B3 SINO; SN O3
sinhB, — § B1P2Sin 0, cosOs sinh0, + By B3/ Bo) Sinb; sinB3 sinhf, + $

B1 B3 Sin6; sinB3 coshd, — B, sin6;c0s6; cosho, ... (2.27¢)

doocpc = — (83/ B]_) sin 01 sin 03 COShez -9 (Bz Bg/ Bl) sin 01 sin 03 Sinhez +
(B2/ B1) SinB; cosbs sinhB, — 5 B3 cosH; SinB; coshb, — 5 S, B2 B3 COSO;
sin B3 sinh6, + 5, B, c0sH, cosO; sinh6, — (B3/ f2) cosH; SinB3 sinhb, — $

B3 sin6scos0; coshd, + coshH; cosO; cosho, ...(2.27d)

a11pcp = €0S6O, coshb; coshd; — s B, sinB, coshb; coshb,— (Bo/ B3) Sin6,
sinh 63 cosh6; + 5 B; cos6,coshb; sinhb,— 5 S By B2 Sin 6, coshos
sintB;— s (B1 B2/ B3) SinB,sinh6; sintb; +(B1/ B2) Sin6, coshb; sinhb; + $
B1 cosO, coshOs sinh0; + (B1/ B3) cosO,sinh6; sintb3 ...(2.28a)
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aopep = (1B1) sinh 6, cosO, coshb; — s (B2/B1) sinh B, sin 6, cosh6; —
(B2/B1 B3) sin B, sinh 6, sinh B;+s; cos0, coshB; coshb; — § s B, Sin 6,
costb; cosh6,— s (B, /B3) coshB; sin 6, sinh 0;+(1/8,) sin 6, cosh 6
coslb;+s, cosO, coshb, coshbs + (1/ B3) sinh; cosb, coshd;  ...(2.28b)
&1pcp = Pz Sinh63 cosb, coshb;—s; B, B3 Sin 0B, sinh 63 coshd; — B, cosho,
coshfz sinB, + 5 By Bz sinh 63 cosb,sinh0;— 5 s, By B2 Pz SiN B, SiNN 6O
sinhB3 — § B1 B2 SinhB; coshb3sin6, + (B1 B3/ B2) SiNB,SiNh6; SiNhB; + $
B1 B3 o, sinhB; sinh63 + 31 sinh6; cos, coshb; ... (2.28¢)

a2pcp = (Bs/ B1) sinhB; sinh63 cosH, — $ (B2 B3/ Br) SiNh6; SINB, SiNhO;—
(B2/ B1) sinh®; coshbssin 6, + 5 B3 sinh6; cosO, coshb; — § S B Bs
coslb; sin 0, sinh B3 —5 B, coshB; coshBzsin 6, + (B3 / B2) sin 6, cosh6,
sinhB; + $ B3 coshO; cosH, sinh6; + cosb, coshB; coshd, ... (2.28d)

Whereel = B]_ Ly, 6, = Bz L,, 65 = Bg La.

From these matrices the basic propertieset{immetric triplet can be
derived. It turns out that the symmetric tripl&ggre 2.3) composed of
three thin lenses usually can still be considerdthia lens because its
principal planes are close to the mid—plane. Tlestimportant property
of the symmetric triplet is that it can providegstatic imaging $zilagyi
1983.

>
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Figure 2.3. Symmetric tripleSgilagyi 1988).

Although the doublet achieves a significanpiavement with respect to
a single quadrupole, and although its construagdanherently simpler than
that of a three—lens system, the latter systemaeerfavorable in many
cases. The chief disadvantage of the doublet Isnthe fact that the
variation of a parameter in one of the basic planag entail an important
variation of the parameters in the other plane.olie tries, for example, to
adjust the position of the principal plane in tH2 direction, the position of
the principal plane in the DC direction will equallary. Supposing that
the doublet can be assimilated to a thin lenspthstion of this lens may
then be quite different in the two perpendiculaangs as the variation of
the excitation will modify not only the focusingength of the lens but also

its position in space.

In a symmetrical triplet, the principle planase symmetrical with
respect to the median plane of the lens and tipSespequally well to the
CDC as to the DCD direction and is, to a large mxtmdependent of the
excitation. If a symmetric triplet can be consatéras a thin lens, the
position of this equivalent lens is almost fixedspace and independent of

excitation Regenstreif 1967.

2.3.2 The cardinal elements

All first—order optical properties of a quadrupdéns can be derived
from the matrices given in equations (2.25) an@QQR. If these matrices

are represented bfRégenstreif 1967
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Teoc = &icpc  Sacpe .. (2.293)

o
611DCD_ di2pep ) _ _(2-29b)
thesedhe dollawing, first—order optical propertieancbe determined (see
figure 2.4\).
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Figure 2.4. The cardinal elements of a quadrupldes, (a) in the

convergence plane, (b) in the divergence plarevet 1972).

(a) focal planes

An incoming ray parallel to the optical axis wilfter passing through
the lens system, intersect the axis at a point ellestance Zrom the exit
plane is given byGrivet 1972):

Zicoc = — @1cod@icoe ... (2.30a)
Zipcp = — 1pcd/@ipep ... (2.30Db)

where the subscript “i” refers to image, and “CD&&id “DCD” refer to the

convergence—divergence—convergence and divergemoesigence—



Yy

divergence planes respectively. Similarly, a reyemging parallel to the

optical axis, originates from a point at a distadgdrom the entry plane

given by:
Zocoe = — @&2cpd @1coe ... (2.31a)
Zopep = — &2pcp/@1peD ... (2.31b)

where the subscript “0” refers to the object.

(b) principal planes:

These planes are conjugate and definedhbyét 1972):

Hicoc = (1 — @1cod/@eicoe ... (2.32a)
Hioco = (1 — @1ocn)/@1pen ... (2.32b)
Similarly,

Hococ = (1 — @2cod/@e1coc ... (2.33a)
Hobceo = (1 — @2pco)/@eipeo ... (2.33b)

(c) focal lengths:
The focal length is defined as the distance betwé¢he focal point

f and the corresponding principal plane. Themfahe image— and
object—side focal lengths &nd F respectively are given by:

Ficoc = Fococ = — 1/a@1cpc ... (2.34a)
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Similarly,

Fioco = Fooco = — /@ipcp ... (2.34b)

(d) magnification:

The magnification M can be given as:

Mcoc= 1/ (@1coc U+ @1cpd ... (2.35a)
Mbep= 1/ (&1pcp Ut &1pcp) ... (2.35b)

where u is the object distance.

2.4 Lens Aberrations Parameters

In an ideal optical system, all rays of light frarpoint in the object
plane would converge to the same point in the inpdgee, forming a clear
image. The influences which cause different raysanverge to different
points are called aberrations. Thus aberrationbeadefined as the defect
that the imge suffers from, when it is formed byogtical device (single or
system of lenses). The aberration is a subjegtedt importance, since it
causes limitation to the performance of varioustebs optical elements
and systemsN\ave 200].

Error may occur from different velocities thhé charged particles may
have in the accelerated beam since they leave dheees with different
initial velocities (energy spread). The resulthiat different particles (ions

or electrons) are focused at different points eventhe paraxial
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approximation is exactly valid. The reason of tei$ect is that the
imaging field less influences the particles witlghniinitial energy than
lower—energy particles. This effect is called chatic aberration because
it is equivalent to the fact in light optics th&etindex of refraction for
photons of different frequencies (colors) is diéfier Szilagyi 198§. In
the present work, energy spread of charged pasticérersing the optical
system under consideration is assumed absent; hsroputations on

chromatic aberration will not be carried out.

Aberration is not the only defect that the gmauffers from. Other type
of defects are due to the fabrication of lenseshsas mechanical
imperfection and misalignment. The electrostagutsion forces between
particles of the same charge causes a deviationarged particles path. It
is another defects, known as the space charget,effied it is a case of
charged—particle optics alone that cannot be fonhight optics &zilagyi
1988. However, in the present work attention is paidly on the spherical
aberration of electrostatic quadrupole lenses dutstsignificant effect in
various ion and electron optical systems. Mecladniefects and space

charge effects are assumed absent in the devides aonsideration.

2.5 Spherical Aberration

Optical systems for focusing charged partibigsneans of magnetic or
electrostatic lenses have their performance limidgdpherical aberration
of the lenses. It is also called aperture abemati In 1936, Scherzer
showed that the coefficient of spherical aberrabbnound lenses has the
same sign and one, therefore, presumes that itotdmm made zero.

Scherzer's conclusions are based upon the symroéttiye lenses and
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therefore one might hope to avoid the problem bggisystems of lenses,
which are not cylindrically symmetric. In 1947, beoposed a scheme,

which uses what are now called multiple lenga®sye et al 198).

The aberrations of a quadrupole lens may basge or intrinsic.
Parasitic aberrations arise from mechanical misalgnt of the lens
electrodes. Intrinsic aberration, on the otherdhaxists even in perfectly
aligned quadrupole lenses. The most significatitnsic aberration in a
lens system, which focuses a beam with large dererg, is spherical
aberration JamiesonandLegge 1987.

In a quadrupole lens, the spherical aberraitiothe Gaussian image
plane can be expressed &k@yama 1989 Okayama and Kawakatsu
1983:

AX (zi) = (G0’ + Croay?) ...(2.36)
Ay (zi) = (D10 y + Dosv’) .. (2.37)

where a andy are the image side semi—aperture angles in thendz/—z
plane respectively, the coefficients C charactetla® aberration in the
convergence plane, and D in the divergence plafilee coefficient Gy
determines the aberration of the width of the nege in the plane y = 0,
and Dy is that for the imaginary image in the plane x.=The analytic
formulas for the relative spherical aberration Gorfnts, where the field
distribution along the electrostatic quadrupofeslaxis is approximated by
a rectangular model, are givenBghkova et al(19689:
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Cao /L= 1/16{n? = (1 —6p* + p*) (sin H/40) + (U/L)E (1 —cos 8) +
1/3(2 — 2n + 3A)[8n° — 4 (1 —p*) (sin D2O)+( 1 — 6p* + p*)
(sin 8/40)+ 4(u/L)n (1 — cos B) — (u/L)§ ( 1—cos 8)]} ...(2.38)

Cio/L = 1/16 {6 & + 8 (u/L) — [28* + (5En — 4p*) cosh D] (sin 20/26)

+[2n% = En +20p?) cos D] (sinh B/20) — 2 u/L € cos D — 1 cosh®)

+u/L (n—=5& sindsinhD—-u/L(5n+&) cos B cosh D+ (2+2n—
n?){—2n&— 2u/lL+[26%—MmE—4p®) cosh B] (sin D/20) + [2n? -

(ME+4p?) cos B] (sinh D/20) + 2 u/L € cos D +n cosh ) + u/L{n —
) sin A sinh D —u/L(n+&)cosdcoshd}} ...(2.39)

whered =B L, p=pu,n=1+p% andé = 1 —pu% n = -1 for electrostatic
guadrupole lense$ishkova et al 1968.

The coefficients 3 and D, are drived from equations (2.38) and (2.39)
by replacing by if. In addition the trigonometry functions are
transformed into hyperbolic functions and vice werghe subscript CDC
refers to the xOz plane in which the first anddhiens converges and the
second lens diverges; the subscript DCD refersh® yOz plane,
perpendicular to the xOz plane, in which the lemsfggmance is the
reverse. The spherical aberration coefficientscPPoco, Scoc, and $cp
of the triplet lens are determined from (a) the esmlal aberration
coefficients Rp, Poc, Sp, and %p of the doublet lens and the spherical
aberration coefficients (3), Dso(3), Ci2(3), and DB4(3) of the third lens in
the triplet, and (b) the magnificationdyland Myc of the doublet lens.

Pcoc = Pep + Cao3) / (Mcp)” ... (2.40a)
Poco = Poc + Doa(3) / (Moc)* ... (2.40Db)
Seoc = Seo + Ca3) / (Men)” (Moc)?) ... (@)
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Socp = Soc + D2i(3) / ((MCD)2 (MDC)Z) ... (240

The spherical aberratio@dCDC andADCD of a quadrupole triplet lens in

the plane of the Gaussian image are given by ti@vmg formulas:

ACDC = (Rpc o + Scoc @ v9) ...(2.41)
ADCD = (Ryep @y + Soep v°) ...(2.42)

2.6 Computer Programs

Complete statements of the following computergpams are listed in

Appendices A.

2.6.1 Computer program for computing the trajectoryand the

first—order optical properties of a quadripole triplet lens

A computer program written in Fortran 77 laage has been used for
computing the trajectory of charged particles tranvegy the field of a
quadrupole triplet lens in both the CDC—plane ar@DBplane, by using
the transfer matrices given in equations (2.27) @a8) where the axial
potential field has been approximated to have &angular distribution.
The first order optical properties such as the lfdeagth, focal plane,
principal plane, and magnification have been coegpuwith the aid of

equations (2.30) to (2.35) in the planes of coneecg and divergence.

2.6.2 Program for computing the spherical aberratio

coefficients of a quadrupole triplet lens
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A computer program written in Fortran 77 languags been used to
compute the spherical aberration coefficiendscPPoco, Spc, and $cp
for a quadrupole triplet lens using equation (2.40) by computing the
spherical aberration coefficients=C,,, Dos, and B; for each of the three

single quadrupole lenses forming the triplet lens.
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3. RESULTSAND DISCUSSION

3.1 The Quadrupole Triplet Lensand Its Field

Figure 3.1 depicts a diagram of the electtastpuadrupole triplet lens
under consideration. It consists of three coauadrupole lenses;QQ,,
and Q. The present investigation takes into considenathat the field
distribution of each lens is of a rectangular shabkength L, L,, and L
respectively as shown in figure 3.2. In fact inssumed that the effective
length of each field is equal to the length of toeresponding quadrupole
lens. The axial distance separates the lenses&d Q and s separates
Q. and Q. This quadrupole triplet lens takes into accdbetfocusing of
an accelerated charged—particles beam of posmive iraveling from the
left to the right—hand—side. Thus the object mia%ed to be situated on the
left—-hand—side at an axial distance u from thetiatapoint of the field of
lens Q and the image position is on the right-hand—sida distance v
from the end point of the field of lens.QSince the positive potential (+U)
is applied on the x—axis electrodes of lensea@ Q, then the positively
charged particles will be repelled along the x—aaxi&l hence will be
directed towards the z—axis. The positively chdrgarticles will be
attracted by the negative potential (—U) along yhaxis of Q and Q.
Therefore, in lenses;@nd Q the convergence process takes place in
the x—axis and the divergence process talkes ph the y—axis; whereas
in lens Q the convergence and divergence processks pkace in the
y— and x—axis respectively. In the present work polarities of the
electrodes of each lens in the x and y axes shawimgure 3.1 are taken
into account. Hence, the positively charged pladidraverse the three

electrostatic fields of the quadrupole triplet lemgwo planes, namely the
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X—Z plane where the convergence—divergence—convesge
(CDC) process takes place and the y-z plane whde t

divergence—convergence—divergence (DCD) process tallace.

Figure 3.1 Diagram of an electrostatic quadruptiglet lens.

f(z)a
<L—2>
Q2
Lu, Mo,
Q1 Qs
TP ‘T’

Figure 3.2 Field distribution of an electrostaticadrupole triplet lens

(rectangular model).
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The trajectory of the accelerated chargedgestalong the optical axis
is affected by the geometrical parametersly, Ls, S, $, U, and v. In
order to reduce the large number of variables, sofithe computations
have been carried out under the conditions wheve $1=s,, L;=L,=L3, and
the excitations of the lenses are made equaf;~e3,= 3. However, most
of the computations take into account differenuealfor the L’'s, s'sp’s,
and u and v so that a complete picture of the dthrgarticles path along

the whole length of the quadrupole triplet lens barvisualized.

3.2 Beam Trajectory and Focal Propertiesof Triplet Lens

The trajectory of the positively charged—partidiesam traversing the
electrostatic quadrupole triplet lens under consitien has been computed
in both x—z and y—z planes under various condittaksg into account the
polarity of each electrode shown in figure 3.1. @Atistance u from the
first lens Q the incoming beam is not necessarily parallel he t
optical axis z. With the aid of this trajectoryetifollowing focal
properties have been computed: the spherical alwerraoefficient P,
the spherical aberration coefficient S, the foealgth F, the focal plane Z,
the magnification in each plane, and the total nfagtion
M (= Mcpc X Mpcp). The computed focal properties have been taddlat
for each set of geometrical and operational pararset

Considering the focus that is situated ondpigcal axis z, the action of
the triplet lens on a beam is similar to that of tloublet lens shown in
figure 2.2 where it is seen that the beam is brotmh focus in the z—axis
at a different position in the x—z and y—z plandsis situation, which is
called astigmatic, is not necessarily a disadvantamce it may be
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exploited for correction in ion—optical instruments order to obtain

a stigmatic beam image at the exit.

3.2.1 Threelenses of equal length

The quadrupole triplet lens has been invesdfor the case where its
three lenses are of equal length. By keeping dhewing parameters
equal (a) the lenses lengthg L,, and L;, (b) the lenses separationssd
S, and (c) the object and image distances u ankevbést focusing (i.e. a
crossover) that could be achieved in the x—z arzdpjanes has been taken
into account. The beam trajectory is sensitiveh® above mentioned
parameters in addition to the excitation parameier$,, andp; of the

three lenses.

Figure 3.3 shows the beam trajectory in bdiiCGx—z) and DCD (y-z)
planes at various excitation parameters. The fflaesturable focusing is
achieved when the excitatigh = p; = 0.0268 mrif and u = v = 20 mm.
The effect off3, on the trajectories in both planes is shown imrig3.3.

The trajectory is terminated at z = 87 mm i.e. distance of 20 mm from
the field of lens @ as one would expect since it represents the image
distance v. The figure shows how the beam enkerdi¢ld of lens Qat

z = 20 mm. Under the conditions of figure 3.3, @BC and DCD focal

parameters have been computed.

Table 3.1 shows the computed focal paramefdise quadrupole triplet
lens under various excitation parameters wheall, = L;=L,5 =% =S5,
and u = v = 20 mm. Under the conditions listedha first column of
table 3.1, figure 3.4 shows an enlarged diagrathetrajectory where the

paraxial beam enters the lens at z = 20 mm andsiiegus achieved in the
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x—z and y-z planes though not on the same poirth®fz—axis. The
negative sign of the focal length in the CDC plandicates that the
quadrupole triplet lens is a diverging one in tlsse. However, a
converging triplet lens is found in the DCD plankenre the focal length is
positive. Figure 3.4 shows that in the x—z pldreelieam inflection occurs
at x = 0.13 mm where z = 40 mm (i.e. within thelchdree region s
between lenses ;Qand Q) whereas in the y-z plane it occurs at
y = 0.09 mm where z = 30.6 mm, which is also wittne distance;s The
crossover in the y-z plane occurs at z = 49.4 nenithin the distance s
which is a field—free region) whereas that in x-{anp occurs at
z = 78.9 mm which is positioned outside the fietdhe third quadrupole
lens Q on the image side.
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Figure 3.3. Beam trajectory in quadrupole tripllEns at variou
excitation parameters in both CDC (x—z) and DCDzyplanedor
L, =L, =L =L, s;= s,=s, u = v = 20 mm, ang,= ;= 0.0268 mrit.
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Focal parameters of the quadrupole triplet lensutite following conditions:
L=L=L=L,s=9=s,andu=v=20mm.

Bl: Bz: B3: 0.0268 mrﬁ Blz B3= 1/2 BZ Blz BSZ 2 BZ
L=5mm,s=16 mm |p.=ps= 0.0268 mrit B:1= Ps= 0.0268 mrit
B,= 0.0536 mrit B,= 0.0134 mrit
L=11mm,s=18mm|L=5mm,s=16 mm
Pcpc = -4.06 mm Boc =-7.05 mm Boc =-3.90 mm
PDCD =-8.88 mm BCD =-22.37 mm BCD =-2.09 mm
Scpe = 36.96 mm Sc=979.67 mm Sc =34.00 mm
Spoep = 25.76 mm Scp = 168.12 mm Scp = 24.84 mm
FCDC =-2.44 mm EDC =-0.008 mm EDC =-7.78 mm
Focp = 0.51 mm bcp =-0.01 mm Beo = -0.71 mm

[Pcod Fepe/ = 1.66

/PCDC/ FCDC/ = 881.25

[Pcod Fepe/ = 0.50

/Poco! Foco/ = 17.41

/PDCD/ FDCD/= 2237.00

[Poco/ Foco/ = 2.94

[Scod Fepef =15.15

[Scod Fepc/=122458.75

/Scod Feocf = 4.37

[Soco! Foep/ = 50.51

/Soco/Focp/=16812.00

[Soco/ Foco/ = 34.99

Zicpc = -55.61 mm

Zpc =-81.03 mm

Zpc = -35.79 mm

ZiDCD =-37.13 mm

AHcp =-37.31 mm

Hcp =-38.22 mm

MCDC =1.09 %DC =0.84 NL‘,DC =1.16
MDCD =0.93 NIDCD =2.93 NI)CD = 0.87
M=1.02 M =2.46 M=1.01
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Figure 3.4. An enlarged diagram of the beam trajectiory
both CDC (x—z) and DCD (y-z) planes under thofang

conditions: = S, = f3 = 0.0268 mm, Li= L, = Ly = 5 mm,
S=S, =16 mm, and u =v =20 mm.
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A trajectory diagram similar to that of figuBe4 is drawn in figure 3.5
under the conditions shown in the second coluntalgie 3.1. In this case
wherep,= B3 = 0.5p, = 0.0268 mrif and u = v = 20 mm, focusing in CDC
and DCD planes could only be achieved if L is madeal to 11 mm
instead of 5 mm and s is increased to 18 mm. ®hditons of the second
column gave rise to the lowest focal length. kegn that the focal length
has a negative sign in both CDC and DCD planeswimdicates that the
triplet lens acts as a diverging one. Figure 3ibws that the inflection
points of the beam trajectory in the x—z and y-anpb are found within the
field—free distance ;sseparating lenses,@nd Q. For minimum focal
length, a crossover in the y—z plane always ocbefere that in the x—z
plane under the above conditions. Although thelfdengths Epc and
Foco are at their lowest values the spherical abematoefficients,
however, are at their highest values which are sinalele from the optical

point of view.

The computed results listed in the third catuohtable 3.1 suggest that
as far as the spherical aberration coefficients® & are concerned it is
more favourable to have the excitatiofis = B3 = 2 B, since these
coefficients are at their lowest values in both C&@ DCD planes when
B, =0.0268 mnf, L=5mm, s =16 mm, and u = v = 20 mm. Furthmen
this case introduces the lowest relative spheabalration coefficients P/F
and S/F at the corresponding planes. For exampike, values of
(P/Fxpc = 0.5, (P/F)cp = 2.94, (S/Rjpc = 4.37, and (S/pyp = 34.99 are
very small for an electrostatic lens of this shammmpared to those
published by Baranova and Read (1999) for a comwegit quadrupole
triplet.  Their lens and that of the present workthb have unit
magnification although the excitation parameterghair lens are much
higher. It is seen that the values of P/F andi®/fhe CDC plane are far
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below those in the DCD plane; therefore, one mapaixthis advantage of
the quadrupole triplet lens when operated in iomieapinstruments under

the conditions listed in the third column of taBlé&.

1.0

0.5 —
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0.0 —
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20 40 60 80 100
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Figure 35. An enlarged trajectory diagram of the betmaversing
the quadrupole triplet lens in both CDC (x-z) aD&€D (y-2
planes for the case lowest focal length under the followil
conditions: L =L, =L3=11mm, $=S=18 mmu =v =20 mmr
B1= 5= 1/2 B, = 0.0268 mrit, andp, = 0.0536 mr.
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The beam trajectory that gave rise to the &ivepherical aberration
coefficients is shown in figure 3.6 for the x—z ane planes. In the x-z
plane the inflection point of the beam is situatddx = 0.08 mm and
z = 26.9 mm (i.e. within the field—free regionsgparating the lensesapd
Q). The beam crossover is positioned at z = 65.7imnwithin the field
of lens Q. However, in the y-z plane it is seen that thanbeliverges
away from the optical axis as it traverses the whHehgth of the triplet

lens, i.e. there is no crossover in the y—z plane.

Concerning the position of the focal plangt@ble 3.1 indicates that in
the DCD plane it is very little affected by the naions imposed on the
excitation parametd}, of lens Q. Furthermore, it is not much too far from
that in the CDC plane whepy = B3 = 2 B, where the lowest spherical
aberration coefficients are obtained. It is sdwt tn the CDC plane the

position of the focal plane is highly affected b Eexcitation parameters.

Table 3.1 shows the weak influence of the $ooy planes and the
excitation parameters on the image magnificatiddepending on these
factors the image is either little magnified or @gmified. However,
highest magnification M is found when the focalgénhas its lowest value
as indicated in the second column of table 3.1is Tésult is expected from

the optics point of view.

It is seen that when best focusing is takeéo aonsideration, one may
either achieve lowest focal lengths or lowest sighér aberration
coefficients when the excitation parameter of |®ass different from that
applied on lenses and Q. Thus, one may conclude that as far as the
lowest focal lengths and the lowest spherical abem coefficients in both

CDC and DCD planes are concerned a quadrupolestiriphs of equal
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excitation parameters has no optical advantagegrutidtse two cases.
However, since the spherical aberration coeffiadfpc and Bcp are both

negative, the triplet lens may be employed for exting this spherical
aberration of other rotationally symmetric lenselsatt have the

corresponding spherical aberration coefficientstpves

4
— X
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Figure 36. The beam trajectory in x—z and y-z planes phatluced the
lowest spherical aberration coefficients under fo#owing conditions

p1i= Bs = 2 S, = 0.0268 mril, S, = 0.0134 mri, L= L, = Ly = 5 mm,
S$=S=16 mm,and u =v =20 mm.
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3.2.2 Threelenses of equal excitation

The effect of varying the length bf lens Q on the beam trajectory and
hence on the focal properties of the quadrupolgletrilens has been
investigated under equal and constant excitatiommeters [{; =, =
Bs = 0.0268 mrit) and by keeping L= L; =5 mm, $ = $ = 16 mm, and
u=v =20 mm. Figure 3.7 shows the beam trajgatothe x—z and y-z
planes at various values of.LIt is seen that the length has no influence
on the beam trajectory in the CDC and DCD plan€ke paraxial beam
enters the lens at a distance u = 20 mm from lgnan@ the trajectory is
terminated at a distance v = 20 mm from the lens The focal properties
of the triplet lens under the above mentioned domas are listed in
table 3.2 for the CDC and DCD planes. Table 3dicates that the values
of the spherical aberration coefficientspPand $cp and the focal length
Fcoc are little affected by variations of,L In the CDC plane and
regardless of the value of the triplet lens acts as a diverging one since its
focal length is negative. However, in the DCD platihe lens is a

converging one since its focal length is positive.

The computed results listed in the first catuof table 3.2 are the same
as those listed in the corresponding column ofetehll. The second
column of table 3.2 shows that by makingdqual to double the length of
L, (or L) the lens will give rise to the lowest focal lelngtin both planes.
However, in this case the lens has an undesirglitergal aberration
coefficients P and S and the corresponding relabarration coefficients
P/F and S/F since their values are high in both @€ DCD planes.
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Figure 37. Beam trajectory in quadrupole triplieins at various lengtl
of the lenses in both CDC (x—z) and DCD (y-z) pafe 1= f.=
B3 =0.0268 mrit, Ly =L;=5mm, $=5,= 16 mm, and u = v = 20 mm.



Table 3.2

AN

Focal parameters of the quadrupole triplet lensutite following condition:
B1= P2 =Ps = 0.0268 mril, s, = $ = 16 mm, and u = v = 20 mm.

L=L,=L:;=5mm

L=Ls=1/2 L=5 mm,

le L3:2L2=5mm,

L, =10 mm L,=2.5mm
Pcoc = -4.06 mm Boc =-4.55 mm Boc =-3.94 mm
Pocp = -8.88 mm Bep =-10.13 mm Bep = -5.28 mm
Scpc = 36.96 mm Soc = 60.25 mm Spc = 26.28 mm
Socp = 25.76 mm Scp = 27.96 mm Scp = 25.03 mm
Fcpc =-2.44 mm Epc=-2.26 mm Epc=-2.57 mm
Foco = 0.51 mm Foco = 0.37 mm bcp = 0.61 mm

/Pcod Fepe/ = 1.66

/Pcod Feoe/ = 2.01

[Pcod Fepe/ =1.53

[Poco! Foeo/ = 17.41

/Poco! Foeo/ = 27.38

/Poco/ Foco/ = 8.6 6

/Scod Fepe/ =15.15

[Scod Fepcf = 26.66

/Scod Feoe/ =10.23

[Soco/Foep/ = 50.51

[Soco! Foco/ = 75.57

[Soco/ Foco/ = 41.03

Zicoc = -55.61 mm

Zpc = -63.27 mm

Zpc =-51.89 mm

ZiDCD =-37.13 mm

bHep =-37.23 mm

Hcp =-37.06 mm

MCDC =1.09 %DC =1.00 NL‘,DC =1.14
MDCD =0.93 NIDCD =1.04 NIDCD =0.89
M=1.02 M=1.04 M=1.01
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The enlarged beam trajectory under the camutiisted in the second
column of table 3.2 is shown in figure 3.8 where tbwest focal lengths
are achieved. In the x—z plane the beam deviatgarts the z—axis at
X = 0.13 mm and z = 40.187 mm i.e. within the fidlde region sand
very close to lens £ The beam intersects the z—axis at z = 78.54 mm
which is a field—free region and away from lens Qn the y—z plane the
beam deviates towards the z—axis in the field—feggon between Qand
Q, at z = 30.77 mm and intersects the z—axis at 9.6 shm i.e. within the
field of lens Q.

The position of the focal plang iA the DCD plane is not affected by
varying the length L of lens Q as shown in table 3.2. This case is also

found in table 3.1 at various values Bf Thus, one may conclude that

Zipcp L1 - 37 mm is independent of the length and excitaiarameter of

lens Q. However, the effect of Lon the position of the focal plane
appears in the CDC plane where its lowest valuéoisxd when the

spherical aberration coefficients P and S areait tbwest values.

Table 3.2 shows that the total magnificatio{®VMcpc X Mpcp) IS not

affected by the variations otL In general, M is about unity irrespective of

the value of L under the conditions given in table 3.2.
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Figure 38. An enlarged trajectory diagram of the beam
traversing the quadrupole triplet lens in both C{&-z) anc
DCD (y-z) planes under the following conditiomdere th:
lowest focal lengths are achieved:

L, = Ls3=12 L =5mm, L =10 mm, =5, = 16 mm,
u=v=20mm, ang; = S, = f3 = 0.0268 mr.
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The third column of table 3.2 indicates thhe tlowest spherical
aberration coefficients P and S and the correspgncklative aberration
coefficients P/F and S/F can be achieved in botiC@Dd DCD planes if
the length L of lens Q is reduced. It is seen that in this case the
coefficients P and S are little affected by thgettory plane. The values
of P/F and S/F are not better than those listedhén third column of
table 3.1. Therefore, as far as the sphericalratien coefficients are
concerned, no advantage is gained under thesetwmsdin comparison
with the conditions imposed in table 3.1. An egéat diagram of the beam
trajectory for this case is shown in figure 3.% the x—z plane the beam
deviates towards the z—axis at x = 0.13 mm and38.89 mm i.e. in the
field—free region sand very close to lens,(t then intersects the z—axis in
the field—free region at z = 78.47 mm. In the plane the beam deviates
towards the z—axis at y = 0.09 mm and z = 30.85 iramwithin g that
separates lenses @d Q and it then intersects the z—axis at z = 49.54 mm

I.e. within s that separates lenses §d Q.
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Figure 39. An enlarged trajectory diagram of the beam
traversing the quadrupole triplet lens in both CIp-z)anc
DCD (y-z) planes under the following conditionbere th
lowest spherical aberration coefficients are aclegv
Li=Ll:3=2L=5mMmm, L=25mMm, =5 = 16 mm
u=v=20mm, ang = S, = 5 = 0.0268 mr.
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3.2.3 Effect of object and image distance

The effect of object and image distance u and peesvely on the
optical properties of the electrostatic quadrugajget lens under various
conditions has been investigated in both CDC andDDglanes.
Figures 3.10a and b show the beam trajectory almmg—axis at constant u
and constant v respectively. In each figure gaen that the trajectory is
not affected by variations of either v or u in batfz and y—z planes. With
the aid of these trajectories, the optical propsrhiave been computed for
three values of v and three values of u as showahles 3.3a and b. The
results of the first column of tables 3.3a anddéthe same as those listed

in the first column of tables 3.1 and 3.2.

Considering the sign of the focal length Fsiseen from tables 3.3 a
and b that the triplet lens is a diverging one he CDC plane and a
converging one in the DCD plane irrespective ofwthkies of the object or
image distance. Furthermore, table 3.3a indictias R-pc is very little

affected by variations in v when focusing in thevas is achieved.
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Figure 310a. Beam trajectory in the quadrupole triplehs a
various values of v (u= 20 mm) in both CDC (x—zj &CD
(y-z) planes aB,;= f,= Sz = 0.0268 mri, L, = L, = L3 =L, anc

$=S, =16 mm.
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Figure 310b. Beam trajectory in the quadrupole triplets a
various values of u (v=20 mm) in both CDC (x—z) &CD (y-z)
plane: at f1= = f3 = 0.0268 mrit, Ly =L, = L3 =5 mm,anc
$=S, =16 mm.



Table 3.3a

o)

Focal parameters of the quadrupole triplet lensutite following condition:
B1=P2=Ps=0.0268 mrit, Ly =L, =Ls=L, 5§ =5=16 mm, and u = 20 mm.

u=v=20mm

u=1/2v=20mm

u=2v=20mm

L=5mm v =40 mm v=10 mm
L=5mm L=11 mm
Pcoc =-4.06 mm Boc =-4.06 mm Boc =-2.83 mm
Pocp = -8.88 mm Bcp = -8.88 mm Bcp =-5.78 mm
Scpe = 36.96 mm Soc = 36.96 mm Soc=71.57 mm
Socp = 25.76 mm Scp = 25.76 mm Scp = 43.63 mm
Fcoc =-2.44 mm Epc =-2.33 mm Epc=-2.26 mm
Focp = 0.51mm bep = 0.16 mm bcp = 0.18 mm

[Pcod Fepe/ = 1.66

[Pcod Fepel/ = 1.74

[Pcod Feoel/ =1.25

/Poco! Foeo/ = 17.41

/Poco/ Foco/ = 55.50

[Poco/ Foco/ = 32.11

[Scod Fepef =15.15

/Scod Feocf = 15.86

[Scod Feocf = 31.67

[Soco/ Foepn/ = 50.51

[Soco/ Foeo/ = 161.00

[Soco/ Foco/= 242.39

ZiCDC =-55.61 mm

%DC =-82.25 mm

%DC =-81.06 mm

ZiDCD =-37.13 mm

Hcp =-37.34 mm

Hcep =-129.45 mm

MCDC =1.09 IVLIZDC =1.09 IvtDC =1.29
MDCD =0.93 NI)CD =0.93 NI)CD = 0.86
M=1.02 M=1.02 M=1.11
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Table 3.3b

Focal parameters of the quadrupole triplet lensutite following condition
Blz Bz = Bg = 0.0268 mrﬁ, L, =L,=L=5mm, $ =% =16 mm, an
v =20 mm

u=v=20mm

u=12v=10 mm

u=2v=40 mm

v =20 mm v =20 mm
Pcpc = -4.06 mm Boc=2.17 mm Boc =-29.61 mm
Pocp = -8.88 mm Bep = 5.07 mm Bep =-78.23 mm
Scpc = 36.96 mm Soc = 35.52 mm Soc = 38.97 mm
Socp = 25.76 mm Scp =21.43 mm Scp = 33.78 mm
Fcoc = -2.44 mm Eoc=-3.16 mm Eoc=-2.33 mm
Foco = 0.51mm bep = 1.04 mm bcp = 0.16 mm

/Pcod Fepe/ = 1.66

/Pcod Fepe/ = 0.69

[Pcod Feoe/ =12.71

/Poco! Foco/ = 17.41

/Poco! Foco/ = 4.875

/PDCD/FDCD/ = 488.94

[Scod Fepef =15.15

[Scod Feocf =11.24

[Scod Fepef =16.73

[Soco/ Foco/ = 50.51

[Soco/ Foco/ = 20.61

[Soco/ Foep/= 211.13

Zicoc = -55.61 mm

Zpc =-41.29 mm

Zpc = -82.25 mm

ZiDCD =-37.13 mm

Hcp =-36.70 mm

bHep =-37.34 mm

MCDC =1.09 N(l;DC =1.05 NIZDC =1.21
MDCD =0.93 NIDCD =0.96 NIDCD =0.89
M=1.02 M =1.008 M=1.08
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According to the conditions in the second ahdd columns of
tables 3.3a and b, the beam trajectory and thesfiogun the x—z and y-z
planes are shown in figures 3.11a and b and 3.hBabarespectively.
Figure 3.11a shows that the crossover in the x-aneplis found at
z = 78.6 mm; a point on the image side in the field—free region at a distance
of 11.6 mm from lens @ The crossover in the y—z plane is situated at
z = 49.27 mm which is within the field—free regisiseparating lenses,Q
and Q. In figure 3.11b where v is constant and u = 10 tine crossover in
x—z plane is found at z = 77 mm and that in theplane at z = 49.45 mm;
both crossovers are situated within the above oeet field—free regions
for the corresponding planes. In order to achtéeefocusing in the x—z
and y—z planes shown in figure 3.12a the lengthethree lenses has been
increased to 11 mm as indicated in the third colwihtable 3.3a. In this
case the crossover in the x—z plane is situated =at78.9 mm which is
within the field of Q and that in y—z plane is at z = 49.44 mm which is
within the field of lens @ The enlarged trajectory diagram according to
the conditions of the third column of table 3.3bsi®wn in figure 3.12b
where the crossovers in the x—z and y-z planesirated at z = 78.8 mm
and z = 49.4 mm respectively. The positions ob¢hevo crossovers are

within the field—free regions,&ind s.

The conditions shown in the first and secooidmmns of table 3.3a have
no effect on the spherical aberration coefficiddtand S in the CDC and
DCD planes. However, the conditions imposed in tthed column of
table 3.3a to achieve focusing in x—z and y—z Hayave rise to lowerd3c
and RBcp but higher $pc and $cp than the corresponding coefficients
shown in the other two columns. In table 3.3b, shlerical aberration
coefficients P and S and the relative coefficidts and S/F of the second

column are lower than those of the other two colsimiiherefore, it may
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be deduced that the results of tables 3.3a and bairconclusive and from
the optical point of view, there is no advantagéeayained by varying the

object or image distance if the lenses have equa@tiagion parameters.

It is seen that the object and image distdrace nearly no effect on the
total magnification. As indicated in tables 3.3adab the total
maghnification M remains nearly unchanged at a vati@bout unity at

various positions of object and image.
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Figure 311a. An enlarged trajectory diagram of the beam
traversing the quadrupole triplet lens in both CP%-z)anc
DCD (y-z) planes under the following conditions:
Li=L,=Lz3=5mMm,s$=s=16 mm, u =1/2 v =20 mi

v = 40 mm, ang, = 8, = 5 = 0.0268 mr.
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Figure 311b. An enlarged trajectory diagram of the beam
traversing the quadrupole triplet lens in both CIP%-z) anc
DCD (y-z) planes under the following conditions:

Ly =L,=L3=5mm,$=s =16 mm, u=1/2 v =10 mi

v =20 mm, ang, = 8, = 3 = 0.0268 mr.
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Figure 312a. An enlarged trajectory diagram of the beam
traversing the quadrupole triplet lens in both CI{P%-z) anc
DCD (y-z) planes under the following conditions:

Ly =L,=Lz=11 mm, 8= =16 mm, u = 2 v = 20nm

v =10 mm, ang, = f, = 3 = 0.0268 mri.
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Figure 312b. An enlarged trajectory diagram of the beam

traversing the quadrupole triplet lens in both C{PX-z)anc
DCD (y-z) planes under the following conditions:
Li=L,=L3=5mm,s=s=16 mm,u=2v =40 mt
v =20 mm, ang, = 8, = 3 = 0.0268 mrit.
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3.2.4 Effect of the distances separ ating the lenses

Computations have been carried out to investiglte dffect of the
lenses separation distances asmd s on the optical properties of the
quadrupole triplet lens under the conditidhs= B, = 3 = 0.0268 mrit,
Li=L,=Ls;=5mm, and u = v =20 mm. The beam trajectarresder the
above mentioned conditions in the x—z and y-z @aaee shown in
figure 3.13 at various values of and keeping ;sat constant value of
16 mm. The regions of widths and s are field—free and thus they have
weak influence on the beam trajectory as shownguré 3.13. With the
aid of the beam trajectory the focal parametershasen computed and

listed in table 3.4 at various values af s

In the CDC and DCD planes the spherical akberracoefficient P is
negative and remains unchanged by changingrse spherical aberration
coefficient S is positive and remains constant.weler, the values of S
are higher than those of P. The negative andipessigns of P and S
respectively may be employed in the process ofecting an equivalent

spherical aberration present in an ion—opticakumsént.
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Figure 313. Beam trajectory in the quadrupole tripleins a

various values of,9s,= 16 mm) in both CDC (x—z) and DCD @)—
plane: at f1= = B3 = 0.0268 mri, L, = L,= L3 = 5 mm,anc

u=v=20mm.



Table 3.4

Focal parameters of the quadrupole triplet lensutite following condition
B1=Po=P3=0.0268 mm, L; =L, =Lz =5mm, u=v =20 mm.

Si=$=16 mm $=1/2s=16 mm $$=2%=16 mm
S =32 mm S =8 mm

PCDC =-4.06 mm BDC =-4.06 mm BDC =-4.06 mm
Pocp = -8.88 mm Bcp = -8.88 mm Bcp = -8.88 mm
Scpe = 36.96 mm Soc = 36.96 mm Soc = 36.96 mm
Socp = 25.76 mm Scp = 25.76 mm Scp = 25.76 mm
FCDC =-2.44 mm EDC =-2.00 mm EDC =-3.31 mm
Focp = 0.51 mm bcp = 0.16 mm bcp = 1.06 mm

[Pcod Fepel = 1.66 [Pcod Feocf/ = 2.03 [Pcod Feoef =1.23

[Poco! Foco/ =17.41 | [Poco/ Foen/ = 55.50 | /Pocp/ Focp/ = 8.38

[Scod Fepef = 15.15 [Scod Feoef = 18.48 /Scod Feoef = 11.17

[Soco!/ Foco/ = 50.51 | /Spcp/ Foeo/ = 161.00 | /Speo/ Foco/ = 24.30

Zicoc = -55.61 mm Zpc = -80.49 mm Zpc = -46.55 mm

Zipcp = -37.13 mm Hcp =-37.38 mm Hcp = -36.54 mm

MCDC =1.09 M:DC =1.09 NL‘,DC =1.09

MDCD =0.93 N‘)CD =0.93 N‘)CD =0.93

M=1.02 M=1.02 M=1.02
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The sign of the focal length F indicates fatigerging and converging
lens in the CDC and DCD planes respectively. Taeddions of the
second column of table 3.4 gave rise to the lowessible focal lengths
when focusing is achieved in the x—z and y—z plam®@svn in figure 3.14.
The crossover in the x—z plane is situated at 5.8% mm i.e. within the
field—free region of width s In the y—z plane the crossover is found at
z = 45.6 mm where the field of lens, @xists. In the DCD plane the
position of the focal plane;Zremains unchanged by changing as
indicated in table 3.4. The value gfadfects Zin the CDC plane.

The lowest possible relative spherical abematoefficients P/F and
S/F in both CDC and DCD planes are found underctralitions listed in
the third column of table 3.4. However, their \veduare high when
compared with those in the third column of tablé. 3A diagram of the
beam focusing for this case is shown in figure 3.lkbx—z plane the beam
intersects the optical axis at z = 79 mm where 20=mm whereas in the

y—z plane the point of intersection is at z = 52 nemwithin s.

Table 3.4 shows that kas no effect on the magnification in both CDC
and DCD planes. As a result the total magnificatbremains constant of
about unity with the variations of.sThus, one may conclude that the total
maghnification of the quadrupole triplet lens undensideration remains
constant at a value of about unity under the variconditions that have
been imposed on the lens. Therefore, the magtiditain general, does
not exceed unity when one takes into account beansfng in the x—z and
y—z planes to achieve lowest focal length or lowsggterical aberration

coefficients.
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Figure 314. An enlarged trajectory diagram of the beam
traversing the quadrupole triplet lens in both CP%-z)anc
DCD (y-z) planes under the following conditions:
Li=Ly,=L;=5mm,u=v=20mm,s 1/2 $ =16 mm

s, = 32 mm, angb, = 3, = 3 = 0.0268 mrit.
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Figure 315. An enlarged trajectory diagram of the beam
traversing the quadrupole triplet lens in both CP%-z) anc
DCD (y-z) planes under the following conditions:
Li=L,=L:3=5mm,u=v=20mMmm,;s 2 $ =16 mm

s, =8 mm, angb; = B, = 5 = 0.0268 mri.
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3.3 Special Performances of the Quadrupole Triplet Lens

The main function of quadrupole lenses in a systénaccelerated
charged particles is to reduce spherical abermatiand if astigmatic
properties are needed. The computations of theeptevork have shown
that there are no optical advantages in operakiagjtiadrupole triplet lens
to perform lowest focal length since the spheratarration coefficients P
and S and the relative aberration coefficientsd?/& S/F will become high
and undesirable in both CDC and DCD planes. Intteroexample, the
lowest possible focal lengths that could be acldelg the quadrupole
triplet lens under consideration have been detexthiny imposing the

conditions shown in table 3.5.

The trajectory of the beam traversing the qugole triplet lens under
the conditions of table 3.5 is shown in figure 3.ib6two and three
dimensions. The triplet lens is a diverging onebath CDC and DCD
planes. The focal lengths are extremely smalltbatresulting spherical
aberration coefficients are high particularbppSand $cp. Consequently,
the relative spherical aberration coefficients\agy high and undesirable.
Therefore, one may conclude that operation of thadgupole lens to

perform the lowest focal lengths needs to be avbide

Performance of the quadrupole triplet len®ider to give rise to the
lowest spherical aberration coefficients is foundder the conditions
shown in table 3.6. In this case the trajectoryhef beam traversing the
triplet lens is shown in figure 3.17. It is sebattin the y—z plane the beam
converges towards the z—axis at y = 0.002 mm and5Z mm which is

situated within the field—free regiog; & is then brought into focus at the



Table 3.5

Parameters of the quadrupole triplet lenos lbwest foce
length under the following conditions:

B1= Bs= 1/2p, = 0.0268 mr, B,= 0.0536 mrit, L,=L,=
L: =15 mm, u=v =20 mm, ang=ss, = 16 mm.

Pcoc = -11.85 mm Beop = -0.002mm

Pocp = -3.01 mm [Pcod Feoef = 9115.38

Scoc = 11977.94 mm (Pocol Focp/ = 1770.59

Spep = 1316.16 mm /Scod Feoc/ = 9285224.81

Feoe = -0.001 mm [Socol Focol = 774211.76

Table 3.6

Parameters of the quadrupole triplet lens for ldvegherice
aberration coefficients under the following conulits:
B1=Ps= 0.02168 mrl, f,= 0.01825 mmi, L= Ls= 1/2 L,=1mm,
L,=2mm, u=v=20mm, ang=ss = 18 mm.

Pcpc = 0.28 mm Bcp =0.12 mm

Poco = 0.60 mm [Peod Fone/ = 0.0096
Scoc = 14.08 mm /Pocol Foco/ = 5.00
Spco = 12.55 mm [Scod Feocl = 0.48
FCDC =29.25 mm /SDCD/ FDCD/ - 104.58
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Figure 316. (a) Trajectory of the bearnraversing th
guadrupole triplet lens in the x—z and y—z platieg gave ris
to the lowest focal lengths.

(b) The corresponding three—dimensional beamjectory
diagram determined by AutoCAD under the feoilog
conditions:

Ly =L,=L;=15mm,u=v =20 mm,;s s, = 16 mm,
B1= s = 1/2 B, = 0.0268 mrit, andp, = 0.0536 mr.

1
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Figure 317. (a) Trajectory of the bearnraversing th
quadrupole triplet lens in the x—z and y—z platied gave ris
to the lowest spherical aberration coefficients.

(b) The corresponding three—dimensional beamjectory
diagram determined by AutoCADunder the followin
conditions:

Ly = L3 =12 L =1mm, L=2mm, u=v=20mr
S= s, = 18 mm,p, = B3 = 1/2 B, = 0.02168 mmi, anc
B, =0.01825 mm.
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point where z = 80 mm i.e. v =20 mm. In the x{anp the beam does not
intersect the z—axis at v = 20 mm. The extremelglsvalue of the radial
height of the beam above the z—axis suggests likattrays are paraxial.
The computed spherical aberration coefficientgdish table 3.6 indicate
that their values are very small; they are the Kivamefficients that have
been achieved in the present work under varioudittions. However, one
should make it clear that from the practical pahtview it is extremely
difficult to assemble such triplet lens due to thleort length of the
electrodes where= Ls =1 mm and L= 2 mm. Thus, a compromise is
necessary in order to gain the advantages of tadrgpole triplet lens and

make it practically possible to visualize.

3.4 Single Focus Quadrupole Triplet Lens

Application of quadrupole triplet lenses in an ioptical instrument
such as an ion implanter is usually intended todpce a single focus
common for the x—z and y-z planes. Computatione lieeen carried out
to achieve this special case. In the present wdnks been found that a
single focus (or stigmatic focusing) can be obtdin@der the following
conditions: L = L, = Ly = 5 mm,B; = B3 = 0.0268 mr, B, = 0.0487 mrit,
ss=s =16 mmand u=v =20 mm. Itis seen that thetatton parameter
of lens Q is higher than that applied on lensesa@d Q.

Figure 3.18 shows the single focus beam tm@ajgan two and three
dimensions respectively. Figure 3.19 depicts aghdimensional diagram
of the paraxial charged-particles beam traversing three excited
guadrupole lenses that gave rise to a single feituated in the field—free

region outside the field of lens;@Qnder the above mentioned conditions.
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The optical properties of the triplet lens endtigmatic focusing are
listed in table 3.7. It is seen that the focalgklis are very small. The
aberration coefficients are higher than the cowedmg lowest values
listed in table 3.6. The values of these abematmefficients appear to be
a good compromise if one aims at achieving a sihgtels electrostatic

quadrupole triplet lens.

Table 3.7

Parameters of the quadrupole triplet lens for shigge
focusing under the following conditions:

B1= Ps= 0.0268 mrit, p,= 0.0487 mrit, L= L, = Ly = 5 mm,
u=v=20mm, ancdhs =16 mm.

Peoc = -4.51 mm [Peod Fepe/ = 14.88
Pocp = -28.85 mm {Poco/ Foco/ = 31.70
Scoc = 53.97 mm /Scod Feocl = 178.12
Soep = 31.10 mm /Socol Focol = 34.06
Feoe = -0.30 mm Mcpc = 1.00

Focp = -0.91 mm Mcp = 1.00

Zicoc = -76.35 mm Me 1.00

Zipcp = -33.89 mm




20 40 60 80 100
Z(mm)

(@)

(b)

Figure 318. (a) Beantrajectory in a quadrupole triplet lens 1
a single focus in both x—z and y—z planes (stignfatiusing).
(b) The corresponding three—dimensional diagranthefbean
trajectory determined by AutoCADunder the followin
conditions:

L =L,=L;3=5mMm,u=v =20 mm,;s S, = 16 mm
B1 = B3 = 0.0268 mrit, andp, = 0.0487 mr.



Figure 319. A three—dimensional diagram of the electrodésthe electrostati
guadrupole triplet lens with trajectory that gaveeiso a common focus in x—z and y—
planes under the followin conditions:

Li=L,=L;=5mm,$=s, =16 mm,u=v =20 mng, = S5 = 0.0268 mr,
andp, = 0.0487 mrit.

VA
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3.5 Antisymmetric Quadrupole Triplet Lens

In the present work the focal properties of thedjupole triplet lens
have been computed under various geometrical aachtpnal conditions.
The excitation parameter and the electrodes lenftlenses @ and Q
were considered either equal to or a fraction oséhin lens @ Under
these conditions the triplet lens has about itsdieidens some kind of
symmetry, which is not always necessary in desmrsuch lenses. A
guadrupole triplet lens is considered antisymmetfichree different
excitation parameters are applied and if the lengfithe electrodes of the
three lenses are not equal. An investigation drsyanmetric quadrupole
lens will be a lengthy process since there are @oymwariables. Thus one
example has been considered to illustrate the hemawf antisymmetric

guadrupole lens.

The focal properties of a geometrically synmoetjuadrupole triplet
lens have been investigated when three differectaion parameters are
applied on the lenses. The trajectory of the inogmparaxial
charged—particles beam traversing the triplet isrshown in figure 3.20
under the following conditionsp; = 0.0145 mrit, B, = 0.0268 mri,
Bs = 0.0268 mif, Ly=L,=ls=L=5mm,$=% =5 =16 mm, and
u=v =20 mm. These values have been chosendardo achieve
focusing along the optical axis z in both the xrd §—z planes. It is seen
that a crossover at z = 81.36 mm is found in the pdane whereas that in
the y—z plane is situated at z = 46.92 mm. Withdid of this trajectory
the focal parameters have been computed and istéable 3.8. These
parameters may be compared with those of the geimalst equivalent
triplet lens given in the first column of table 3.It is seen that there is an

insignificant change in the spherical aberratioreftoient S, which
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suggests that under the same geometrical condit®rslittle affected by
variations inf. However, the spherical aberration coefficientarfdl S
have improved. The relative spherical aberratiogffecients P/F and S/F
of the antisymmetric triplet lens are better thhose of the symmetric as
indicated in tables 3.8 and 3.1 respectively. Hemnhore, both tables show
that the total magnification of unity is not affedt by applying three

different excitations.

2

2 | | |

20 40 60 80 100
Z (mm)

Figure 3.20. A diagram of the beam trajectory in CDCz)x—
and DCD (y-z) planefor an antisymetric quadrupole trip
lens under the following conditionsg;= 0.0145 mrf,
B, = 0.0268 mril, f; = 0.0268 mril, L, = L, = Ly = 5 mm,
$5=S, =16 mm, and u=v =20 mm.
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Thus it appears that an antisymmetric quadeupaplet lens has the
advantage that it may give rise to desirable fqralperties. Therefore,

such type of lenses would require further invesioges in future work.

Table 3.8

Focal parameters of the antisymmetric quadrt
triplet lens under the following conditions:

B:= 0.0145 mrit, B, = 0.0268 mr, Bs= 0.0268 mr,
Li=L,=L;=5mm, u=v =20 mm, ang=ss, = 16 mm.

Pcoc = 1.25 mm |Bod Feod| = 0.22

Pocp = -7.03 mm |Beo/ Foco| = 6.45

Scoc=14.42 mm |§gcl FCDCl = 2.53

Socep = 20.56 mm

|Sco/ Focol = 18.86

Fcoc=5.7 mm Mpc=1.03
Focp = 1.09 mm Mcp = 0.98
Zicoc = -62.79 mm M=1.01

Zipcp = -37.25 mm
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4. CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK

4.1 Conclusions

It appears that the simple rectangular field moaaly be used to
represent the axial field distribution of each #lestatic quadrupole lens
constituting the triplet lens under investigatiofihe three—element lens
system has many variable geometrical and operatmarameters; thus a
conclusive result is rather difficult.  However,offn the present

investigation one may conclude the following:

(@) It has been found that under various conditioms,tbtal magnification

of the quadrupole triplet lens remained nearly amcjed at a value of
about unity. This result is not a problem since itin use of quadrupole
lenses is aimed at correcting spherical aberragticsent in the image
formed by an ion—optical system without affectitg performance. The
present work computations have shown that this @m be achieved by
taking advantage of the two foci that appear altmegoptical axis in the

horizontal and vertical planes of the trajectory afarged particles
traversing the three rectangular fields of thetetestatic quadrupole triplet

lens.

(b) Taking into account the spherical aberration cgokeifits, it has been
found that there is no advantage to be gained ematimg the triplet lens at
minimum focal lengths. However, certain geometrigad operational

conditions gave rise to a triplet lens of very Ilspherical aberration. Such

lens may be used as a good device for correctingrgal aberration.
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(c) Generally, variations in the field—free regionsgamat along the triplet
lens optical axis from object to image do not neadly/ improve the
performance of the lens with regard to sphericakion coefficients. In
fact the main crucial geometrical and operationatameters are the

electrodes length and the applied excitations &smEdy.

(d) The computed results have shown that it is esdetatiaperate the
middle quadrupole lens under geometrical and ojerat conditions that
are different from those of the first and third des which are usually

identical in all aspects. Such triplet lens issidared symmetrical.

(e) A symmetrical triplet lens that has a common fooanghe optical axis
for the horizontal and vertical planes of the cledrgparticles beam
trajectory has been achieved under certain gearaétand operational
conditions. This single focus lens is found to dnaptically acceptable

spherical aberration coefficients at unit magnifma.

(f) An antisymmetric quadrupole triplet lens may giveerto desirable
focal properties. The choice of the lens geomaltreend operational
parameters depends on its function in an ion—dp8gatem since no

specific conclusion can be drawn for such lensgiesi



YV

4.2 Recommendations for Future Work

The following topics may be recommended for futeek:

(& An investigation on the design and properties of edectrostatic
guadrupole triplet lens when the effect of the treistic velocities of the

charged particles is taken into account.

(b) The effect of the charged—particles initial energlgen taken into

account on the optical properties of electrostatiadrupole triplet lenses.

(c) Design considerations of achromatic lens triplensisting of an

electrostatic and magnetic quadrupole lenses.

(d) An investigation on antisymmetric electrostaticadtupole triplet

lenses under various geometrical and operatioraditons.

(e) Effect of other types of field distribution on tliecal properties of

electrostatic quadrupole triplet lenses.
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Synopsis

With the aid of transfer matrices method anerspnal
computer a computational research has been castéedn the
properties of a rectangular model representingaia field of an
electrostatic quadrupole triplet lens. The path of
charged—particles beam traversing the rectangidiisthas been
determined by solving the trajectory equation oftiow in
Cartesian coordinates. A computer program has beiien for

this purpose.

The optical properties of the electrostati@dyupole triplet
lens have been computed with the aid of the beapectory
along the lens axis. Computer programs in Foriramave been
written for determining the various optical propest The
computations have been mainly concentrated on rdeterg the
focal lengths and spherical aberration coefficieims both
horizontal and vertical planes of the trajectorgngl the optical
axis. The results have shown that the choice efgiometrical
and operational parameters depends on the funatiorihe
electrostatic quadrupole triplet lens in a parécuélectron or

jon—optical system.
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